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Thermoresponsive polymers for cell support:
poloxamers as a case study of promise
and challenge
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Thermoresponsive biomaterials have the potential to improve the complexity of in vitro models, to
generate dynamically controlled extracellular microenvironments and act as in situ forming drug delivery
systems. Due to its known biocompatibility and ease of use, poloxamer 407 (P407), also known as
pluronic F127, has attracted significant attention as a component for next-generation cell culture and
biomedical applications. P407 display rapid gelation into hydrogels with facile ease-of-handling, and
which possess good shear-thinning properties that enable 3D printability with high fidelity. Although
P407 has been extensively used as a support matrix for cell proliferation, differentiation and the on-
demand release of biomolecules and drugs, significant issues relating to mechanical stability under
physiological conditions limit its application. Multiple protocols report the use of P407 ‘hydrogel’ for a
variety of applications but often do not emphasise its inherent limitations at the concentrations
described. Here we emphasise the disparity between written protocols and what specifically constitutes
a hydrogel, showing selected examples from the literature and suggesting clarifications in the language
used in describing P407 supports. We describe progress in the field, which is accelerating in part due to
development of multi-network hydrogels that include P407 as a stabiliser, for shear-thinning and as a
sacrificial component aiding 3D printing. We also contrast P407 to a panel of other promising
thermoresponsive systems that have emerged as alternative biomaterials. Finally, we briefly discuss
challenges and new opportunities in the field. This includes evaluation of the relative merits of current
thermoresponsive polymer systems as they are formulated for use, also by advanced manufacturing, in
next-generation 4D-responsive functional hydrogel networks for cell culture automation and as
components in responsive-release devices.

temperature-responsive polymer solutions undergo reversible
thermogelation at a lower critical solution temperature (LCST),

Hydrogels are self-supporting networks of physically entangled
or chemically crosslinked polymers that are composed of at
least 90% (by weight) of water and are self-supporting solid-like
materials with viscous-like characteristics. Thermoreversible
polymers are commonly used components of physical hydrogels,
currently being explored for a variety of purposes, including
in bioprinting® in advanced cell culture’ and as injectable
materials for sustained drug delivery in vivo." Aqueous
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resulting in a phase transition from miscible fluid to viscous
hydrogel. This responsive phenomenon arises from a thermally
induced entropically-driven conformational shift associated
with interacting polymer subunits, resulting in collapse and
structural rearrangement of the hydrophobic-hydrophilic
groups. A variety of materials undergo such sol-gel transitions
close to physiological temperatures (usually ~25-37 °C),
depending on the polymer concentration. Responsive gelation
behaviours may enable next-generation cell culture technolo-
gies, with minor alterations in temperature close to the LCST
providing externally switchable control over the polymer net-
work, including temporal alteration to stiffness profiles and
generation of growth factor release gradients between the
support material and encapsulated cells.>® The physicochem-
ical properties of thermoreversible materials may also be
favourable for bioprinting, with thermally induced gelation of
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cell-laden material occurring in situ either immediately following,
or during, extrusion to generate complex three-dimensional (3D)
constructs.”® Similarly, for in vivo cell or drug delivery purposes,
polymer solutions loaded with entrapped therapeutic materials
may be utilised to gel in situ upon contact with the body and
provide a reservoir for prolonged release of agents.'>™
Poloxamers, sold under various registered trademark names
including pluronic®, synperonic® or lutrol®, are a family of
synthetic thermoreversible copolymers composed of hydrophi-
lic poly(ethylene) oxide (PEO) and hydrophobic poly(propylene)
oxide (PPO) blocks of the general ABA chemical formula
(PEO)x-(PPO)y—~(PEO)x, Fig. 1A. Depending on block chain
length, poloxamers of variable molecular weights with distinct
thermogelation profiles may be obtained.'”> Among these,
poloxamer 407 (P407), also commonly known as pluronic
F127, is one of the most extensively studied thermoreversible
polymers, Fig. 1B. P407 is unique among the broader family of
poloxamers due to its favourable thermogelling behaviour that
occurs at physiological temperature in concentrated aqueous
solutions. This spontaneous self-assembly under mild tempera-
ture conditions has made P407 the current gold standard
biomaterial of its kind,"® with a broad range of biomedical
applications.™ The amphiphilic properties of P407 render it a
model scaffold for encapsulation of a wide variety of hydro-
phobic and hydrophilic substances including drugs,'>"® cells"”
and nanomaterials.” Additionally, P407 is approved by the food
and drug administration (FDA) as a drug delivery excipient and
is highly versatile with a wide range of pharmacological routes
of administration and formulation types. P407 is currently
listed as an inactive ingredient in 16 different FDA-approved
ophthalmic, oral, and topical drugs, among others, Fig. 1C and D.
A notable pharmaceutical use example among these is Durasite™
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(InSite Vision, Alameda, California, U. S. A) a patented ophthalmic
drug delivery platform that incorporates P407 in its formula-
tion."®'° In this case, P407, in combination with other polymers,
enabled prolonged sustained release of drugs from eye drops,
i.e. besivance® (0.6% besifloxacin) and AzaSite® (1% azith-
romycin).”® Aside from use as excipients in drug delivery
formulations, thermosensitive poloxamer hydrogels have also
been used for controlled release of gene vectors, potentially
enabling spatiotemporal specification of gene therapy delivery.
A recent preclinical gene therapy example for cartilage repair
included P407 in a formulation applied in an in vivo animal
model.*"** Recent in vitro studies also demonstrated the
potential of P407 (and similar temperature sensitive micelle
or hydrogel forming polymers) as temperature-triggered drug
delivery systems.?*™>°

However, despite their favourable thermogelling properties,
P407 hydrogels suffer from significant limitations. In this
review we highlight the structural and physicochemical beha-
viour of P407 and describe how stability under physiological
conditions affects both cell culture scaffold and drug delivery
applications. We identify literature focused on improving the
physicochemical properties of the bulk material using double
and interpenetrating networks. We also emphasise the need for
improved clarity when describing P407 as a hydrogel and
provide a performance comparison with other thermogelling
polymers commonly used in biomedical research.

There are two commonly utilised criteria for defining hydro-
gels. First, from the rheological perspective, hydrogels have
storage modulus (G’) higher than their loss modulus (G”) in the
linear viscoelastic region, in which case the materials exhibit
solid-like behaviour.>*?” Whilst there is no defined threshold
for how much higher G’ should be, it is commonly accepted
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Fig. 1 P407: an extensively studied and biocompatible thermoreversible hydrogel. (A) The general chemical structure of poloxamers. The hydrophobic
core polymer region (Y) is flanked by two hydrophilic polymer chains of equal length (X). (B) Number of publications that reference poloxamer 407 or
pluronic F127 in the title or abstract from 1990-2024 using the PubMed search engine. (C) Distribution of routes by which current FDA-approved drugs
containing P407 as an excipient are administered and (D) the formulation type of these drugs.
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that the difference should be at least an order of magnitude.>®
However some materials will technically not meet this criterion,
often depending on the testing conditions, but are commonly
regarded as hydrogels. Hence a second, more practical method,
known as the the inverted vial test, is also often utilised for
P407-based materials.”>® Hydrogelation is considered to have
occurred when a sample does not exhibit flow under gravity,
on inverting the tube containing it, over a period as short as
5 min,*® and up to 72 hours.’ We note that adherence to these
criteria is dependent on both the concentration of the polymer
used, as well as the environmental conditions (including
pH, temperature, salt concentrations) all of which should be,
but are not always, specified. In more detailed studies phase
diagrams are constructed to better understand the gelation
behaviour. We recommend that researchers properly evaluate
their materials and report their findings, to distinguish true
hydrogels from viscous solutions. We return to this point below.

Current challenges for thermoresponsive hydrogels include
achieving a balance between printability and mechanical sta-
bility, as many systems exhibit excellent shear-thinning beha-
viour but insufficient structural integrity post-printing under
physiological conditions. Additionally, ensuring long-term bio-
compatibility and minimizing potential cytotoxic effects of
degradation products remain critical hurdles for their success-
ful translation into biomedical applications. We anticipate that
this review will serve as an up-to-date practical guide, in a
rapidly evolving field, to the technical capabilities of thermo-
responsive polymers, while also providing clarity on the termi-
nology needed to promote more predictable and reproducible
outcomes in their development as biomaterials.

2. Self-assembly and gelation of P407

P407 is an ABA tri-block copolymer with a purified molecular
weight of ~12.6 kDa and an average (PEO),o—(PPO)g¢5—(PEO)100
chemical structure, which is thermoreversible in aqueous
solution, Fig. 2A.>° At low temperatures dispersed unimers
are stabilised by hydrogen bonding between the hydrophilic
PEO blocks and surrounding water molecules. On increasing
the temperature above the LCST these weak interactions are
destabilised prompting a structural rearrangement of the tri-
block, driven by its amphiphilic properties. Micelles form
spontaneously, the PPO copolymer blocks form an inner hydro-
phobic core enveloped by an outer hydrophilic shell of PEO
units and the aqueous solution, Fig. 2A. A minimum concen-
tration of amphiphilic molecules, the critical micelle concen-
tration (CMC), is required at the transition temperature, hence
the LCST and CMC values are inter-dependent. Further increas-
ing the temperature enhances the stability of the hydrophobic
core favouring inter-micelle packing, self-assembly and hydro-
gel formation, above critical gelation concentration (CGC).
The favourable thermoreversible behaviour of P407 at phy-
siological temperatures can principally be attributed to the
appropriate chain length ratio of PEO : PPO subunits. Although
the most commonly used poloxamers are all freely soluble in

This journal is © The Royal Society of Chemistry 2025
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aqueous solution, those with greater fraction of hydrophilic
PEO blocks possess more pronounced intermolecular inter-
action with the surrounding aqueous solution and require
higher temperatures to destabilise the copolymer configuration
and facilitate micellisation.>® There is a direct relationship
between CMC and the number of PEO units within the copo-
lymer and a consequential inverse relationship with the num-
ber of hydrophobic PPO units. For example, poloxamer 188
(P188), also known as pluronic F68 (PF68), is composed of 80%
PEO hydrophilic residues'®** and possesses significantly
higher sol-gel transition temperatures compared to P407 at
comparable w/v concentrations.**** Indeed, blends containing
various mixtures of P407 and P188 have been shown to modify
critical gelation temperatures (CGT) and improve hydrogel
characteristics for specific applications.**

The transition temperature of P407 is strongly dependent on
polymer concentration, as noted, but also on the presence of
salts, proteins, drugs, or other additives.”*”™*° Consequently
micellization, as well as gelation, is affected. These effects arise
from changes in hydrophobic interactions and polymer-solvent
affinity, which can either promote or hinder micelle formation
and network stability, depending on the additive’s nature and
concentration. In general, hydrophobic molecules tend to
partition into the micelle core, potentially disrupting its struc-
ture and reducing micelle stability, which can delay or inhibit
gelation.’ In contrast, hydrophilic additives may interfere with
inter-micellar interactions or hydration shells, weakening net-
work formation, increasing the CGT or reducing gel strength.’
The P407 composition dependence of the transition temperature
has been observed calorimetrically, with only concentrations quite
close to 35% wi/v displaying the endothermic transition at close to
the often reported value of 4 °C. At lower concentrations values
approaching ~20 °C are possible, Fig. 2B. The temperature
dependence has been studied for several poloxamers and in all
cases the particular structure and concentration (often above 10%
wiv) affect the transition temperature.*™*! For P407 small angle
neutron scattering (SANS) revealed the presence of well-defined
micelles at low temperatures of 5 °C, transforming to a para-
crystal structure approaching 37 °C, Fig. 2C. The scattering signal
was found to be proportional to polymer concentration, and the
inter-micelle lattice spacing was found to decrease, indicating
higher packing density which was also shown by shifts of the g*,
or ‘Bragg’ peaks to higher g-values, Fig. 2C. At higher concentra-
tions P407 forms a face centred cubic packed structure, rendering
it a functional hydrogel,**** and the typically reported CGC
values lie in the 15-25% w/v range.*®*44>

