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Thermoreversible gels for the encapsulation of
macrophages: evaluation of polymer type on
rheology and cytocompatibility
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Thermoresponsive polymers have become a highly sought-after “smart material” due to their ability to
modify their physical characteristics due to temperature changes. This research aimed to determine the
biocompatibility of specific thermoreversible gels for immunocompetent cell models containing
ImMmuPHAGETM, human alveolar macrophage-like cells. Four polymers were selected based on their
transition temperatures, including three commercially available pharmaceutical excipients, namely polox-
amer 407, soluplus, and methylcellulose. The fourth system, poly(N-isopropyl acrylamide)-b-poly(ethyl-
ene oxide)-b-poly(N-isopropyl acrylamide), was synthesised in-house. Initially, the phase behaviour of
these four polymers was evaluated visually by warming the polymer solutions and determining the state
of the solution by vial inversion. Subsequently, a combination of rheological measurements was employed
to compare the properties of these thermoreversible gels in culture media. The physical characterisation
was followed by conducting cytocompatibility tests using human alveolar macrophages to assess their
suitability as a scaffold for cell culture in vitro and to determine the cell response to different culturing
environments. The study concluded that methylcellulose is the most promising and cost-effective
material worth further exploration as a responsive matrix for immune cell encapsulation. Keywords:
Thermoresponsive, Thermogelling, Alveolar macrophages, Foamy macrophages, immunocompetent
in vitro models.

vacuolated or foamy appearance.>’ Foamy alveolar macro-
phages (FAM) are enlarged lung macrophages with a highly

Alveolar macrophages are the most abundant antigen-present-
ing cells in the lungs, where they play a crucial role in regulat-
ing immune responses to inhaled substances and allergens." It
is well established that they are the first line of defense against
inhaled substances in the lower airways.> However, while their
roles in alveolar homeostasis, infection, and disease are rela-
tively well understood, their role in inhaled toxicity is poorly
defined.? Alveolar macrophages initiate and perpetuate local
pulmonary responses, and observations from lung tissue slices
from pre-clinical rodent studies have caused uncertainty and
confusion for many pre-clinical safety assessments. One-third
of candidate inhaled medicines fail in pre-clinical in vivo
rodent studies due to the presence of abnormal alveolar
macrophage morphology, whereby the cells take on a highly
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granular or vacuolated cytoplasmic appearance when viewed
under a light microscope and are due to an accumulation of
lipids, drug particles, or other pathophysiological processes
involved.>* A foamy alveolar macrophage-FAM appearance
may also be accompanied by an increased number of macro-
phages and monocytes that infiltrate the airways from the
blood, which, according to Nikula et al, may represent an
adaptive response to administered particles or the initial stage
of an adverse effect.” Therefore, alveolar macrophages are an
attractive test system for assessing the cellular response to
inhaled drugs. Creating in vitro 3D models that better mimic
the natural extracellular matrix these immune cells would
encounter in vivo may improve cellular functionality and
provide improved responses for more representative and pre-
dictive macrophage cell responses to toxic stimuli. A more
in vivo-like environment may be achieved using hydrogels in
which the cells can be encapsulated as part of an immuno-
competent cell model.

Hydrogels are three-dimensional cross-linked networks of
hydrophilic polymers swollen in water.” These gels may be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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supported by physical cross-links as an entangled network
consolidated by non-covalent interactions or chemical cross-
links consisting of covalent bonds between polymers. Physical
cross-links may be reversed by external stimuli such as heat,
changes in pH, or changes in salt content, whereas chemical
cross-link hydrogels are typically only degraded by harsh exter-
nal reagents that degrade covalent bonds.® The ability to
switch cross-linking in response to external stimuli makes
these physical hydrogels attractive “stimuli-responsive”
materials for scientific research. In most cases, such confor-
mational transitions are reversible, hence these hydrogels are
capable of returning to their initial state as soon as the trigger
is removed.” Stimuli-responsive hydrogels are seen as potential
biomaterials or bio-inks where their controllable physical pro-
perties enable researchers to easily encapsulate and culture
cells® within hydrogels for purposes such as the delivery of
therapeutic cells to the body,” drug and gene delivery,'®'
tissue engineering’® and bioprinting."® Temperature-sensitive
hydrogels can change their physicochemical properties in
response to temperature, and “thermoreversible” hydrogels
use temperature as external stimuli to induce sol-gel or gel-sol
transition. Sol-gel materials are particularly attractive for
maintaining a gel state when heated, which can be exploited
for applications such as cell culture, where cells can be cul-
tured in the gel state and isolated simply by cooling the system
to room temperature. These materials could be mixed with
cells and printed into multicomponent immunocompetent
in vitro models containing immune cells, which are seen as a
crucial milestone on the path to animal-free toxicological
models. However, the compatibility of different thermoreversi-
ble hydrogels with immune cells is poorly understood. There
is a need for studies on cellular compatibility of thermoreversi-
ble gels, particularly immune cells where both viability and
functional end points need to be established to prove utility.
In these systems, relationships between polymer chemistry,
mechanisms of gelation, rheology and utility are unknown.
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This study evaluates the suitability of thermoreversible gels
for use in immunocompetent cell models containing alveolar
macrophages. Polymers were chosen based on their range of
LCST to allow switching between liquid and gel states when
heated from room to culture temperatures (around 37 °C),
based on prior studies. Furthermore, commercially-available
systems with a history of use in pharmaceuticals were
included, along with a synthetic poly(N-isopropyl acrylamide)-
b-poly(ethylene oxide)-b-poly(N-isopropyl acrylamide)
(PNIPAM-b-PEO-b-PNIPAM) material to probe the utility of syn-
thetic block copolymer architectures in this application using
an architecture and molecular weight known to give thermore-
versible gelation."* The rheology of Poloxamer 407, Soluplus,
Methylcellulose (MC), and PNIPAM-h-PEO-b-PNIPAM (Fig. 1)
were studied to compare their properties as thermoreversible
gels. Following this, the compatibility of alveolar macrophage-
like cells with the materials was assessed using membrane
integrity and mitochondrial activity endpoints. The study’s
outcomes will inform the selection of thermoreversible gels for
generating immunocompetent models in future work, as well
as guide material development for outside applications such
as tissue engineering, regenerative medicine, and therapeutic
cell delivery.

Poloxamer 407 is a water-soluble non-ionic ABA triblock
copolymers consisting of central hydrophobic blocks of poly-
propylene glycol (PPO) flanked by two hydrophilic blocks of
polyethylene glycol (PEO) with the degree of polymerisation
PEO;40-PPO45-PEO; o.">'® The thermoreversible gelling prop-
erty of these polymers results from their temperature-depen-
dent ability to self-assemble into micelles in solutions and
then form a liquid crystalline gel when the fraction of micelles
in solution is greater than (@ > 0.53)."” Poloxamer 407 is
soluble in cold water, but as temperature increases, copolymer
molecules aggregate into micelles due to the dehydration of
hydrophobic propylene oxide blocks to form a spherical
micelle core with an outer shell of hydrated swollen polyethyl-
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Fig. 1 Chemical structures of the thermoreversible gelators used in this study.
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ene oxide."® When the phase volume of micelles is greater
than 0.53, the gel phase is obtained. The transition of PPO
from a relatively hydrophilic to a relatively hydrophobic state
when heated above a critical temperature can be seen as an
example of a lower critical solution temperature (LCST), com-
monly used as a trigger in sol-gel systems. Poloxamer 407 is
an attractive thermoreversible gel as it shows low viscosity at
room temperature, enabling easy manipulation such as pipet-
ting or injecting gels at physiological temperatures (~37 °C).
Furthermore, it is currently used as a pharmaceutical excipi-
ent, mitigating toxicological risks.®

Soluplus (N-vinyl caprolactam)-poly(vinyl acetate)-poly
(ethylene glycol) is a poly graft copolymer with a molecular
weight of 90-140 kg mol™*, manufactured by BASF." It is an
amphipathic copolymer that can form micelles when its con-
centration exceeds its CMC.?° Aqueous solutions of Soluplus
increase in viscosity upon warming, dependent upon concen-
tration and co-solutes."® The amphipathic nature of Soluplus
leads to the formation of spherical “fuzzy” micelles in cool
aqueous solutions.”’ Upon heating, the LCST behaviour of
poly(N-vinylcaprolactam) can drive that component from
hydrophilic to a more hydrophobic state.”> In other poly(N-
vinylcaprolactam) systems, this promotes physical interaction
between polymers and the formation of a gel state.>>** Whilst
the process has not been studied in detail, this trigger likely
drives the temperature-dependent rheological changes
observed in Soluplus.'®**

Methylcellulose is a hydrophobically-modified cellulose
with a typical degree of methyl substitution between 1.4 and
2.0 methoxy groups per glucose unit.>® It shows a singular
thermal behaviour in which aqueous solution viscosity
remains constant or slightly decreases when its temperature
increases up to a critical temperature point (29 + 2 °C). If the
temperature continues to increase, viscosity strongly increases,
forming a thermoreversible gel.”® In an aqueous solution of
MC, there exist three possible intermolecular forces among
MC chains or between MC and water: (1) hydrogen bonding
between unmodified hydroxyl groups on MC chains, (2) hydro-
gen bonding between the hydroxyl groups of MC and water
molecules, and (3) hydrophobic association between hydro-
phobic groups (i.e. methyl groups) on MC chains.?” According
to Kundu et al., hydrogen bonding between MC chains and
water is dominant at low temperatures to ensure the water
solubility of MC. When the hydrogen bonding is broken upon
heating, the so-called hydrophobic association becomes poss-
ible, followed by physical cross-linking and gelation.*® These
characteristics classify MC as an LCST-exhibiting polymer. To
create gels with the desired thermoresponsive properties
needed for this study, lower molecular weight MC was chosen
as higher molecular weight MC leads to prohibitively viscous
solutions at room temperature>>>*-3°

Poly(N-isopropyl acrylamide) (PNIPAM) is one of the most
studied synthetic thermosensitive polymers. Its extensive
investigation is due to its LCST being close to body tempera-
ture, making it an attractive polymer for biomedical appli-
cations.®" The LCST of PNIPAM is approximately 32 °C, which
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may be altered through copolymerisation with hydrophilic
monomer, changes in concentration, ionic strength and pH,
but has a low dependence on molecular weight.”® Whilst the
homopolymer of PNIPAM typically forms a precipitate at elev-
ated temperatures, including PNIPAM in copolymer architec-
tures can permit gel formation instead. PNIPAM-b-poly(ethylene
oxide) (PEO)-b-PNIPAM ABA copolymers exhibit thermoreversi-
ble gelation dependent upon the molecular weight of the
blocks.'*?°?* When each block has a molecular weight ca.
10 kDa, the polymer can form thermoreversible gels in which
the gel state is maintained by spherical flower-like core-shell
micelles with relatively hydrophobic PNIPAM in the core and
PEO at the corona.*” Elastically active unimer chains may then
bridge adjacent micelles. PNIPAM has been used in research in
tissue engineering to coat substrates upon which cells may be
grown and attach above LCST (ca. 32 °C) but be detached with
cooling below LCST.** However, PNIPAM-based material have
not been incorporated in any approved medicine to date.*

This study reports the evaluation of four thermoreversible
gels for the encapsulation of alveolar macrophages with a view
to incorporating these materials in immunocompetent models
through processes including 3D printing. The phase behaviour
of the polymers is assessed in the presence of relevant culture
media, and the cytocompatibility is assessed against human
alveolar macrophages.