Evaluating CGC values for pluronics based hydrogels is
inherently challenging, due to the significant variability in
reported values for ostensibly similar formulations. Fig. 3A-C
show differing phase boundaries and gelation regimes for
similar concentration and temperature ranges, reflecting sen-
sitivity to many factors such as polymer source, preparation
methods, and measurement conditions.”® Fig. 3D further
emphasizes this inconsistency, with CGT values and viscosity
minima varying widely even for comparable P407 concen-
trations (15-25 wt%) as measured in this case by NMR
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb00588d

Open Access Article. Published on 08 July 2025. Downloaded on 3/9/2026 7:28:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

PEO (Hydrophilic)

A PPO (Hydrophobic)
PEO (Hydrophilic)

View Article Online

Journal of Materials Chemistry B

ot H’L Temperature »LCST Concentraction > CGC
-
,_rr ,_;J" Temperature < LCST
. \,\,\:\‘“\
Poloxamer 407 (P407) Micellization P407 Hydrogel
H0~< CH.CH.0 >—< CH,CHO >—< CH7CH;0>> H
100 | 65 | 100
CH; CH;
B Cc
0
2 |2
* — —10%
= g —15% El
3 6 |- e
2 ﬁ/’—__ —20% 2
= =
E 10 —25%
T 30%
A2 —35%
-14
-16
-10 0 10 20 30 40
Temperature (°C)
1000 Q*
8 35 b
b [
h 7| L 100
S ¢ . : 5 =
3 a .8 =
> 5 @ o .V " —_ 3 i
i S nf 3. EES
£ 8 3 2z
c 15 8 @
o 3 [l g €
x 3 H s
g, s 10 8 E 14
a Y a
1 5 5
0 = 0 0.1
0 10 20 30
Conc. (%) 001 ! . L
. AH o Tpeak 001 01 1

q(A")

Fig. 2 P407 micellisation, gelation, and physical properties. (A) Chemical structure of P407 (PEO-PPO-PEO) blocks and micellisation after critical phase
transition temperature. Critical amount of polymer monomers above critical micellisation temperature leads to formation of well-defined hydrogels.
(B) Thermal analysis results for P407 concentrations ranging from 1 to 35%, performed at a heating rate of 10 °C min™. (a) Thermograms (offset by fixed
factor of 2 for clarity) as a function of temperature. (b) Peak temperatures and their respective enthalpies. The curves show results for triplicate runs.
(C) Static SNS measurements at (a) 5 °C and (b) 37 °C for concentrations of 10 to 30% P407. (B) and (C) are reproduced under a Creative Commons

Attribution 4.0 International (CC BY 4.0) license from ref. 31.

relaxometry. Fig. 3E shows a comparison study from Jalaal and
co-workers*® that examined previously published work.*%*7>*
The phase diagram reported demonstrates the difficulties in
identifying the gelation transition, with shifts in CGT values
falling within the 15-25% w/v in the 18-30 °C ranges. In a more
recent study, Paxton et al. visually assessed printable formula-
tions of P407 and assigned gelation transitions based on
examination of extruded strands.>® Between 20 and 25% w/v
increasing printability and shape retention was observed
(Fig. 3F), which is a pragmatic view but again the extrusion
parameters used are also most likely to affect the outcome.’
Overall, the noted disparities in reporting complicate the
extraction of quantitative physical thresholds like the exact

9354 | J Mater. Chem. B, 2025, 13, 9351-9376

CMC or CGC, or for that matter LCST, or any viscoelastic
transition points, which are highly context dependent. None-
theless, the ease of manipulation of P407 hydrogels has ren-
dered it one of the most useful systems studied in cell culture
systems, as we will discuss in Section 3.

Due to the micellisation process and formation of a hydro-
phobic core, P407 micelles can be used as carriers of hydro-
phobic and biologically instructive molecules.**>® Specifically
at much lower concentrations (0.5-10% w/v), the micelles can
be used directly as injectable suspensions with the cargo.””
Morita et al. explained that the high drug loading efficiency
commonly observed stems from the long-range attractive forces
observed for instance for cyclosporin A encapsulation, as

This journal is © The Royal Society of Chemistry 2025
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mixture. Reproduced with permission from ref. 46. Copyright © 2009 Elsevier Ltd. (D) A diagram demonstrating concentration and temperature
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obtained in ref. 48, as compared to other studies using a variety of experimental techniques.*>*°~>® The shaded region indicates temperatures within
which the rheology of P407 is unsteady, and below which they behaved as simple yield-stress fluids. The vertical solid (red) and dashed (yellow)
lines indicate the temperature ranges where microstructural analyses suggest that well-ordered micelle lattice forms a stiff hydrogel (from ref. 51
and 54, respectively.). Reproduced from ref. 48. Copyright © 2017 AIP Publishing. (F) (a) Fibre formation and (b) layer stacking results for Nivea
Creme and P407 samples, demonstrating that concentrations of P407 below 25 wt% are unsuitable for printing due to their inability to form fibres
or maintain shape fidelity on extrusion. Scale bar = 1 mm. Reproduced under Creative Commons Attribution 4.0 International (CC BY 4.0) license

from ref. 55.

revealed by small angle X-ray scattering (SAXS). Many similar
examples over the past two decades have established P407 as a
successful carrier for multiple applications, and we will high-
light some key aspects below. The micellar transition of P407
directly influences gel homogeneity and injectability by deter-
mining how uniformly micelles pack and indeed interact.
If micellization occurs too rapidly it can lead to phase separa-
tion and inhomogeneous gel networks, compromising

This journal is © The Royal Society of Chemistry 2025

mechanical performance and application. Conversely, a con-
trolled and gradual micellar transition, traversed with good
homogeneous temperature control, promotes uniform micelle
packing, resulting in smoother gelation and better inject-
ability.”® Additionally, delayed or disrupted micellization
(e.g due to additives) may increase injection force requirements
or cause gelation to occur prematurely within delivery devices,
limiting practical usability.*
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3. Applications of thermoreversible
P407 hydrogels

3.1. Cell culture applications

Responsive hydrogels represent the next generation of advanced
functional biomaterials and a significant progression towards
more sophisticated and physiologically relevant cell culture plat-
forms that can more accurately mimic the dynamic and hetero-
geneous nature of native cellular microenvironments. Cells within
human tissues are exposed to distinct extracellular biomechanical
cues which manifest as dynamic alterations to the morphological,
viscoelastic and tensile properties of the cells themselves.®!
Materials that can undergo tuneable modulation of their physi-
cochemical properties may facilitate local control over the biome-
chanical and biochemical environment to which cells are
exposed. Such manipulation permits greater recapitulation of
in vivo interfaces and microarchitectures implicated both for
normal organ functionality and in disease states. In the following
subsections we will discuss approaches to achieving this complex-
ity and the utility of P407 in these.

3.1.1. From traditional cell cultures towards greater cell
culture complexity. It is long understood that extracellular
matrix (ECM) is composed of an exceedingly dynamic and
intricate association of macromolecules that are composition-
ally varied between tissues and even within a given tissue.®>®
Continual active remodelling of the ECM is facilitated by the
local production, secretion and enzymatic degradation of the
matrix by sophisticated adaptive cellular mechanisms.** Such
remodelling events provide important instructive context to
cells and have implications in developmental processes, home-
ostasis and the pathophysiology of many diseases including
diabetes mellitus and cancer.®®®” The spatial and temporal
composition of the ECM not only provides cells with tissue-
specific mechanical and topological cues,®®® it also acts as a
reservoir for signalling molecules that associate with both
growth factor and integrin adhesion receptors to elicit relevant
signal transduction cascades.”””" As such, the biophysical and
biochemical properties of the ECM reciprocally regulate cell
behaviour and in turn the properties of tissues and organs.

Traditional in vitro cell culture methods have provided some
understanding of molecular and cell biology phenomena,

View Article Online
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including differentiation and morphogenesis. However, given
the profound complexity and context-dependence of the in vivo
ECM, the limitations of conventional two-dimensional culture
methods have become increasingly apparent.”>”® Adherent
monocultures grown on rigid plastic or glass surfaces, although
convenient, result in unphysiological morphologies and loss of
3D cell-cell and cell-ECM contextual signalling and so usually
provide unrepresentative cell behaviour in vitro. Considering
current drug development attrition rates, there is a growing
need for more authentic and physiologically relevant in vitro
models to improve the reproducibility and translatability of
basic research.”*

Hydrogel-based scaffolds have emerged as effective 3D,
biomimetic materials to bridge the gap between traditional
cultures and native microenvironments. Hydrogels capture
intrinsic features of native ECM and allow cells to adopt
realistic morphologies, rather than simply polarised lateral
cell-cell junctional associations observed in monolayer cultures.
Importantly, the highly porous hydrogel architecture facilitates
nutrient, oxygen, soluble factor and waste material permeability
to support appropriate cell maintenance and growth.”>”® Addi-
tionally, the molecular porosity of the hydrogels may be altered,
through polymer and crosslinker concentrations, to influence the
viscoelastic properties/mechanical growth environment and so
mimic the stiffness profiles of different tissues. Such approaches
have provided new insights into cellular mechano-transduction
cascades and the influence of the biophysical environment on
cellular behaviours, including stem cell differentiation.””””® Addi-
tionally, integrating mechanical tunability into established 3D
cellular formats, such as spheroids and organoid technologies,
could provide new tools to probe and determine cellular self-
organisation and fate.”® Key hydrogel design features to be
considered for cell culture and tissue engineering applications
are shown in Table 1.

Hydrogels for in vivo or clinical use typically must possess all
these features to fulfil their application. However, specific
property or function targets for different tissue types or target
applications, such as stiffness/viscoelasticity, which vary signi-
ficantly from tissue to tissue,”>®*®*' must be specified. With
resorbable implants as an example, tissue remodelling is highly
dependent on the specific values of each feature/parameter and

Table 1 Examples of design features when considering hydrogels as supports for 3D cell culture and biomedical applications

Design feature

Significance for cell culture and biomedical applications

o Sufficient to facilitate appropriate mass transport (ions, nutrients, waste products)

o Sufficient to facilitate appropriate cell-cell interactions, proliferation, and migration

o Sufficient mechanical strength under physiological conditions over defined periods of time

o Gelation should occur under mild conditions of temperature and pH to limit any effect on cell viability

o Resorbed and degraded into non-toxic monomeric units that can be metabolised by local environment or safely excreted

Biocompatibility e Non-toxic to cells

e Can be sterilized

e Non-immunogenic

e Contain cell binding motifs
Porosity
Stiffness/ e Mimic dynamic nature of the ECM
viscoelasticity

e Predictable swelling behaviours
Crosslinking e Avoid use of cytotoxic crosslinking agents
Degradability e Matching dynamic matrix remodelling over time
9356 | J Mater. Chem. B, 2025, 13, 9351-9376
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how they evolve over time. Together these help direct the fate of
residential and peripheral cells, and influence systemic immune
responses,®” the overall migration and adhesion of cells, and
ultimately the remodelling of local ECM microenvironment.”®
More importantly, in soft biomaterials the last three features,
porosity, stiffness/viscoelasticity and crosslinking, are intrinsically
inter-linked.*-%*%*