Materials and methods
Materials

Soluplus and Poloxamer 407 were procured from BASF
(Ludwigshafen, DE). PNIPAM-bh-PEO-b-PNIPAM was syn-
thesised and characterised as reported previously.>> The
degree of polymerisation of the PNIPAM blocks was ca. 98, and
the PEO segment was 245, with corresponding M, ca.
10-10-10 kDa. MC A15, propidium iodide, and Trypan blue
were all purchased from Sigma-Aldrich (Poole, Dorset, UK).
Water used in all formulations was deionised and sourced
from a Millipore (Watford, Herts, UK) system. The CytoTox-
ONE™ Homogeneous Membrane Integrity (LDH) and CellTiter
96®Aqueous One Solution Cell Proliferation Assay (MTS) kits
were purchased from Promega (Southampton, Hampshire,
UK). ImmuPHAGE™ (human alveolar macrophage-like cells)
and ImmuPHAGE growth medium (complete culture medium,
CCM) were provided by ImmuONE (Hatfield, Herts, UK). Cells
were authenticated prior to experimentation and validated for
macrophage and epithelial biochemical and physical charac-
teristics, cell surface markers and functionality (ImmuONE,
Hatfield, Herts, UK).

Manufacture of hydrogels and characterisation

10 mL solutions of Poloxamer 407 and Soluplus were prepared
in cell CCM in the range of 15-20% w/v. The powder was
added slowly and stirred using a magnetic plate at 900 rpm in
an ice bath. Once the polymers were entirely dissolved at
ca. 1 °C, they were stored in the fridge at 4 °C overnight. Before

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cell experiments, solutions were sterilised by filtering using a
0.22 pum filter. MC solutions were formed by the dispersion
technique, where approximately half of the required volume of
completed cell medium was warmed to 40 °C, then added into
MC powder and stirred in until thoroughly dissolved. The
remainder of the solvent was then added and stirred until the
entire polymer was dissolved. The solutions were then allowed
to equilibrate overnight in a 4 °C refrigerator. The MC solu-
tions were sterilised by autoclaving the solution at 120 °C for
20 min. Different sterilisation methods for MC solutions has
previously been explored which found that autoclaving, con-
sidered the most effective way for sterilising all biological life,
did not modify MC structure.* The thermoreversible gelation
phenomena of solutions were visually observed by testing their
sol-gel temperature transformation during heating in a water
bath. The sol-gel transformation features were ranked as:
“liquid” (flows freely upon inversion), “viscous” (flows slowly
upon inversion) and “gel” (the solution did not flow upon
inversion).

Rheological analysis of polymer solutions was conducted
on a TA instruments AR1500EX rheometer with a Julabo
AWC100 cooling unit (UK) equipped with a 40 mm parallel
plate geometry. Experiments were run with a 2 min equili-
bration time at the required temperature and a gap of 1 mm.
Strain sweeps were initially conducted at an angular frequency
of 6.283 rad per s at 37 °C. This allowed the identification of a
strain within the linear viscoelastic region, defined as the
region at low shear where the storage (G’) and loss (G") moduli
are independent of strain, for further rheological analysis.
Frequency sweeps were conducted at 1% strain (within the
linear viscoelastic region) at 37 °C, between 0.628 and 628 rad
per s angular frequency. Temperature ramps were then con-
ducted at 6.283 rad per s angular frequency and a strain of 1%,
ramping between 20 and 40 °C for PNIPAM-b-PEO-b-PNIPAM,
poloxamer 407 and soluplus solutions, and between 20 and
55 °C for MC solutions, at a rate of 1 °C min~". Flow rheology
was conducted at 25 °C to characterise the behaviour of the
solutions during manipulation at room temperature. In these
experiments, shear rate was varied between 3 and 40 1 s
Where required, gelation time was determined by holding
temperature at 37 °C without equilibration prior and conduct-
ing measurements at 1% strain and an angular frequency of
6.283 rad per s with time.

Cell encapsulation

To investigate whether Poloxamer407, Soluplus, MC and
PNIPAM support the growth of ImmuPHAGE™, these cells
were incorporated into a hydrogel matrix and incubated for
24 h-48 h, after which cell viability and cytotoxicity assays were
performed.

Cells were harvested by gently scraping them from T75
flask, and their viability was assessed by the trypan blue cell
exclusion assay and cells counted manually using a haemocyt-
ometer. For experiments, cells (400 cells per pl) were trans-
ferred into the hydrogel (500 ul in 24 well plate, 100 pl in 96
well plate), followed by gentle manual mixing to ensure hom-
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ogenous distribution of cell suspension in the polymer. Cells
were seeded in a density of 4 x 10* cells per well in 100 pl in 96
well plate for Poloxamer 407, Soluplus and PNIPAM-)-PEO-b-
PNIPAM. However, MC solutions seeded at a density of 2 x 10°
cells per well in 500 pl in 24 well plate due to the increased vis-
cosity of the gel.

Mitochondrial activity and cytotoxicity assessment

The CellTiter 96®Aqueous One Solution Cell Proliferation
Assay (MTS) reagent was used for the quantification of viable
cells according to the manufacturer’s instructions. A 20 pl
aliquot of MTS reagent was added to each well containing
100 pl cell suspension and incubated for 4 h at 37 °C, 5% v/v
CO, in a humidified incubator. The formation of formazan
was quantified by measuring the absorbance at 492 nm using
an absorbance plate reader (CLARIOstar, BMG LABTECH, DE).

In the present study, a range of gel systems with different
properties was used, which resulted in many experimental
challenges. Some gels were incompatible with certain assays
used, however, the principle of the assay, endpoint measured,
and data analysis was kept the same. Membrane permeability
was identified as a key indicator of cell death®* and was used
as an additional endpoint for cell viability in this study. While
the MTS assay was compatible with all tested polymers, there
were three methods for membrane permeability utilised
depending on various physical properties of tested hydrogels:
(i) the CytoTox-ONE™ Homogeneous Membrane Integrity
Assay for PNIPAM, (ii) Trypan blue exclusion assay for
Poloxamer 407 and Soluplus and (iii) propidium iodide exclu-
sion assay for MC.

The CytoTox-ONE™ Homogeneous Membrane Integrity
Assay was used to determine extracellular lactate dehydrogen-
ase (LDH) concentration. In brief, 50 pL of cell supernatant
was incubated with 50 pL CytoTox-ONE™ reagent in the dark
for 10 min at 22 °C, followed by the addition of 25 pL stop
solution. Triton X-100 was used as a control (0.1% v/v in
CCM). Fluorescence was measured at 560 excitation wave-
length and 590 nm emission wavelength. Cell death was calcu-
lated as a percentage of dead cells compared to positive
control. Poloxamer 407 and Soluplus were autofluorescent,
while MC was too viscous to get manipulated in small volumes
therefore, the membrane integrity assessment for Poloxamer
407 and Soluplus was performed with trypan blue (which was
not compatible with MC due to staining of the polymer) and
MC with propidium iodine.

Cell count and cell viability were assessed using the trypan
blue exclusion assay. Trypan blue 0.4% w/v dye was added to
an equal volume of cell suspension (50 pL), mixed using a
vortex mixer and 10 pL transferred onto a haemocytometer. All
cells (stained and non-stained with trypan blue) were counted
in four 1 mm squares, which indicates a 0.1 mm? volume. Cell
concentration per mL was calculated as the average number of
total cells in four squares multiplied by the dilution factor (2)
and multiplication factor for 1 mL volume (x10%). Cell death
was calculated as a percentage of stained cells in the total cell
count.
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lp00056g

Open Access Article. Published on 02 November 2023. Downloaded on 2/25/2026 9:50:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Cytotoxicity assessment with PI were performed using PI
solution 2 pug mL™". 2 uL of PI was added to 200 pL cell sus-
pension and incubated at room temperature for 10 min. 10 pL
of PI-cell suspension mixture was transferred onto a haemocyt-
ometer and viewed using a fluorescent microscope ex
535 nm:em 617 nm (Invitrogen™ EVOS™ ThermoFisher).
Cell concentration was calculated as the average number of
total cells in four squares times with a multiplication factor for
1 ml volume (x10%). Cell death was calculated as a percentage
of stained cells with PI in the total cell count.

Cell functionality assessment

In accordance with the literature, alveolar macrophages
display phagocytic activity.>® Therefore, to determine the
impact of MC on the phagocytic ability of InmuPHAGE, cells
were incubated for two hours in the dark with uniform 1.0 pm
carboxylate-modified microspheres at a ratio of 1:30 (cells:
particles). Each sample was diluted with 150-200 pL CCM
before centrifugation (7 rpm/5 min). Cells were washed twice
with PBS before fixation with 3.7% w/v paraformaldehyde for
15 min. Following this, PFA was removed, and samples were
resuspended in 900 pL of PBS for flow cytometry. Five thou-
sand events per sample were counted, and cells were identified
from particles and cellular debris by their forward and side
scatter. The engulfed fluorescent beads were measured by flow
cytometry Guava EasyCyte system (Guava EasyCyte 8HT,
Millipore, UK) ex 505 nm : em 515 nm.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism
(Version 9.2.0) software (USA). Data were analysed by one-way
ANOVA with post-hoc Bonferroni test or Student’s t-test where
appropriate. Data are presented as means =+ standard
deviation.

Results
Evaluation of thermoreversible hydrogels

The phase behaviour of each thermoreversible hydrogel was
initially evaluated macroscopically by warming solutions of the
polymer dissolved in CCM. The increase in viscosity was deter-
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mined by a vial inversion as a typical screening tool to identify
potential gelation, but confirmation was compiled by rheology.
This approach intended to identify solutions which transi-
tioned to a gel state between room (ca. 20 °C) and culture
(37 °C) temperature to allow manipulation at room tempera-
ture but gelation upon placement in an incubator. As such,
concentrations were identified with the criterion: sol-gel tran-
sition (Tge;) occurring at 20 °C < Ty < 37 °C. For poloxamer
407, this was the concentration range 18-20% w/v (Table 1).
Solupus exhibited the required Ty at 18-20% w/v, PNIPAM-b-
PEO-b-PNIPAM required 20% w/v, whilst MC required only
6-8% w/v, however it was noticeably more viscous at room
temperature due to the ease at which it swells at low concen-
trations and its polymer-polymer interactions. This pilot study
helped to identify concentrations for a thorough rheological
analysis.