3.1.2. Utility of thermoreversible P407 polymers as in vitro
biophysical microenvironments. The formation of stable hydro-
gels for cell culture applications relies on the efficient in situ
physical or chemical crosslinking of monomeric precursors
into functional 3D scaffolds.®*>®*® Chemically crosslinked hydro-
gels, formed by covalent bonding between polymer chains
e.g. by enzymatically-catalysed and free-radical reactions,®”
generate matrices with stable mechanical properties under cell
culture conditions. Physically crosslinked hydrogels, such as
P407, conversely, are more amenable to changes in macromo-
lecular structure given their polymeric linkages are generated
by reversible intermolecular non-covalent interactions, such as
hydrogen bonding and network entanglement driven by hydro-
philic-hydrophobic interactions.®” Gelation in these cases is
governed by the intrinsic supramolecular interactions of the
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monomers upon exposure to an external stimulus, rather than
the presence of chemical crosslinks. This removes the need for
initiators, which can be toxic if not fully reacted or subse-
quently removed, as they tend to induce formation of reactive
oxygen species (ROS).*

Considering the dynamic nature of biological systems, the
amendable physical properties of thermogelling polymers may
be exploited as a means to temporally alter the extracellular
microenvironment to facilitate controlled release of signalling
molecules, which may be particularly useful in modifying the
differentiation potential of stem cells over time.?® This type of
control over the extracellular environment may also enable
improved cell culture complexity for dynamically specifying
cellular behaviours, Fig. 4A. Thermoreversible hydrogels have
shown significant utility for bioprinting technologies, as sup-
port scaffolds for cells both during extrusion, and subsequently
in the spatially-organised cell culture.”’ P407 has attracted
attention as it is commercially available as a consistent syn-
thetic product, with good cell viability,'”** that can undergo
thermogelation at close to physiological temperature and
pH, and which has good shear thinning and recoverability
properties providing extrudability and good shape fidelity”**

i) iv)

External Stimulus E.g
Change in Temperature

Cell Culture Simplicity
Physiological Relevance

B
i) i)

iii) Hydrogel 2
= Add  Poloxamer mmm
Hydrogel 2 Hydrogel
Eg.
Print Gela%in- Cast Evacuate
s Fibrin i ..=h Temperature
[ ! < LCST
: . — ‘

Fig. 4 Towards next-generational in vitro microenvironments. (A). Opportunities to increase physiological relevance and complexity of in vitro models
with poloxamer hydrogels. (i) Cells traditionally cultured on plastic or glass experience junctional cell-cell interactions and adopt unphysiological
morphologies. (ii) Cells cultured within 3D hydrogels experience biochemical and biomechanical stimuli either from the matrix itself or from
neighbouring cells. (iii) Multicellular organoids cultured within compliant 3D hydrogel scaffolds generate structural organisation and may reveal
microenvironment influence on morphogenesis and cell fate determination. (iv) Responsive biomaterials, such as P407, may be used to temporally alter
the microenvironment (mimicking the dynamic nature of the in vivo ECM) or to facilitate controlled release. (B). Examples of 3D bio-fabrication modalities
possible with poloxamer hydrogels. (i) Traditional bulk encapsulation of cells or organoids within 3D hydrogels can be performed manually (encapsulation
lacks defined or physiologically relevant geometries). (ii) Bioprinting of cell + hydrogel ‘inks’ allows definition of precise cell-laden patterns in 3D.
(i) Thermoreversible hydrogels such as P407 may also be utilised as sacrificial inks that may be removed after hydrogel deposition leaving well-defined
physiologically relevant 3D patterns.®88° Created with https://BioRender.com.
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poloxamers have indeed been utilised in a variety of biofabrica-
tion strategies. Examples include bulk encapsulation,®®?**
bioprinting of cell-laden bioinks,'” and utilisation of P407 as
a sacrificial bioink for printing of complex 3D structures®®5%°
(Fig. 4B). However, it remains a significant challenge to
combine these properties for bioprinting.®

3.2. In situ drug and cell delivery applications

P407 has been widely investigated as an injectable drug delivery
system due to its favourable gelation properties at body
temperature.”” The liquid nature of P407 just below room
temperature enables straightforward loading and minimally
invasive delivery by injection. P407 has been described in
controlled release of cancer therapeutics for which its potential
for slow, sustained and targeted release is particularly useful.’®
It has also been investigated as a means of improving the
release profile of CTLA-4 blockade therapies.’® P407 hydrogels
loaded with human IgG antibodies were shown to mediate
tumour growth inhibition to an extent comparable with the
equivalent oil-based treatment using incomplete freunds adju-
vant (IFA), but without cytotoxicity associated with the latter.
While these are interesting examples we point the reader to a
recent review describing advances in P407 for drug delivery and
return to our central theme."

4. Thermoresponsive P407
hydrogels — stability under
physiological conditions

A range of thermosensitive hydrogels possessing distinct criti-
cal gelation properties may be generated from poloxamers.
As noted above, depending on concentration, P407 is capable
of sol-to-gel transition at a wide variety of temperatures and
with variable gelation times to produce a broad range of
gel viscosities.”>*"*" P407 has been investigated both as a
single component network former and as a component in
double-network scaffolds for maintaining and inducing cell
proliferation and differentiation. Although P407 possesses
advantageous thermogelling properties and its applications
are extensive, significant discrepancies are present in the
literature. Some groups report the successful maintenance of
cells over periods of days to weeks encapsulated within P407.
Conversely, other groups point to the rapid dissolution of P407
under physiological conditions,'®" with dissolution of 25% w/v
P407 hydrogels reported within even 4 hours.'®>'%® Others
conclude that the high permeability of these materials render
the unmodified P407 structurally unstable, as compared to
P407-dimethacrylate.'**

In one of the first reports describing cellular encapsulation
within P407, HepG2 (human liver carcinoma), HMEC-1
(endothelial) and L6 (muscle) cells were grown in P407 of con-
centrations ranging from 15 to 20% (w/w) (17.6-25% w/v).>®
Viability studies over 5 days of culture revealed complete cell
death by the last day 5 for all studied lines. Higher cellular
viability was only retained when membrane-stabilizing agents
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(hydrocortisone, glucose, and glycerol) were added. Similarly,
Fedorovich et al. reported low cell survival of multipotent
stromal cells seeded both directly on top of and encapsulated
within P407.9% After 3 days of encapsulation cell survival was
significantly reduced in this case, even in the presence of
hydrocortisone and glycerol. However, it is unclear how 3D
growth was retained over the quoted experimental timeline as
the authors describe P407 dissolution within minutes in the
presence of culture medium.

On the other hand Vashi et al reported viability and
successful differentiation of bone marrow derived mesenchy-
mal stem cells (BM-MSCs) into adipocytes when encapsulated
within 20% w/v P407.°* The authors suggest stability of
the scaffold was maintained in culture over a 14-day period,
facilitating 3D growth and adipogenic differentiation of the
BM-MSCs. Similarly, Diniz et al. reported the culture of dental
pulp derived stem cells, and control BM-MSCs in 20% w/v P407,
demonstrating high stem cell viability (>90% viability) and
proliferation following 7 days in culture using two separate
viability assays.'®> While the authors acknowledge an 85%
degradation of the hydrogel in culture over the 14-day period,
complete dissolution of P407 at similar concentrations has
been reported in the literature. Gioffredi et al., for example,
prepared P407 hydrogels ranging from 16-40% w/v, from initial
formulations in different solvents, and characterised their
stability using rheological measurements including flow
curves, frequency sweeps and viscosity recovery.** Interestingly,
although the original solvent used had minimal influence on
P407 LCST, none of the final hydrogels were sufficiently stable
to facilitate subsequent cell viability studies. In the same work,
although mouse embryonic fibroblast cells encapsulated within
25% w/v P407 (dissolved in medium) were reported to be viable
immediately following extrusion through a 200 pm print
head nozzle, long-term cell culture studies were not possible
as hydrogel dissolution was reported within minutes in the
presence of culture medium.** It is also worth mentioning
that other effects of cellular exposure on the matrix include
rapid internalisation of P407 micelles into HeLa and U87
cancer cells.'*®

Issues related to long-term stability of P407 have also been
reported when used as a platform for drug delivery. A compar-
ison between injectable formulations of pluronic P407 and a
poly(ethylene glycol)-B-polycaprolactone diblock copolymer
(HQC) in the delivery of 5-fluorouracil (Fu) and doxorubicin
(DOX) demonstrated the excellent release properties of P407
but also highlighted issues with its long-term stability.'®” Both
formulations were free-flowing at room temperature and both
were described as almost immediately gelling at 37 °C, despite
the viscosity of the P407 formulation at this temperature being
~60 times greater. Whilst the overall release of Fu and DOX
was greater for pluronics based injectables, the long-term
stability at 37 °C, monitored using viscosity measurements
rapidly decreased after ~15 hours, apparently due to weak
association of the hydrophobic PPO segments. The PEG-based
HC formulation, with which the comparison was made, pre-
served its structure over the 50-hour time-period investigated,
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enabling more sustained release of Fu and DOX. More sus-
tained release, compared to pure P407, has also been noted for a
composite hydrogel block copolymer formed from poly(ethylene
glycol)-poly(ecaprolactone)-poly(ethylene glycol) (PEG-PCL-PEG,
or PECE) and P407.'° The composition of PECE:P407 (100:0,
80:20, 60:40, 40:60, 20:80 and 0:100% w/w were used) was
found to adjust in vitro release at 37 °C of vitamin B12, honokiol
and bovine serum albumin, with higher P407 content composites
demonstrating rapid release with little to no control. Scanning
electron microscopy images obtained before and after drug
release showed cracks in the fast-degrading P407 hydrogel struc-
ture, suggesting degradation at the molecular level caused the
uncontrolled release. Additionally, cytotoxicity studies for PECE
showed similar human HEK293 cell viability to P407 at all
compositions, making it a promising alternative.

Pluronic-based nanocarriers also have the ability to coat
amphiphilic molecules through hydrophobic interactions,
enabling delivery of siRNA molecules and chemotherapeutic
drugs.'® However, due to the physical nature of the asso-
ciation, such carriers provide little control over loading and
release. More recently, siRNA molecules have been covalently
bound to the surface of the pre-formed pluronic 108 micelles
using redox-sensitive linkers, enabling extremely efficient
loading and improved control over release for the purpose of
transfecting cells."™® The micelles were found to mediate tissue
factor silencing and so increase the survival of MSCs for
prospective regenerative applications. Poor structural integrity
of P407 under physiological conditions, an issue for bulk
hydrogels, can also be problematic for injectable micellar-
drug complexes.

In multiple reports, including several that feature in this
article, the term ‘hydrogel’ is used, when the P407 concen-
tration applied was below the nominal CGC of ~20% w/v.
While in most cases the cells are at least seeded into gels, that
undoubtedly changes over time. So many descriptions of suc-
cessful encapsulation of cells in 3D culture over the course of
days to weeks more likely reflect cell viability in developing bio-
broths. Researchers should accurately document their observa-
tions, to avoid misunderstanding in cell culture handling
protocols (which may include, for instance, multiple media
changes) to enable attempts to reproduce outcomes. For
extended time-course studies, it is not sufficient to simply
define the original unconditioned material as a ‘hydrogel’.
The biomaterial state over time and conditioning should be
evaluated (rheological characterisation, or inverted vial tests as
a minimum) for full characterisation and to enable reproduci-
bility. For example, recently rheological amplitude testing was
performed over extended culture time/media changes for kid-
ney organoid specification. When the hydrogel support matrix
was formed using peptide hydrogels, it was found that depend-
ing on the B-sheet peptide sequence the retention of G’ varied
significantly over 15 days.''* The time-dependent changes in
the physical properties of the different matrices had significant
impact in these cases on cell lineage and maturation. On the
other hand, chemically crosslinked matrices, such as gelatin
methacrylate (GelMA), offer unchanging stiffness of the overall
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construct over organoid culturing times, providing the oppor-
tunity to study maturation as a function of concentration and
hence storage modulus."”* In the next section we illustrate
the necessity for improvements in experimental design and
documentation for the potential of P407 as a platform for
controlled delivery and cell and tissue engineering to be
realised.

5. Approaches to improving the
stability of P407

In this section we briefly describe the many strategies have been
proposed to overcome instability issues associated with P407.
We also include other, previously not categorised, approaches
such as chemical stabilisation of the PEO blocks within micelles.
A selection of approaches for generation of double network and
interpenetrating hydrogels networks, incorporating P407, for cell
culture applications is also provided, and the advantages of
additive manufacturing enabled by P407 are described.

5.1. Modification of components and double-network
hydrogels

The poor mechanical stability of P407 in aqueous environments
renders it unsuitable for long-term in vitro and in vivo studies,
limiting translational applications of the advantageous
temperature-responsiveness. This is principally because micelles
are inherently susceptible to dissociation when encountering
physiological environments with complex and variable pH and
salt concentrations, proteins, lipids and other biomolecules and
cells. A significant decrease in concentration to below the CMC,
e.g. in culture, results in rapid micelle dissolution and uncon-
trolled release of encapsulated drugs. Modifications have been
introduced both to improve the physicochemical properties and
to generate more favourable biological characteristics. These
include chemical alterations to the P407 backbone'*™ and
integration of other hydrophilic polymers."**™"**

Composite hydrogels often possess superior biological and/
or physical properties. By compositing P407 with other, typi-
cally hydrophilic, biocompatible polymers by either physical
mixing'"®"?° or covalent attachment,"*""*> multiple thermore-
versible composites have been prepared, often with superior
characteristics."”® Physical mixing is denoted here with a ¢/’
between the mixed components, while covalent linkages are
denoted with a ‘-’. A wide variety of hydrophilic polymers have
been used to modify the thermoresponse, to enhance the
mechanical properties, to improve cell viability and to provide
improved drug release profiles."** Any covalent modification
made to P407 renders the polymer a novel excipient, in which
case application®® would require extensive toxicity and safety
screens which are usually not described. Hence physical
mixtures, each of which is known to be biocompatible/
well-tolerated in humans, may be advantageous. In fact, this
is the most common approach, perhaps also because it is less
synthetically challenging. However, one can anticipate a limit
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to the stability possible for ‘physical’ gels, so ‘chemical’ gels
probably retain some advantages.

A great many strategies have been employed to improve the
inherent properties of P407. To save space and facilitate com-
parisons a selection of the most promising examples of P407
composites are listed in Table 2, some of these are discussed in
the subsequent sections. In most cases P407 is the major
component, in the 15-25% w/v range, and gelation is driven
by physical interactions between micelles. Improvements to the
physicochemical properties of the hydrogel are highlighted in
addition to any demonstrated improvements for biological or
drug delivery outcomes.

5.1.1. Covalent modification of micelle cores and shells.
Covalent modifications of P407 have been employed to intern-
ally crosslink micelle domains to stabilise/reinforce the weak
intermolecular interactions responsible for micellisation and
gelation, and so improve mechanical stability, Fig. 5. These are
most commonly applied to the hydrophobic core, but there are
some reports of modification of the outer hydrophilic parts,
Fig. 5A. In one of the earliest attempts to stabilise P407 in this
way, Bae et al. thiolated the terminal PEO hydroxyl groups and
covalently attached Au nanoparticles to form Au-P407 which
has stronger physical inter-micelle interactions, Fig. 5B.'*
Although no cytotoxicity or controlled release studies were
described, the Au-P407 hydrogels showed reversible swelling
and shrinking on temperature cycling between 15 and 37 °C,
i.e. retention of the desirable thermogelation. The LCMT was
reduced to ~18 °C, as compared to ~27 °C for pure P407. The
authors suggested that the stronger physical interactions
between the tethered Au NPs favour gelation at lower tempera-
tures. This aspect could in principle enhance in vivo stability
but would be difficult to scale.

Lippens et al., also modified the PEO hydroxyl end groups of
the copolymer to reduce its degradation and generate an
appropriate 3D scaffold for supporting MC3T3-E1 osteoblastic
cells."** Building on work first reported by Swennen et al.,"*?
the hydroxyl end groups were converted to a-bromo esters and
the modified tri-block was coupled to N-methacryloyl-alanine to
incorporate a UV cross-linkable depsipeptide unit composed
of t-lactic acid and alanine into the end-product (Plu ALA-L).
UV exposure (4 = 365 nm) in the presence of Irgacure-2959
induced radical polymerisation of the network. The degrada-
tion rate in PBS could be altered through the Plu ALA-A content.
In all conditions, following 15 days of culture, only ~10% of
the 20, 25 and 30% w/v hydrogels had degraded. It should be
noted that the incubation temperature, ideally 37 °C, was not
specified. Subsequent viability studies demonstrated a dra-
matic effect of chemical stabilisation on MC3T3-E1 viability,
which was >80% at day 5 of culture for cells encapsulated in
both 10 and 15% w/v Plu ALA-L crosslinked hydrogels, as
compared to ~20% for P407 control at that time.

More recently Wakaskar et al. used ethylenediamine to
peripherally crosslink P407 micelles to investigate the effect
on the release profile and anti-tumorigenic potential of an
encapsulated hydrophobic drug, combretastatin A4 (CA4)."*
Hydrogels containing micelles with 76% PEO peripheral
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crosslinking increased both drug blood residence time and
drug efficacy against primary murine breast tumours, following
IV administration. Peripheral crosslinking was shown to
increase tumour growth inhibition; 5-days post injection
tumour volume decreased to 471 + 54 mm?® for peripherally
crosslinked P407, compared to 710 + 71 mm® for non-
crosslinked P407. Peripheral shell crosslinking may be a
straightforward approach to improve P407 stability and release
profiles over extended periods.

Lee et al. used a similar strategy to produce a P407-based
hydrogel with enhanced mechanical stability by covalently
modifying the PEO block with tyramine to, again, strengthen
inter-micelle interactions, Fig. 5C.""” Conjugation of tyramine
to the terminal ends of the tri-block (P407-Tyr) in the presence
of tyrosinase was shown to induce enzymatic oxidation that
crosslinked P407-Tyr residues, generating covalent inter-
micelle contacts. 10% w/w P407-Tyr hydrogels treated with
tyrosinase demonstrated enhanced rheological properties com-
pared to P407-Tyr alone. When measured at 37 °C with fre-
quency sweep at 1 Hz, the elastic modulus (G’) of the enzyme-
crosslinked hydrogels was 14.5 times greater. Importantly, the
rapid and reversible sol-gel and gel-sol properties of P407 were
retained following crosslinking and the hydrogel could undergo
rapid (<5 s) transitions on temperature cycling between 4 and
37 °C. An in vitro dissolution test further highlighted improved
structural stability of the enzymatically crosslinked hydrogel.
30% enzymatically crosslinked P407-Tyr hydrogel remained
intact after almost 2 weeks at 37 °C in PBS solution, while
control 20% w/w P407 gels demonstrated complete dissolution
within 3 days. Due to their slower dissolution, these gels also
demonstrated superior sustained release of FITC-labelled dex-
tran over the period studied. We also note that P407-Tyr could
in principle be crosslinked by other approaches, for instance by
horseradish peroxidase in the presence of H,0,, an established
approach for stabilising biopolymers****® and enabling cell
tethering to intrinsically non-cell binding materials.™®”

Crosslinking of the inner micelle core has also been inves-
tigated, Fig. 5D.**'*® One approach was to use pyrene and
pentaerythritol tetraacrylate (PETA), in the presence of UV light,
above the CGC, to generate the core crosslinks, which was
found to stabilise the gels to lower temperature. The viscoelas-
tic response was also altered, with slow and fast viscoelastic
relaxation becoming apparent. These were shown to affect
cellular behaviour in different ways."*® Core crosslinking is an
under-developed approach; it may reduce changes in hydro-
philicity apparent on PEO modification (which may have the
advantages'*® of retaining the native LCST while improving
stability). Further studies, particularly into the effects of core
modification on viscoelasticity, long-term stability in culture
and into any effects on cellular behaviour are required.

5.1.2. Generation of composite P407 systems

5.1.2.1. ‘Physical’ composite P407 hydrogels. Simple physical
mixing of P407 (at ~20% w/v, so micellisation drives gelation)
with high-molecular weight hyaluronic acid (HA, M,, ~1000 kDa,
at ~1% w/v) was described by Jung et al."® HA, a linear
glycosaminoglycan that is a structural and active signalling
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Table 2 Examples of double-network or interpenetrating P407 hydrogels for improved mechanical and biological properties

Species composited with P407 [ref.]*

Reported matrix characteristics

P407/collagen type 1°*

Hyaluronic acid/P407-Heparin'*®

Hyaluronic acid/P407 (HA/P407)"'®

HA-P407*'%?
*By catechol-thiol reaction of thiol-
terminated P407 with HA-dopamine.

HA-P407
Gelatin-P407"%’

P407/N,N,N-trimethyl chitosan (TMC)/Poly-
ethylene glycolated hyaluronic acid (PEG-

HA*, formed by carbodiimide chemistry)'"’

Chitosan (CS)/P407

Chitosan (CS)-P407*'*°

*Crosslinked with sodium tripolyphosphate
(TPP)

(Chitosan) CS-P407*

CS-P407/PLGA'®

*Composite formed by carbodiimide/N-
hydroxysuccinimide chemistry.

'PLGA nanoparticles were loaded with the
model vaccine antigen ovalbumin (OVA) and
adjuvants monophosphoryl lipid A (MPL)
and quil A (QA).

P407/Alginate* (P407/Alg)"?*
*S-nitrosoglutathione (GSNO) was synthe-
sised and incorporated by mixing into the
composite as a source of NO.

P407/Alg*">°
*Pilocarpine was added to the polymer
solutions by mixing

P407/Carboxymethyl hexanoyl chitosan
(P407/CA)

P407/CA-glutaraldehyde (GA)
*(P407/CA-GA)"*°

*Glutaraldehyde was also added to the
mixture

P407/d-alpha tocopheryl polyethyene glycol

1000 succinate/Docetaxel nanocrystals loa-
ded (P407/TPGS/DOC-NCs)**!

This journal is © The Royal Society of Chemistry 2025

Adipogenic permissiveness of BM-MSC in this 3D environment.

Improved mechanical strength with good resistance to rapid dissolution in media.
Release of TGF-B1 induced chondrogenic differentiation of human adipose-derived
stem cells (ASCs).

Implanted scaffold in rabbit showed ASC differentiation into chondrogenic cells and
healing of cartilage injury.

Critical gelation concentration at 37 °C was 13 wt% for HA/P407 composite vs. 17 wt%
for P407 control. 1.4-fold higher maximum viscous modulus in vs. P407 control.

No in vitro cellular cytotoxicity studies were performed.

Articular cavity injection of piroxicam (PX) hydrogels into male beagle dogs. PX-loaded
P407 had a cumulative drug release in vitro of ~80% by day 10 vs. ~50% for HA/P407
hydrogel.

Ty, of PX-loaded HP in vivo was 86 hours vs. 24 hours for commercial PX formulation.

No in vitro cellular cytotoxicity studies were performed.

CGC of HA-P407 was substantially lower at ~7 wt% than P407 control.

16 wt% HA-P407; remained stable in culture for >30 days, with slight swelling and
retained at site of injection for 21 days (78.4 wt% dry). For P407 control; complete
dissolution by day 8 and no hydrogel remained at injection site after 1 day in vivo.

No in vitro cellular cytotoxicity, or in vivo studies performed.