The polymers selected show distinct pathways to gel for-
mation, which in part explain the different phase behaviours.
Poloxamer 407 switches from liquid to gel as the result of a
temperature-driven shift to an abundance of spherical micelles
with PPO core and PEO shell which pack into a face-centered
cubic phase. Thus, gel phase exist only in the condition that
there is sufficient volume fraction of micelles to allow packing
into this mesophase, giving the concentration-dependence
observed. Soluplus gelation mechanism is poorly understood.
However it is known that concentrated soluplus solutions
contain “fuzzy” micellar structures which pack into a concen-
trated phase following Teubner-Strey models.”" Thus, gelation
is favoured, occurring at lower temperatures, in more concen-
trated systems. Thermoresponsive behaviour in this system is
imparted by the poly(N-vinylcaprolactam) component which
exhibits an LCST and is presumed to lead to greater hydropho-
bicity of the system above LCST, favouring soluplus-soluplus
inter-micellar interactions. PNIPAM-b-PEO-b-PNIPAM also
achieved gel formation via supracolloidal structures, with the
LCST transition of PNIPAM leading to the formation of
“flower-like” micellar structures with PNIPAM core and PEO
shell which can be bridged by unimer chains, favouring gela-
tion when the phase volume of the micelle is sufficient to
allow a network to be formed.** Poloxamer, Soluplus, and
PNIPAM-b-PEO-b-PNIPAM contain LCST-exhibiting blocks, and
it is known that at high concentrations the solvation of these

Table 1 The physical state of poloxamer 407, Soluplus, MC, and PNIPAM-b-PEO-b-PNIPAM in cell culture medium with variations of concentration
and temperature. L (blue) is a liquid, V (pink) is a viscous liquid, and G (green) is a gel

Poloxamer 407 Soluplus MC PNIPAM-h-PEO-b-PNIPAM

Conc. (% w/v)

Temp.°C 15% 16% 18% 20% 15% 16% 18% 20% 5% 6% 7% 8% 10% 15% 20%
6 L L L L L L L L v A% A% v L L L

10 L L L L L L L L A% A% \Y% \% L L L

15 L L L \% L L \% A% \% \% A% A% L L L

21 L \% \% G L L \% v \% \% A% v L L L

25 A% v G G L L A% \% v A% \Y% \% L L A%

30 \% \% G G L L \% \% \% \% \% \% L L \%

35 \% G G G \% A% G G \% G G G L L G

37 v G G G G G G G G G G G L v G
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moieties can be reduced, favoring phase separation at lower
temperatures.”® MC exhibits thermogelation via hydrophobic
effects on the methoxy-substituted hydroxyl groups to give phys-
ically-entangled polymer networks.”” The much lower concen-
tration of MC required is likely a driving factor in the relatively
flat transition temperature measurements with concentration.

Rheological profiling of the polymer solutions in growth
medium was conducted by small-amplitude shear rheometry
with varying temperatures to determine Ty, defined as the
temperature at which the material transitioned from predomi-
nantly viscous (G” > G') to predominantly elastic (G’ > G") (at
6.283 rad per s, 0.1% strain).>® This criterion may be simpli-
fied by the use of the loss tangent, the tangent of the phase
angle (6) between stress and strain, which has an identical
value to G"/G'. As such, Ty may be defined as a transition
from tané > 1 to tan 6 < 1. Furthermore, oscillatory frequency
and amplitude sweeps were conducted on the gel state at 37 °C
to characterise the gels. In brief, amplitude sweeps showing
the relationship between G’ and G” on strain may determine a
first Newtonian plateau (the linear viscoelastic region), which
terminates at a yield strain, above which the internal structure
of the material is altered by the strain imposed upon it. A fre-
quency sweep conducted at a strain below the yield (in this
case, 0.1% strain) allows the viscoelastic spectrum to be
explored, which is characteristic of specific categories of
material. Gels are typically considered to exhibit a low depen-
dence of G’ and G” on angular frequency with G' > G”, and the
magnitude of these values indicates the resistance to shear.
Small amplitude oscillatory frequency sweeps and amplitude
sweeps have previously been conducted on lung tissue, giving
approximated values of 0.9 and 0.3 kPa for G’ and G” (at 1 Hz),
respectively, with a yield stress of ca. 1%.>° Finally, flow rheol-
ogy was conducted at room temperature (20 °C) to evaluate the
ability to manipulate the materials at room temperature, for
example, by pipetting or printing. These flow curves relate
shear rate to apparent viscosity of the material (resistance to
deformation), allowing determination of how “thick” the
material is and whether this is dependent upon the shear that
is imposed upon it.

Poloxamer solutions at 16 and 18% w/v exhibited a clear
sol-gel transition by rheometry (Fig. 2a). At 20 °C the polymer
solution had low values of G' and G”, which abruptly increased
in absolute value at ca. 24 and 27 °C, for 16 and 18% w/v solu-
tions, respectively, with concurrent gelation (tané < 1). Above
Tgel, the material plateaued at ca. 9 and 16 kPa. Increasing the
concentration to 20% w/v did not substantially increase the
strength of the material (G' ca. 17 kPa), but due to more
polymer interactions such as entanglement, the solutions were
viscous even at 20 °C. Flow rheograms at 20 °C indicated that
the materials were highly shear thinning, potentially aiding
pipetting and spreading, but in the case of the 20% w/v solu-
tions, had very high initial viscosity (Fig. 2b). Frequency sweeps
at 37 °C indicated a gel-like low dependence of G’ and G"” on fre-
quency, with tan § < 1 at all concentrations (Fig. 2c), indicative
of the formation of the packed micellar phase. Amplitude
sweeps demonstrated poloxamer’s brittle character, sharply

© 2024 The Author(s). Published by the Royal Society of Chemistry
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yielding at 0.4 and 1.2% at 16 and 18%, respectively (Fig. 2d) as
the face-centred cubic mesophase is disrupted at low strains.