HA-P407 hydrogels at a 1: 80 (v/v) had greater stability and elastic modulus (1-5 fold
vs. P407), very high CGT at high HA concentration (phase separation).

Elastic modulus minimally affected by addition of glucose and Nacl (isotonic con-
ditions), but CGT decreased at higher concentrations (salting-out).

No in vitro cellular cytotoxicity, or in vivo studies performed.

P407, TMC and PEG-HA loaded with gallic acid at a drug: polymer ratio of 1:9 (w/w)
improved composite mechanical stability (rheology).

In vitro cumulative drug release was higher after 5 days for the P407/N,N,N-trimethyl
chitosan (TMC)/polyethylene glycolated hyaluronic acid (PEG-HA) (88% + 1) vs. P407
(75% +1).

Addition of 1% w/v chitosan doubled gelation time at 20% P407.

Viability of seeded chondrocytes was unchanged at >100% by day 7.

CS-P407 showed 50% reduced release of dexamethasone as compared to P407.

Near IR signal, observed at the injection site in mice for up to 35 days for CS-P407, was
lost by day 14 for P407, indicating extended implant survival.

The gelation time of a 7.5% w/v CS-P407 at 37 °C was noted within 2.5 minutes.
Complete dissolution of CS-P407/PLGA and CS-P407 was noted after 18 and 14 days in
culture as compared to 4 days for CS/P407.

CS-P407/PLGA soluble vaccine or PLGA nanoparticle vaccine induced cellular and
humoral responses lasting up to 49 days post injection.

Tissue from infected wounds in animals treated with GSNO-P407/Alg, histologically
resembled normal dermal tissue on day 11, unlike untreated, GSNO alone and PL/AL.
Wound area on day 11 was measured as 6 & 2% for GSNO-P407/Alg treated animals vs.
33 £ 4% and 34 + 8% for GSNO and P407/Alg.

0.7% w/w alginate and 14% w/w P407 were required for gelation above RT.
0.1% w/w alginate and 14% w/w P407 administered ocularly to rabbits extended
pharmacological response to pilocarpine vs. P407 control.

CGT and elastic modulus decreased with addition of CA.
P407/CA/GA-encapsulated L929 cells remained alive during the 5-day incubation.

Increasing elastic modulus and CGT observed with increasing TPGS concentration.
P407/TPGS/DOC-NCs showed increased tumour growth rate inhibition, compared
with intravenous (5-fold) and intratumorally injected DOC (1.8-fold) solution.
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Table 2 (continued)
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Species composited with P407 [ref.]”

Reported matrix characteristics

P407-fibrinogen
PEG-diacrylate (PEGDA)-fibrinogen was used
as a control'?

CGT reduced with addition of fibrinogen. PEGDA nanocomposites degraded faster
than P407-fibrinogen
The susceptibility of this P407-fibrinogen to protease degradation utilizing dermal

fibroblasts and consequent cell-mediated remodelling was controlled by the plur-
onic™F127 constituent.

P407-fibrinogen supported cell spreading, chemical conjugation did not interfere
with fibrinogen promoted cell adhesion or cell-mediated proteolysis.

P407/Polycaprolactone (PCL)/porcine acel-
lular bladder submucosa matrix (BSM)
(P407/PCL/BSM)"*?

P407/PCL/BSM was generated for cell-mediated analysis of upper-urinary-tract-derived
urine stem cells (uUSCs). Tumorigenicity of the P407/PCL/BSM was evaluated by
implantation into kidney subcapsular space in ICR mice for 8 weeks.

Elastic modulus and tensile strength of P407/PCL/BSM decreased with increasing
BSM. Enhanced cell adhesion was noted in P407/PCL/BSM as compared to P407/PCL

control.

“ Physical mixing is denoted with a ¢/’ between components, covalent linkages are denoted with a **.

component in native ECM, has been shown to possess advantages
for tissue engineering and drug delivery."***** The composited
‘physical’ hydrogel (HA/P407) was shown to have a sol-gel phase
transition of 30-31 °C, very similar to P407, but with viscous
modulus 1.4-fold higher. Dynamic light scattering, at concen-
tration below the CMC, demonstrated significant differences in
hydrodynamic size, dpyq, below the LCST; P407 micelles had djyq
~15 nm as compared to ~160 nm for HA/P407, and for the latter
dnya increased to ~400 nm above the transition. The authors
suggested that the presence of HA increases both the packing
density and cohesive association with P407 within micelles,
increasing size and so improving mechanical stability. The release
profile of piroxicam (PX), a non-steroidal anti-inflammatory drug
(NSAID) was measured in vitro over a 10-day period. HA/P407 had
a more sustained release profile than P407, with 50 and 20% wt
PX, respectively, released within 50 hours, which is consistent
with prolonged micelle cohesion.

Alginate is another linear polysaccharide that has been inves-
tigated as a composite for improving P407 stability,'>"12%1457147
Commercial alginate is derived from both brown algae and bacteria,
with molecular weight and physicochemical properties dependent
on its source."*® Alginate is known to be well tolerated in humans
and so has been investigated for a wide range of biomedical
applications."*® Cao et al. investigated the potential of P407 and
alginate as a ‘physical’ nitric oxide (NO)-releasing composite with
applications for wound healing."® The composition range was
similar to the previous (HA) example, with 20% w/v P407 and 1%
wiv alginate included along with S-nitrosoglutathione (GSNO, which
an NO source, mediated both by its S-NO bond cleavage and its
external conditions-dependent decomposition over time). The
CGT of P407/Alg was shown to be slightly lower, at 24.2 £ 0.3 °C,
than for P407, at 26.4 £ 0.2 °C, the value was lower again for the
loaded ‘physical’ nanocomposite GSNO/P407/Alg at 23.4 =+
0.2 °C. The effectiveness of the material for inducing healing
following topical administration on bacterial-infected murine
burn wounds was investigated. Wound areas treated with GSNO/
P407/Alg were shown to histologically resemble normal dermal
tissue on day 11, while untreated, GSNO alone and P407/Alg
maintained typical features of infected wound tissue. The

9362 | J Mater. Chem. B, 2025, 13, 9351-9376

authors suggest the physical composites as an effective means
of administering NO-based therapeutics for improved wound
healing.

Chitosan is a linear polysaccharide whose polymer self-
assembly and mechanical properties are heavily pH-dependent."*®
Garcia-Couce et al. prepared ‘physical’ composite P407/chitosan
hydrogels for controlled release of dexamethasone (DMT)."* The
composite showed initial ‘burst’ release, comparable to 25% w/v
P407 control, but subsequently an extended release profile with
~50% released by 120 hours as compared to ~100% for control.
Mathematical modelling led the authors to the view that the altered
response was due to reduced chain relaxation and diffusion
rates, which are rapid (due to micelle disentanglement) in non-
composited P407. In vivo, the residence time of the sodium
tripolyphosphate (TPP)-crosslinked 1% w/v chitosan/25% w/v
P407 composite was shown, using NIR florescence imaging, to
be significantly enhanced at the articular knee joint injection
site in an osteoarthritic mouse model. 14 days-post injection no
fluorescence was observed in PBS control, while significant signal
was detectable after 35 days at the composite injection site. The
authors did not however include a 25% w/v P407 control injection,
which would have been a useful non-composited comparison.

To obtain shorter gelation times, enhanced stability in
culture medium and reduced cytotoxicity P407 (at ~20% w/v)
was composited with carboxymethyl hexanoyl chitosan (CA, in
the range 0.5-1.5% w/v) and glutaraldehyde (GA 0.1% v/v,
which crosslinks the CA) for encapsulating fibroblasts (L-929).
The P407 component largely determines the gelation, and the
crosslinked CA again contributes stability. As the interactions
between the two polymers are physical, we label this material
P407/CA-GA. Yap et al., reported that gelation time increases
significantly with increasing CA content due to decreased
hydrophobic interactions in P407. Subsequently cell viability
was shown for 5-days by encapsulating L929 cells in the
different formulations, which remained in the gelled state in
DMEM. Cells in P407/CA-GA proliferated during encapsulation.
The results show that the material has good cytocompatibility,
with at least 90% cell viability after a 5-day incubation, with
the lowest viability for 1.5% CA as compared to 0.5 and

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Schematics of P407 stabilisation by inter-micelle covalent modifications. (A) Core and shell (internal and peripheral) crosslinking for enhancing
micelle stabilisation. Reproduced with permission from ref. 116 Copyright © 2014, Springer Science Business Media New York (B) Au nanoparticle
crosslinking onto thiolated micelle shells for covalent stabilisation. Reproduced with permission from ref. 113. Copyright © 2006, American Chemical
Society (C) enzyme-mediated covalent crosslinking of tyramine to the tri-block termini with augmented micelle bridging above LCST. Reproduced with
permission from ref. 117. Copyright © 2010 Acta Materialia Inc. Published by Elsevier Ltd. (D) Covalent crosslinking of the hydrophobic core: (a) micelle
formation; (b) loading of PETA and micelle into the core; and (c) final UV photo-crosslinking of the core. Reproduced with permission from ref. 134.
Copyright © 2018, AIP Publishing.

1.0%. Hence P407/CA-GA may have potential as an injectable had been chemically modified with d-alpha tocopheryl poly-
scaffold."*° ethylene glycol 1000 succinate (TPGS), forming a room tem-

In a study from Gao et al., docetaxel nanocrystals (DOCNC at  perature thermosensitive physical hydrogel. We again classify
2 mg mL ™', comminuted into the nano-range) were incorpo- DOCNC/P407-TPGS as a physical gel, as gelation is driven
rated at low temperature into liquid 15 or 20% w/v P407, which by non-covalent micelle contacts. The goal of the study was

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. B, 2025, 13, 9351-9376 | 9363
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to reverse drug resistance due to in P-glycoprotein (P-gp)-
overexpression in human liver cancer SMMC-7721 cells. The
0.1% TPGS modified hydrogels showed significantly higher
in vitro inhibition of SMMC-7721/RT compared with DOC in
solution and P407 containing DOCNCs. Furthermore DOCNC/
P407-TPGS inhibited P-gp function, which was attributed to
action of TPGS, providing good anti-tumour efficacy in SMMC-
7721/RT tumour bearing mice."* DOCNC/P407-TPGS retained
the thermosensitive properties of unmodified P407 and pre-
served physical stability of DOCNCs without changing particle
size during gelation. The composite is a locally injectable
carrier with potential to overcome P-gp overexpression.

A similar study was reported by Jung et al, in which
temperature-induced gelation of P407 was again exploited."*®
Glycolide-based functionalisation of P407 (to form P407F)
provided functional groups for sequential covalent attachment
of heparin (P407FH) and subsequently transforming growth
factor-f1, or TGF-B1, (P407FH-TGF). Physical gels of P407FH-
TGF (at ~20% w/v) with crosslinked hyaluronic acid (X-HA, M,,
1600 Da at ~10% w/v, to provide stability and biodegradability)
and with dexamethasone (Dex, another chondrogenic factor
which was also physically included) were formed. These are
labelled here as PA07FH-TGF/X-HA/Dex. Again the gels retained
the thermoresponsiveness of the pluronics component with
added stability from HA. Three composites were evaluated for
encapsulating human adipose stem cells (ASCs); (i) PA07F/X-HA
as a control; (ii) P407F/TGF/X-HA/Dex with free TGF-B1 and free
Dex, and; (iii) P407FH-TGF/X-HA/Dex with linked heparin-
bound TGF-B1 and free Dex. It was found that at day 3 ASC
viability decreased to 50-60% in vitro. X-HA/PF407 hydrogels
were then injected into the defects of a rabbit knee articular
cartilage model. After 4 weeks it was found that; PF407/X-HA
eroded significantly and was poorly securing the defect site,
whereas; P407F/TGF/X-HA/Dex maintained its original volume
with evidence of cartilaginous matrix deposition, and; P407FH-
TGF/X-HA/Dex also maintained its original mass and there were
indicators of differentiation into the chondrocyte lineage
within the hydrogel."*®

5.1.2.1. ‘Chemical’ composite P407 hydrogels. Lee et al. com-
posited a HA-dopamine (~5% w/v) conjugate with thiol end-
capped P407 (P407SH), using a Michael-type catechol-thiol
reaction, to generate chemically crosslinked composites (HA-
P407SH),"** with covalent links between the two components.
The CGC was shown to be significantly lower, at 7 wt%, than
that of P407, at 16 wt%. The authors hypothesised that this
difference may be due to enhanced stability of the minimally
crosslinked composites, which enabled facile micelle self-
assembly. Indeed, stabilisation of micelles by covalent cross-
linking has previously been described to manifest as a decrease
in CMC."° Lee et al. additionally demonstrated that resistance
of the composite to erosion at 37 °C in PBS solution (pH 7.4)
over the course of several weeks was highly dependent on the
thiolated poloxamer content, pinpointing the role of the cova-
lent linkages in stabilising the hydrogel. HA-P407SH containing
16 wt% P407SH remained stable for over a month in culture,
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while those formed with 12 wt% P407SH eroded by 8 days, and
those with pure 16 or 12 wt% P407 by 2-3 days."?* In vivo, after
subcutaneous injection of the composite into mice, 78 wt%
retention of the original dry weight 21 days post injection was
noted and the material showed advantageously strong adhe-
sion to nearby tissue surfaces. Furthermore, maintenance of
adhesion to a mouse skin biopsy was shown to be 414% higher
in HA-P407SH, as compared to the equivalent HA/P407 physical
mixture. The authors suggested that the improved adhesion
arose from unreacted catechol moieties in the hydrogel which
adhere to tissue surfaces.'*

Shachaf et al. described a different approach of crosslinking
a chemically-modified, P407 network."** Physical hydrogel for-
mation was observed for unimers of fibrinogen conjugated
pluronic-diacrylate (labelled here P407DA-Fib) and the system
retained thermoreversibility prior to UV crosslinking. Interest-
ingly, reducing the temperature during cross-linking progres-
sively increased the G’ values, showing how chain dynamics
determines the final network properties and enabling control
over the physical properties for the same nominal composition.
P407DA-Fib hydrogels provide biocompatibility, associated
with the fibrinogen component, and enhanced control over
the stiffness and degradation rate, as compared to P407. Cell
viability studies using human dermal fibroblasts showed some
potentially useful modulus-dependent cell-spreading.

5.2. Use of P407 as a sacrificial ink in biofabrication strategies

As shown in the previous section P407 composites can be used
as cell culture supports, in which it plays a key role in control-
ling matrix properties. Here we describe how the same favour-
able characteristics can also be harnessed to enable fabrication
of complex constructs. These can more closely recapitulate the
environment of native tissues, vasculature, and different com-
ponents of ECM. In the first instance, due to its shear thinning
properties®>**° and ease of handling and preparation, P407 was
used in developing formulations for 3D printing both as a
component of the final matrix,”*"*" and as a fugitive, or
sacrificial, ink.?®*>2

As previously noted by Kolesky et al., heterogeneous struc-
tures can be printed from multiple bioinks (usually using
multiple print heads/nozzles) while including fugitive inks.
These can subsequently be removed to generate channels
which can, for instance, mimic vascularisation, Fig. 6A.%° Due
to its thermogelation behaviour and excellent shear-thinning
properties P407 is a common choice for this approach.'”?
At room temperature P407 composite inks are typically stiff
and solid-like with storage modulus, G’ > loss modulus, G”,
while at low temperature G” > G’, and they flow readily,
Fig. 6B. As noted in previous sections, the exact transition
temperature depends on the P407 concentration and solvent
constituents (e.g. salts), but in general P407 > 25% w/v is used
for 3D printing.””>*> The shear-thinning behaviour provides
printability and the thermogelation allows removal of the P407
component ink as a perfusable liquid, by cycling the tempera-
ture from high to low and back. While many 3D-printable inks,
including those with fugitive P407, have reasonable recovery

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Schematic views of. (A) A 3D bioprinting approach (left), in which vasculature, cells, and ECM are co-printed to yield engineered tissue constructs
composed of heterogeneous subunits (right). (B) Thermally reversible gelation, with the corresponding temperature-dependent shear elastic (G’) and loss
moduli (G”) for P407 fugitive ink. (C)—(F) Representations and optical and fluorescent images of embedded vascular networks that are printed, evacuated,
and perfused with a water-soluble fluorescent dye. (F) Optical image of a representative microchannel within a HUVEC suspension perfused 2D vascular
network. Reproduced with permission from ref. 89. © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

after shear thinning, good shape fidelity in the final constructs
typically requires surrounding supports, which are often
composed of PCL,"** or other crosslinked hydrogels.*® P407
has become a benchmark for printable extrusion-based poly-
mers with guidelines on printability assessment described by
Paxton et al.>

In Table 3 we present prominent examples of the use of P407
as a sacrificial ink and note how its use enabled better recapitula-
tion of tissue. Increasingly complex 3D architectures become
possible, as compared to conventional homogeneous cell culture.
For instance, the favourable properties of P407 have enabled
printing of complex structures with channels in 1, 2 or 3 dimen-
sions using multi-nozzle extrusion printing. As an example, the
structures shown in Fig. 6C-E were formed using sacrificial P407
printed in one printhead and GelMA in another.®® The resulting
microchannel networks could be perfused with cells, in this case
HUVEC cells were seeded into a millimetre scale vascular chip,
Fig. 6F.* Modifications of inks for generating similar ‘vascular’
structures have also been noted. For example P407 was combined
into a composite ink with GelMA, allowing single nozzle printing
of millimetre scale structures that, due to the ability to wash away
P407, could subsequently be perfused.'* Other studies have
shown that perfusable chips of this type can be used successfully
for stem cell support and growth factor infiltration.®®

This journal is © The Royal Society of Chemistry 2025

Kang et al. demonstrated printing of mandible and calvarial
bone, ear cartilage and skeletal muscle using an integrated
tissue-organ printer.'>* A range of materials were evaluated to
provide the characteristics needed to support the different cell
types. These included; gelatine (to provide thermo-sensitivity);
fibrinogen (to improve stability, cell adhesion and induction of
cell proliferation), and; HA and glycerol (to enhance printing
uniformity and reduce nozzle clogging)."”* Furthermore, to
create micro-channels in the printed constructs with structural
strength, PCL was used internally as a support and P407 as
an external sacrificial scaffold. Fig. 7 depicts the process of
printing PCL-supported P407-based constructs, for generating
functional muscle tissue mimics. Arslan et al., described fabri-
cation of modular 3D structures which can show complex
motions through assembly of stimulus responsive compo-
nents."* This approach relies on printing of low viscosity pre-
cursor formulations with shear-thinning properties comprised of;
N-isopropylacrylamide (NIPAM, providing volume changes at its
LCST that could have value for robotic actuation); poly(ethylene
glycol) diacrylate (PEGDA, as the matrix former), and; P407 (as the
fugitive ink). 3D structures were created with anisotropic actua-
tion using two types of hydrogels with different swelling/shrinking
properties, which provide twisting and bending motions upon
thermal stimulus (25 °C < 40 °C). In principle this modular

J. Mater. Chem. B, 2025, 13, 9351-9376 | 9365


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb00588d

Open Access Article. Published on 08 July 2025. Downloaded on 3/9/2026 7:28:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

View Article Online

Journal of Materials Chemistry B

Table 3 Selection of double network or interpenetrating hydrogels with the use of P407 as sacrifical ink for generating functional tissue models by 3D

extrusion-printing

Molecule/polymer composited

Physicochemical formation

with P407 response/benefits of P407 Printing conditions Biological culture done? Ref.

(i) P407 diacrylate (AC) with (ii) To overcome the instability of Needle ID 300 pm; print head Cell viability was tested for bovine 151

hyaluronan methacrylate (HAMA) P407 in cell culture and increase  temperature;37 °C; print bed  chondrocytes in AC (20% w/v) and
biocompatibility, diacrylated P407 temperature 35 and 38 °C; P407 (17% w/v)/AC (3% w/v); 88%
was mixed with unmodified P407 pressure 2 bar; feed rate viability on day 14, only 62% for
at printable concentration for 100 mm min " AC (20%).
subsequent cell viability assay. Single layers 160 pm thick HAMA (0.1% and 0.5% w/v) was

added to P407 (17% w/v)/AC

(3% w/v) giving a minor decrease
in cell viability to 80%, due to
decrease in pore size/reduced
nutrient diffusion

N-isopropylacrylamide (NIPAM) Multilayer structures were printed ID diameter 200 um; pressure; None reported 152

with poly(ethylene glycol) consisting of (i) and (ii) combined 1.2-2.8 bar; feed rate

diacrylate (PEGDA), with P407 with P407 as sacrificial ink. After ~ 60-240 mm min "

as a fugitive ink removing P407 at 4 °C, NIPAM/

NIPAM/PEGDA PEGDA showed characteristic Thickness not noted
volume change behaviour while
maintaining fidelity.

Poly(e-caprolactone) (PCL) To improve tissue sized prints Cell-laden hydrogel: ID Mandible and calvarial bone 154

(internal scaffold) sacrificial P407 structural strength, PCL internal =~ 300 pm; pressure 0.5-0.8 bar. (Human AFSCs) ear cartilage

(external scaffold); gelatin, and F127 external (sacrificial) P407: ID 250 pm; pressure (rabbit primary auricular

fibrinogen, HA and glycerol for scaffolds were used. 2-3 bar. chondrocytes) and skeletal

cell support, used locally designed PCL: ID 250 pm; pressure muscle (C2C12 myoblasts)

4-headed extrusion ‘‘integrated 8 bar; head temperature

tissue—-organ printer (ITOP)” 92.5 °C

system.

Cell-laden GelMA and P407 P407 as a support material for ID 30, 100, and 200 pm; Green fluorescent protein- 89
printing, which after subsequent  pressure 1.3-4.1 bar; feed expressing human neonatal
crosslinking is removed by rate 60-600 mm min " Dermal fibroblast cells
cooling to 4 °C. (GFP-HNDFs) and 10T1/2

fibroblast cells

P407 and gelatin—fibrin ink P407 as a sacrificial print support. ID 100 to 410 pm; pressure Human mesenchymal stem cells 88

printed with a custom-designed Following P407 liquefication/ 0.7-9.6 bar; printing speed (hMSCs) and human neonatal

multi-material 3D bioprinter. removal, open conduits were 6-300 cm min~ dermal fibroblasts (hNDFs) and
present in the gelatin-fibrin inks. human umbilical vein endothelial
cells (HUVECs)

Pluronic monocarboxylated To fabricate complex structures,  ID 335 pm; pressure 3-5 bar; L2959 mouse fibroblast cells were 155

(P407-MP) and GelMA reacted dual-nozzle printing was used feed rate 500 mm min ', used for biocompatibility and

in different mass ratios (P407- in which one dual nozzle head temperature 30 + 3 °C  toxicity tests. All formulations

MP:GelMA1:2,1:1.5,1:1,1.5:1 (P407-GelMA and print pluronic supported cell proliferation

and 1:2) as support material) printing.

Cured and cold water washed
removed the sacrificial material.
Carboxylated agarose (CA), P407  After bioprinting, incubated at ID 230, 150 and 100 pm; None reported 156

approach could enable programming of many types of soft devices

with bio-inspired motions."*

4 °C solubilised P407 and con-
solidated the CA hydrogel phase,
providing stable cylinders within
a hollow vessel.

pressure 2 bar

currently played by P407 while providing additional favourable

properties.