Soluplus solutions were studied with the same rheological
tests as poloxamer. Temperature ramps (Fig. 3a) demonstrated
clear increases in viscosity with temperature, with a sharp rise
at ca. 30-35 °C leading to a material with G’ reaching a
maximum of ca. 100 Pa, but with tané = 1. Flow rheology
(Fig. 3b) showed that the Soluplus solutions had very low vis-
cosity at 20 °C, with shear-thinning behaviour, regardless of
concentration. Thus, Soluplus solutions were exceedingly easy
to manipulate at room temperature. Different behaviour was
observed when investigating the more viscous state at 37 °C.
Frequency sweeps showed that the materials behaved as visco-
elastic liquids meeting the condition G’ > G" at 1.254 rad per s
(for 18 and 20% w/v concentrations), giving a characteristic
relaxation time of 0.8 s at all concentrations, indicating shear-
induced entanglements in the system. At longer timescales the
material relaxes and flows. Strain sweeps demonstrated that
the materials did not exhibit sharp yields, instead exhibiting a
broad flow point at ca. 30% strain, consistent with a lack of
well-defined gel structure.

MC solutions exhibited thermogelation in CCM, as deter-
mined by rheometry. Temperature scans (Fig. 4a) indicated
that Ty appeared at elevated temperature compared to the
vial inversion tests (Table 1), giving values of 45 and 43 °C for
7 and 8 wt%. The discrepancy was postulated to be a kinetic
effect and that the gelation processes may be slow thus, the
samples were held at a low frequency (1 Hz) and strain (0.1%)
at 37 °C and the evolution of rheological response determined
with time (Fig. 4b). 7 and 8 wt% MC solutions took 34 and
12 min to reach a gel state under this regime, respectively.
Evaluation of the gel state by frequency sweep at 37 °C (Fig. 4c)
demonstrated that the materials were a gel in this state, with
tan § < 1 across the range measured. The storage moduli of the
materials were between ca. 400 and 700 Pa in this range, with
the 8% w/v material having a larger elastic modulus.
Amplitude sweeps showed yields at 20 and 5% strain for 7 and
8% w/v MC, respectively, indicating an increasingly brittle
character in the more concentrated system (Fig. 4d). Flow
rheology indicated that the materials had limited pseudoplas-
tic behaviour, in-line with the experimental observation that
the solutions were challenging to pipette (Fig. 4e), indicating
that minimal reordering of the polymers occurs when
increased shear rate is applied.

PNIPAM-b-PEO-b-PNIPAM solution in CCM were studied
with the same rheological tests as previous polymers.
Temperature ramps indicate that PNIPAM-b-PEO-h-PNIPAM
solution at 20% exhibited transition with increased tempera-
ture, with a steep rise occurring at ca. 30 °C (Fig. 5a), reaching
a maximum of 100 Pa at 40 °C. Flow rheology showed that at
20 °C, the PNIPAM-b-PEO-h-PNIPAM solution was highly shear
thinning, showing Newtonian behaviour at higher range of
share rate (Fig. 5). Frequency sweep tests at 37 and 55 °C
(during and above transition) showed that the material
behaved as a viscoelastic liquid with Maxwell-type behaviour,
with the relaxation time increased at higher temperatures

RSC Appl. Polym., 2024, 2, 32-46 | 37


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lp00056g

Open Access Article. Published on 02 November 2023. Downloaded on 2/25/2026 9:50:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

100000 1
1a.

10000 ‘AAAO“‘_‘_‘.‘.‘.‘.......‘.‘.-
F§ . = : -
fi..a2092222222222129

1000 4

©

&_/ E

—,ung

o

®

10 3 °
3 .o g

 88e -

0.1 —— T —
20 25 30 35 40

Temperature (°C)
100000
c.

0000000000000000000000000000

10000 { eeeeeeesseseseasassasasasss
pemmnsae R -

1000 { 48990 S Rk

A,!"‘.“"

5 2200y Y

=100 ‘f'“f’*

m E)

©

10 A
1 T T
1 10 100 1000
Frequency (Hz)
A-P20%(G’). © -P18%(G)). = -P16% (G’)
A ( ® =

View Article Online

RSC Applied Polymers

30

1b. A-20%
1a ©-18%
25 4

--16%

15 ]

Viscosity (Pa.s)

100000 4

10000 4

@

1000 §  oae=== of
GuduninIanpent

100 +

G’ G” (Pa)

10

0.1
0.01

0.1 1 10

TTTTTTIT T T TTTTTT

100

Strain %

Fig. 2 Rheological properties of Poloxamer407(P) solutions at concentrations 16%,18% and 20% (w/v) in CCM: (a) temperature ramps at a fixed
strain (0.1%) and frequency (6.283 rad per s). (b) Flow rheology at 20 °C. (c) frequency sweeps at 0.1% strain and 37 °C. (d) Amplitude sweeps at 6.283

rad per s and 37 °C.