In summary, while P407 does not possess sufficient long-
term stability when used as the sole matrix former for cell
culture applications, it can provide improved printability and
good structural support to 3D printed structures and can
enable fabrication of hierarchical structures when used as a
sacrificial template. In the next section some emerging and
some well-known alternative thermoresponsive/thermogelling
polymers are described, these could fill some of the roles

9366 | J Mater. Chem. B, 2025,13, 9351-9376

6. Alternative thermoresponsive
polymers for cell culture

In this section we briefly describe alternative thermoresponsive
(LCST) polymers, other than micelles, that have demonstrated
applications in cell culture and biomedical drug delivery. We

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 In vitro bioprinted muscle. (A) Schematic fiber bundle structure for muscle organisation. PCL pillars (green) were used to maintain the structure
and to induce the compaction phenomenon for cell alignment. (B) Visualised motion program for 3D printing muscle construct. (C) 3D patterned muscle
construct (left) before and after removing the sacrificial P407. The construct was cross-linked with thrombin to gel fibrinogen, and the uncross-linked
sacrificial material was dissolved with cold medium. (D) and (E) The PCL pillar structure is essential to stabilise the print and to induce compaction of the
patterned cell-laden hydrogel generating longitudinal cell alignment; without PCL pillar (D) and with PCL pillar (E). The latter showed consistent
unidirectionally cellular alignment, in contrast with random orientations without PCL pillar. (F) Live/dead (green/red) staining of encapsulated cells
indicates high cell viability after printing. (G) Immunofluorescent staining for myosin heavy chains after 7-days differentiation; encapsulated myoblasts

aligned along the longitudinal direction of the fibers. Reproduced with permission from ref. 154. Copyrights © 2016 Nature America, Inc.

finish the section with a comparison of the degradation profiles
of these materials with those of P407.

6.1. Cell recovery applications

First, cell recovery from culture platforms usually relies on
mechanical, chemical, or enzymatic treatments, each of which
has disadvantages including difficulties in scaling and avoiding
cell damage. A significant opportunity lies in the use of thermo-
responsive polymers for detachment/recovery which may, in
principle, address both of these issues. As discussed previously,
at temperatures above the LCST, water is expelled, and the
network is in a collapsed hydrophobic state, supporting attach-
ment, see Fig. 8A. On decreasing temperature to below the
transition, water enters, the polymer chains adopt an expanded
coil conformation with increased hydrophilicity, enabling
detachment. Hence the ideal LCST is a little below 37 °C. This
approach works when cell and protein-adhesion is primarily to
hydrophobic, as opposed to the hydrophilic, regions of the
polymers.”*”'*® Examples of polymers that have these charac-
teristics are given in Table 4 and discussed below.

Amongst the thermoresponsive materials reported for use in
2D cell culture surfaces are poly(N-isopropylacrylamide) (pNI-
PAm), poly(PEGMA) and a copolymer of 2-(acryloyloxyethyl) tri-
methylammonium chloride (AEtMA-CI) and 2-(diethylamino)ethyl
acrylate (DEAEA)."*>™'® For each of these materials, when used as

This journal is © The Royal Society of Chemistry 2025

cell contact surfaces, comparable cell attachment was demon-
strated at 37 °C as for the control surface (TCPS or Matrigel), while
cell detachment at ambient temperature (<LCST) was induced
only for those with a thermoresponsive layer.

For example, 100 pm silica beads surface grafted with thermo-
responsive pNIPAm, (prepared with a grafting-from RAFT poly-
merisation to be of varying chain length, M,, 6200-23 700), were
investigated as 3D cell culture scaffolds.'®® Cells successfully
adhered to the beads at 37 °C for all thermoresponsive layer
thicknesses studied. However, cell detachment at 37 °C was
only observed for beads with pNIPAm M, > 10000. The
suggestion was that lower M,, grafts were less hydrated in the
swollen (low temperature) state impacting temperature-
induced changes in the hydrophilic/phobic properties of the
layers.

Long term storage and transportation of cells typically
requires cryopreservation techniques which can result in
damage to cells. Storage of cells at ambient temperatures can
be achieved through the incorporation of cells within a thermo-
responsive polymer gel, Fig. 8B. The temperature induced sol-
gel transition allows suspension of cells within the hydrogel
after pre-mixing of cells with the thermoresponsive gel in the
sol state. A polypeptide based poly(ethylene glycol)-poly(r-
alanine) (PEG-PA) ‘chemical’ composite was used to demon-
strate significantly greater cell recovery of 64%, as compared

J. Mater. Chem. B, 2025, 13, 9351-9376 | 9367
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Fig. 8 (A) Schematic of reversible cell attachment/detachment using thermoresponsive polymers. At 37 °C polymer chains are hydrophobic and cells

adhere to the surface. At ambient temperature, the polymer chains are hydrated and adopt a hydrophilic expanded coil conformation, the cells detach.
(B) Schematic of cell storage and recovery using a thermogel. Mixing is achieved in the sol-state, on increasing temperature above the LCST transition,
cells are encapsulated in the gel. Cells can be recovered by centrifugation on decreasing temperature. Reproduced with permission from ref. 159.
Copyright © 2021, American Chemical Society (C) Stability of a nanodiamond (ND) chitosan-gelatin nanocomposite loaded over a 21 day period, at
varying ND amounts (0-0.02% w/v). Reproduced with permission from ref. 160. © 2017 Acta Materialia Inc. Published by Elsevier Ltd. (D) Macroscopic
images of a cartilage defect site taken at 1 and 12 weeks with no treatment (a and c) and HA-pNIPAM treated (b and d). Reproduced with permission from

ref. 161. Copyright © 2016 Wiley Periodicals, Inc.

to 26% obtained using a conventional cryopreservation
technique," and <1% for cells stored in PBS with P407 at
the same concentration. The sol-gel transition of this particular
hydrogel could be controlled from 10-25 °C through the poly-
mer concentration.

6.2. Delivery applications

Thermoresponsive polymers are commonly used as compo-
nents in delivery systems for tissue engineering. A triblock
copolymer formed from poly(ethylene glycol) methyl ether
methacrylate (PEGMA) and diethylene glycol methyl ether
methacrylate (DEGMA) was evaluated as a cell culture
scaffold.'®” The LCST was tuned through variation in chain
length of the hydrophilic and hydrophobic segments and
polymer concentration. Gelation was physical in nature and
so was temperature reversible. Dynamic glide force measure-
ments showed better ambient temperature injectability, at
7.98 N, than for P407, at 36.44 N. In addition, low cytotoxicity
and good cell viability after 24-hour incubation, was shown
for hydrogels formed at 20% and 25% wt. However, hydrogel
stability over longer times was not described.

Similarly a poly(caprolactone-)-poly(ethylene/propylene gly-
col) (PCC-PEG-PPG) copolymer was synthesised for use as an
in situ gelling system with enzyme-triggered cell delivery.'®®
CD4" T-cell lymphocytes were encapsulated within the copoly-
mer gels. As a key goal was to improve biodegradability,

9368 | J. Mater. Chem. B, 2025, 13, 9351-9376

degradation was monitored by '"H NMR in the presence of
lipase as a model. The ester linkages of the copolymer were
shown to be enzymatically degradable, with the extent of
degradation dependent on enzyme activity. Preliminary results
suggest no cytotoxicity within 5 days, however more detailed
studies would be needed to establish cell viability.

Naturally occurring thermoresponsive polymers can provide
improved compatibility with biological environments, for
instance when implanted, however limitations can arise dur
to their fast degradability. An injectable nanodiamond (ND)
chitosan-gelatin nanocomposite demonstrated controlled
release of growth factors at 37 °C."®° This material was found
to show no cytotoxicity in vitro over 24 hours across the ND
concentration range investigated (0.005-0.02% w/v). At an ND
concentration of 0.01% w/v the stiffness of the gel improved
(Youngs modulus 7.3 kPa, compared to 6.3 kPa for ND free)
which was ascribed to increased polar interactions with the
polymer matrix. This effect on the stiffness was limited to a
surprisingly narrow ND concentration range ¢.0.01% w/v, out-
side of which there was no improvement. Compositing with
NDs also enhanced long-term hydrogel stability in vitro over a
14-day period, however no additional stability was observed at
longer times compared to ND-free gels, Fig. 8C. Additionally,
hydrogels containing ND’s showed good biocompatibility in vivo
after 21 days following subcutaneous implantation of the nano-
composite hydrogels into the dorsal skin of Wister rats.

This journal is © The Royal Society of Chemistry 2025
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Table 4 Comparison of selected thermoresponsive systems for cell culture
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Physicochemical for-

Degradation mechanism

Application ~ Molecule/polymer mation response Biological culture done? & timeframe® Ref.
As cellular ~ P(DEGMA-b-PEGMA-  LCST 30-40 °C (dependent Cell viability of P(DEGMA;-b-PEGMA,s,-  Non-enzymatic 167
matrices b-DEGMA) on chain length of b-DEGMA;,) with HeLa cells and PC3 (oxidative)
PDEGMA and PPEGMA confirmed Long
units)
PCL-PEG-PPG LCST 5-50 °C dependent =~ CD4+ T-cell lymphocyte Enzymatic and hydrolytic 168
upon amount of PPG in (mainly PCL)
copolymer and copolymer Medium
concentration
Poly(N- Sol gel temperature Chondrocytes (CHs) and mesenchymal Non-enzymatic; minimal 179
vinylcaprolactam) between 25 and 37 °C. stem cells, ~90% viability degradation
Gelation time dependent Long
upon MW,
As delivery  Chitosan-gelatin 35-39 °C Vascular endothelial growth factor (VEGF) Enzymatic (lysozyme, 160
systems for = nanocomposite collagenase)
tissue Short to medium
engineering Hyaluronan acid - ~30 °C Stromal cell derived factor (SDF-1), bovine Partially enzymatic 161
PNIPAm copolymer IVD (HA by hyaluronidase), and
PNIPAm non-enzymatic 169~
Short to medium 171
(HA: days-weeks, pNI-
PAm: months-years)
For cell Polypetide Sol-gel transition 10- Tonsil-derived mesenchymal stem cells Enzymatic (protease 159
storage and  poly(ethylene 25 °C cleavage of polypeptide
recovery glycol)—poly(r- block)
alanine) (PEG—PA) The poly(r-alanine) block
is enzymatically degrad-
able (by proteases), while
PEG is stable
Medium (weeks to
months)
Poly(N- LCST 34 °C Chinese hamster ovary cells, cells adhered Non-enzymatic 166
isopropylacrylamide) to the surface of the beads at 37 °C, whilst Long
- modified silica detached at 25 °C
beads
Poly(N- LCST 31 °C Bovine aortic endothelial cells (BAEC), Non-enzymatic 162
isopropylacrylamide) cells adhered to the surface at 37 °C. At Long
surfaces RT, cell sheet began to detach after 10 min
(comparison to no detachment under
same conditions from control TCPS
surface)
Poly(PEGMA,45)-PET  LCST 22.5-25.2 °C Human corneal stromal stem cells Non-enzymatic (oxidative 163

fibrous scaffolds

(hCSSC), comparable cell attachment and
proliferation at 37 °C to TCPS control. Cell
detachment at ambient temperature

(17 °C) from thermoresponsive scaffold.

possible)
Long

“ Timeframes are estimations with the following meaning: short: days-weeks, medium: weeks-months, long: months-years, or stable/non-

degradable.

Conjugation of HA with pNIPAm has been reported by

evidence of hydrogel degradation.

171

Similarly, an injectable

several groups as an approach that provides injectable cellular
delivery system with temperature-induced gelation, typically
.30 °C, for formulations in the 2-10% w/v range.'®»¢°'7!
The mechanical properties of the hydrogel can be improved by
extending the pNIPAm chain length, an effect usually ascribed to
increased pNIPAm inter-chain association, enabling stronger/
more persistent entanglement. High grafting densities of pNIPAm
were found to compromise mechanical strength.'”> Thus a bal-
ance between chain length and grafting density must be consid-
ered in material design for cell culture. Sustained in vitro release
of stromal cell derived factor (SDF-1) over a 7-day period was
achieved for copolymerised HA-pNIPAm at 10% w/v, with no

This journal is © The Royal Society of Chemistry 2025

copolymer HA-pNIPAm brush copolymer (10% w/v, with pNIPAM
chains covalently linked to HA backbone) demonstrated superior
properties in cartilage repair. The hydrogel showed fluid beha-
viour at room temperature with a rapid, <1 min, transition to a
soft-gel type behaviour ¢.30 °C.'*" No degradation was observed
after 12 weeks of injection and cartilage healing was promoted in
the presence of the hydrogel, as evaluated using the ICRS Carti-
lage Repair Assessment System, Fig. 8D. However, the non-
covalent nature of the copolymer chain associations forming the
gel, and thus the mechanical strength, was identified as a
potential limitation. Furthermore, a composite network of cross-
linked HA and copolymer HA-pNIPAm demonstrated exceptional
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rheological properties compared to alternative single network
hydrogels (elastic modulus greater than in agarose, HA or HA-
pNIPAm formulations alone)."® These HA/HA-pNIPMam mix-
tures had good cell retention after 7 days however some degrada-
tion was described.

Thermoresponsive polymers, such as PEGMA-DEGMA, PCC-
PEG-PPG, and HA-pNIPAm, show significant potential for
inclusion in formulations for injectable cell-delivery systems.
However, despite their demonstrated favourable cytotoxicity
profiles and tuneable mechanical/gelation properties, chal-
lenges remain in ensuring long-term stability, biodegradability,
and retention of optimal mechanical strength, especially in the
case of natural polymers or their composites.

6.3. Degradation of thermoresponsive polymers

Pluronics, including poloxamer 407, are chemically stable and
are not readily enzymatically degraded in the human body or
under physiological conditions.’”*"”* The stability contributes
to their utility but the lack of biodegradability can be limiting
for application. In the human body, it is expected that pluronics
will be cleared via renal excretion, rather than being broken
down by enzymes.'”>'’® In contrast to P407, many of the
alternative thermoresponsive systems demonstrate a range of
degradation mechanisms and timescales, which are increas-
ingly being leveraged to improve material clearance, remodel-
ling, and in vivo functionality (Table 4).

On the other hand, the physical nature of the interactions
that drive hydrogelation renders these types of hydrogels prone
to disruption. In bio-mimetic environments, such as cell cul-
ture media or simulated body fluids, P407 undergoes rapid
dissolution and erosion, particularly under dilute conditions or
in the presence of serum proteins, which can disrupt micelle
packing and destabilise the gel matrix."”” Several examples of
this are described in Section 4. Many P407 hydrogels gradually
disintegrate, over hours to days, in aqueous or physiological
conditions, even when originally prepared at high concentrations
(>30% w/v). This limits the long-term integrity of the objects,
often making them unsuitable for sustained structural applica-
tions without reinforcement.

In contrast, polyesters like PCL-PEG-PPG form more stable
networks with far slower (many weeks) degradation kinetics,
arising from covalent or secondary structure-based interac-
tions. pNIPAm- or poly(N-vinylcaprolactam)-based materials
are generally more resistant to dissolution due to stronger
hydrophobic associations and chain entanglements. However,
they too can swell and eventually disperse depending on
molecular weight, architecture, and medium composition.'”®
Notably, some hydrogels, such as HA-based copolymers, may
initially maintain structural integrity, but rapidly lose mass
upon enzymatic cleavage.'®"'*'7* Others polymers, such as
P(DEGMA-b-PEGMA-b-DEGMA), remain intact for extended per-
iods but may undergo slow erosion due to oxidative side-chain
degradation.'® Thus, the dissolution profile of thermorespon-
sive polymers in biological settings plays a critical role in
determining their implantation potential, residence time, and
functional lifespan in vivo. This highlights the need for careful
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tuning of polymer structure to balance thermoresponsiveness
with the desired mechanical and degradation behaviour.

In the context of in vivo degradability, natural polymer-based
hydrogels such as chitosan-gelatin composites,'®® and HA-
pNIPAmM copolymers,'®"***"'”! undergo relatively rapid enzy-
matic degradation via lysozyme or hyaluronidase, albeit the
PNIPAm component itself follows non-enzymatic degradation
routes. Similarly, co-polymer systems like PEG-poly(r-alanine)
polypeptide degrade over weeks to months through proteolytic
cleavage, and stable excretion of scissored PEG chains."*® Other
synthetic polymers, such as PCL-PEG-PPG show slower enzy-
matic and hydrolytic degradation driven by cleavage of ester
bonds in the PCL block.'®® Whereas thermoresponsive systems
like poly(N-vinylcaprolactam), pNIPAm, and P(DEGMA-b-
PEGMA-b-DEGMA) are largely non-biodegradable,'®”'”® with
only limited susceptibility to oxidative degradation of PEG-
based side chains over months to years. The latter materials,
much like P407, are thus more persistent in vivo from the
polymer chain perspective and may require careful considera-
tion regarding long-term clearance or potential accumulation,
particularly in implantable or injectable contexts. Compared to
these, P407 is uniquely challenged by its lack of mechanical
robustness at physiological temperature, leading to rapid phy-
sical dissolution even in the absence of chemical degrada-
tion—a feature which, while limiting its long-term structural
use, supports its role as a sacrificial matrix or delivery vehicle in
short-term biomedical applications.

7. Conclusions and future perspectives

While P407 is a versatile and promising biomaterial, difficulties
arise from its intrinsic ‘softness’, including; dissolution in
biological settings (which is often under-represented and
under-reported in the literature), and; limiting viscoelastic
properties of the gels (related to degradability). Currently, these
challenges present barriers to the translational utility of P407 as
a clinically relevant biomaterial. Degradation of P407 has been
reported in vivo.'”* While the safety of Durasite® drug formula-
tions containing P407, namely AzaSite® and Besivance® has
also been called into question.’®® The effects of sterilisation,
typically by autoclaving, on poloxamer hydrogel rheological
properties and injectability may also be a practical hurdle.
These aspects need detailed/full evaluation, while existing
literature for example is limited and conflicting.>>*%»*8? The
costs of effective and suitable sterilisation methods, such as
electron beam irradiation, might be a challenge for future
clinical applications.'®?

Approaches used to address these limitations and design a
close to ideal thermoresponsive system (Fig. 9), while retaining
the favourable physicochemical properties and balancing the
need for controllable degradability in longer-term cell culture
and delivery applications, include: (i) chemical (covalent) sta-
bilisation of core, shell, or of inter-micelle contacts; (ii) copo-
lymerisation of natural polymers with more stable synthetic
polymers and incorporation of mediating nanomaterials, and;

This journal is © The Royal Society of Chemistry 2025
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(iii) inclusion of other (often natural) polymers to form inter-
penetrating or double networks with emergent bulk properties
that combine the advantages of both components. In parallel
there has been significant activity on the use of P407; (iv) as a
modifier during, usually extrusion-based, advanced manufactur-
ing of bulk structures/devices (with subsequent removal of the
pluronics component), and; (v) to confer thermorespon-
sive and thermogelling properties for multiple biomedical appli-
cations. Thermogelation is generally retained in printable ‘phy-
sical inks’ based on both P407 and pNIPAm, enabling 3D
printing (and other applications requiring rapid gelation) at
elevated temperatures. The effectiveness of thermogelation is
heavily dependent on the concentration of the polymer and
the presence of other additives (e.g. solvents, crosslinkers, or
stabilisers). Thermogelation can also be retained in printable
‘chemical inks’. In the case of copolymers, this is usually the case
once chemical links are not formed between chain types, leading
to stiffening of the network. More generally it is found once the
modifications do not disrupt the physical mixture. Subsequent
photo-crosslinking of the printed inks fixes the structures.
The chemical approach can also be favourable as chemical
crosslinking can be less sensitive to temperature variations, than
is the case for purely physical gelation. The minimum

View Article Online
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concentrations required to achieve thermogelation vary, but they
are in a similar range. For P407 an LCST is typically observed at
¢.18-20% (w/v) in aqueous solutions, with use of co-polymers
and additives pushing that down. For pNIPAm systems the LCST
can also vary with the degree of polymerisation, but ¢.10-20% (w/
v) is required for stable thermogelation. As expected, the gelation
concentration is generally lower for ‘chemical ink’ formulations.
These can provide more flexibility in terms of concentration,
allowing for lower polymer loads without compromising gel
formation, however, they may require complicated chemistry.
P407 is generally superior to pNIPAm in applications requiring
rapid, reversible gelation without the need for chemical
modification, or when it is desirable to subsequently
remove the ‘sacrificial’ component. It is particularly useful in
physical inks for 3D printing, where the focus is on temperature-
triggered gelation. On the other hand, pNIPAm excels
in situations where a more robust gelation mechanism is
required, especially in chemical inks or when crosslinking
is part of the formulation. pNIPAm-based systems offer
better control over the gel’s mechanical properties, which may
be advantageous in bioengineering or drug delivery applications.

In summary, the current state-of-the-art in P407 composit-
ing research is quite advanced. However, exploitation of the

Low viscosity
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Low injection force (<10 N); flowable at
room temp

Amenable to chemical modification (e.g.
bioactive ligands, crosslinkers)

Thermoresponsive aspects
Injectable/printable at room temp
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enough to reduce viscosity and injection
force, but sufficient enough for hydrogel
to be retained after injection

Sol-Gel transition: Rapid (<1-2 min), reversible,
and reproducible
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No phase separation; uniform microstructure post-
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Optical clarity desirable for characterization and
imaging
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Ability to encapsulate therapeutics/cells

Retains thermoresponsive properties despite presence of
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Drug Release Profile Sustained, controlled release (e.g. 7-30 days);
minimal burst release
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for cartilage)
Self-Healing - ideally present; recovery post-deformation
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Fig. 9

Ideal physical properties enabling therapeutic functions for thermoresponsive poloxomer 407 (or similar) hydrogels. The factors listed in this

diagram can be used singly or in combination in design of functional thermoresponsive hydrogel systems. Created with https://Biorender.com.
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kaleidoscope of responsive matrices, described in the literature
and outlined above, is limited by the absence of reliable
(commercial) sources of all but the simplest matrices. Chal-
lenges yet to be addressed include combinatorial approaches
for developing next-generation 4D-responsive functional hydro-
gel networks for cell culture automation and as components in
responsive-release devices.'®>'®* In this context it is critical
when reporting novel thermoresponsive matrices, that the
dissolution and degradation behaviour of the materials studied
are clearly described. This is not only a concern for P407 but
also for pNIPAm and other thermoresponsive systems. All these
materials undergo physical or chemical breakdown depending
on the environmental conditions which affect stability and
function. It is essential to distinguish whether the observed
dissolution or degradation is due to changes in the gels
physical state (e.g. thermoreversible sol-to-gel transition) or
chemical breakdown (e.g. polymer cleavage, crosslinker degra-
dation), but this is rarely reported. Clear specification of these
details in publications would facilitate reproducibility and
enable interpretation the time-dependent material properties
described. Combination of standard used dry-weight degrada-
tion methods, as well as chromatographic (e.g. LC-MS) evalua-
tion as routine would be hugely advantageous.
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