(Fig. 5c). This indicates that the micellar network in the
system is transiently induced by shear, assumed to be related
to forced interaction of the polymer colloids, the persistence of
which increases at higher temperatures where the PNIPAM
blocks are desolvated to a greater extent. Amplitude sweeps
further demonstrated the viscous-liquid type behaviour at
37 °C, with no apparent yield observed, until further heating at
55 °C (Fig. 5d) where the amplitude sweeps are measured at a
higher frequency than the G'/G” cross-over (Fig. 5¢ and e).

Evaluation of compatibility of thermoreversible hydrogels with
immune cells

The biocompatibility of each hydrogel was evaluated by assess-
ment of mitochondrial activity and cytotoxicity of immune
cells (ImmuPHAGE) encapsulated in gels. Cells were incorpor-

38 | RSC Appl Polym., 2024, 2, 32-46

ated into a hydrogel matrix and incubated for up to 48 h. Cells
showing high viability within hydrogels were further evaluated
to assess their functionality. The mitochondrial activity of cells
embedded into Poloxamer 407 (Fig. 6a) and Soluplus (Fig. 6c)
were significantly (p < 0.001) reduced to ~7% in comparison
with cells maintained in CCM. Additionally, the concentration
of extracellular LDH was significantly (p < 0.001) increased after
24 h exposure to appointed hydrogels, indicating a compro-
mised cell membrane in cells embedded in these polymers
(Fig. 6b and d). This suggests that the health of cells was highly
affected by Poloxamer 407 and Soluplus, with the majority of
cells (>90% cell death) occurring after 24 h exposure.

Cells embedded in MC hydrogels showed significantly (p <
0.001) reduced metabolic activity after 24 h incubation,
which was followed by cell recovery after 48 h when there was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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37 °C.

no significant difference in metabolic activity of cells seeded
in gel and those in CCM (Fig. 7a). This might be an adaptive
response due to cells being exposed to different environments.
Cells seeded in MC 8% (MC 8%) showed an increase in mem-
brane permeability after 24 h, followed by cell recovery after
48 h (Fig. 7b). Additionally, phagocytic activity as a core func-
tion of immune cell functionality was examined (Fig. 7c). After
24 h and 48 h incubation, 92% and 86% of the cells incorpor-
ated into the MC matrix showed phagocytic properties, respect-
ively. There was no significant difference (p > 0.05) in phagocy-
tic activity of cells in the hydrogel in comparison with the
control cells in CCM.

The compatibility of PNIPAM solutions with InmuPHAGE
cells were assessed using s metabolic activity (Fig. 8a) and
membrane integrity (Fig. 8b) to indicated viability and phago-
cytic activity (c) to support functionality assessment. Whilst
PNIPAM caused a significant reduction (p < 0.001) in mito-
chondria activity (decreased to 50% compared to control), the

© 2024 The Author(s). Published by the Royal Society of Chemistry

extracellular concentration of LDH expressed as percentage of
dead cells showed no significant difference (p > 0.05). The
phagocytic activity of ImmuPHAGE in PNIPAM was signifi-
cantly reduced (p < 0.001) after 24 h to 65%, but after 48 h,
cells showed similar phagocytic response as those in CCM.

Discussion

Gels from animal origins have been widely used as substrates
for 3D cell culture, where the best known is Matrigel -
extracted from mouse sarcoma, a tumour rich in ECM pro-
teins.’® However, animal gel systems may contain biological
proteins, growth factors or xenogeneic components, which can
lead to activation of immune cells. There are also cost and
composition variability issues that may show batch-to-batch
variation that could lead to inconsistent results and reflect in
the experimental endpoints.’>*' Therefore, gels produced

RSC Appl. Polym., 2024, 2, 32-46 | 39
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from defined polymeric composition with natural or synthetic
composition are attractive biomaterials for cell culture
in vitro.® Since culturing conditions have a fundamental role in
the survival, proliferation, and differentiation of the cells, it is
crucial to pay attention to the physical properties of their

40 | RSC Appl. Polym., 2024, 2, 32-46

environments. For example, Bystronova et al. demonstrated the
impact of stiffness on monocyte growth and proliferation, so
cells cultured in soft hydrogels mimicked suspension-like
growth and had high metabolic activity.*” Additionally, several
studies have shown that macrophages phenotype can be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Rheological properties of PNIPAM-b-PEO-b-PNIPAM solution at concentration 20% (w/v): (a) temperature ramps at a fixed strain (0.1%) and
frequency (6.283 rad per s). (b) Flow rheology at 20 °C. (c) Frequency sweeps at 0.1% strain and 37 °C. (d) Amplitude sweeps at 6.283 rad per s and
37 °C. (e) Frequency sweeps at 0.1% strain and 55 °C. (f) Amplitude sweeps at 6.283 rad per s and 55 °C.

modulated by physical and mechanical cues such as surface
roughness and the polymers used as biomaterials.*>** Yet the
majority of studies of alveolar macrophages activation and

© 2024 The Author(s). Published by the Royal Society of Chemistry

responses to external stimuli have been performed in conven-
tional 2D culture systems. As it has been reported in many
studies that 2D models are unable to represent tissue cells
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in vitro as cells grown in 2D culture have altered morphology,
which may influence many cellular responses, whereas 3D
models more accurately resemble the in vivo conditions.*>™’
So this study aimed to select the most suitable polymer for a
3D culture where hydrogels as highly porous matrices are seen

as good candidates for culturing immune cells, allowing them

42 | RSC Appl. Polym., 2024, 2, 32-46

to migrate as they would iz vivo and maintain more in vivo-like
properties. Consequently, that may provide a system allowing
a closer in vivo-like morphology and functionality, providing
more predictive macrophage cell responses to toxic
stimuli. While this study seeks to evaluate the suitability of
thermoreversible gels for use in immunocompetent cell

© 2024 The Author(s). Published by the Royal Society of Chemistry
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models containing ImmuPHAGE, the follow-up studies will
evaluate the impact of selected polymers in cell phenotype,
morphology and responses to various chemicals.

This study tested four different polymers: Poloxamer 407,
Soluplus, MC and PNIPAM-h-PEO-b-PNIPAM. Initially, the
physical properties of all polymers were visually tested to
decide on suitable concentrations before their rheological pro-
perties were characterised. All polymers exhibited thermore-
versible gel formation by vial inversion with T, in the target
temperature range (25-37 °C) within concentrations deter-
mined by the pilot study. The rheological analysis allowed for
additional information about the gel state, as well as flow pro-
perties of the room temperature solution, to probe the ability
to manipulate the materials in this form. Soluplus, PNIPAM-b-
PEO-b-PNIPAM and Poloxamer 407 typically exhibited a high
degree of shear thinning to low viscosity at high shear. This
aligns with the visual observation that the materials were
easily extruded through a pipette. MC showed a low degree of
shear thinning behaviour, and as such, there was difficulty in
manipulating the material at room temperature. In addition
to these rheological differences at room temperature, there
was a diversity of behaviours in the “gel” state. MC and
Poloxamer 407 exhibited a low dependence of G' and G" on
frequency, with tané < 1 at all frequencies. These materials
are, therefore, not predicted to exhibit flow over the frequen-
cies measured and are expected to retain their shape in the
gel state. Soluplus and PNIPAM-b-PEO-H-PNIPAM exhibited
Maxwell-type rheology at 37 °C, and there is the potential for
flow to occur over long timescales. From an entirely rheologi-
cal standpoint, Poloxamer 407 exhibited the most desirable
profile, with a low viscosity shear thinning solution state at
20 °C but a permanent gel state at 37 °C, albeit brittle with a
low yield strain.

The biological compatibility of these polymers was
assessed using human cell cultures representative of alveolar
macrophage-like cells, InmuPHAGE. Three different concen-
trations of Poloxamer 407 and Soluplus were used to test their

© 2024 The Author(s). Published by the Royal Society of Chemistry

biocompatibility after 24 h incubation. Both assays performed
(MTS and trypan blue) showed a significant decrease (p <
0.05) in cell viability of cells embedded in gels in comparison
to cells cultured in CCM (Fig. 5). Therefore, it can be con-
cluded that Poloxamer 407 and Soluplus do not support the
growth of cells, and they are unsuitable scaffold materials for
culturing these cells in vitro. This is likely to be attributed to
the fact that both polymers exhibit surfactant-like properties
due to their amphiphilic structure, which makes them ideal
for use in the cosmetic industry and gives them a range of
pharmaceutical applications, such as biomaterials for bio-
printing.*® However, surfactants as surface active materials
interfere with cell membranes by reducing surface tension
and disrupting the typical architecture of lipid bilayer, result-
ing in cell lysis.*®

Even though many studies demonstrate that some cell lines
remain viable in the presence of PNIPAM, it has been reported
to be cytotoxic to smooth muscle cells and fibroblasts.*>*°
ImmuPHAGE encapsulated into this hydrogel dropped their
metabolic activity whilst their membrane integrity and phago-
cytic activity remained (Fig. 7). According to Partearroyo et al.
(1990), critical micellar concentration has a crucial role on
cell-polymer interaction, they also demonstrated that loss of
cell viability occurs at surfactant concentrations below the
critical micellar concentration while cell lysis only occurs at or
near the critical micellar concentration.”® As stated above, the
cytotoxicity of PNIPAM is dependent upon the cell type used.
The biocompatibility of MC has previously been demonstrated
with different cell lines.>*>* Additionally, our findings showed
that MC at concentrations 7% and 8% can support 3D growth
of ImmuPHAGE over the time period tested (Fig. 6) without
affecting cell viability. Hence, from all tested polymers, MC
represents the most promising matrix that merits further
evaluation, possibly optimising/mixing with other polymers
could show mechanical and rheological synergism.>> The time-
point chosen in this preliminary study represents the most
typical time points used in inhalation toxicity screening.>®
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Conclusions

Thermoreversible gels offer switchable sol-gel behaviour on
temperature change. MC, soluplus, poloxamer 407, and
PNIPAM-b-PEO-b-PNIPAM were explored in cell culture media
to determine rheological performance for inclusion in immu-
nocompetent models. Whilst soluplus and poloxamer 407 gave
desirable rheological behaviours, their cellular compatibility
was poor. MC, followed by PNIPAM-b-PEO-h-PNIPAM, could
better maintain macrophage viability and functionality.
Overall, thermoresponsive polymers exhibited simple cell iso-
lation and recovery process as they do not rely on complex pro-
cedures such as extraction buffer or enzymatic treatment for
cell recovery from 3D cell cultures.’®*” Additionally, polymers
from defined composition are seen as potential biomaterials
that could be used to establish new, reliable and cost-effective
3D cell culture models. These systems also have the potential
to drive next-generation 3D models that more accurately rep-
resent humans and provide better cell function and response
to in vivo situations.
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