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Cryopreservation and post-thaw differentiation of
monocytes enabled by macromolecular
cryoprotectants which restrict intracellular ice
formation†

Natalia Gonzalez-Martinez, a,b,c Ruben M. F. Tomás,d Akalabya Bissoyi,b,c

Agnieszka Nagorska,d Alexandru Ilieb,c and Matthew I. Gibson *b,c

THP-1 is a monocytic cell line which can differentiate into macrophage and dendritic cells, widely used in

immunology. Immune cells are particularly sensitive to cryopreservation, leading to low recovery and/or

reduced differentiation capacity compared to non-frozen cells. Current cryopreservation protocols are

unsuitable to cryopreserve THP-1 cells in ‘assay-ready’ format, due to the time and resource intensive cul-

turing steps required post-thaw to recover functional cells. We report the cryopreservation of THP-1 cells

in vial and multi-well plate format, with significantly enhanced recovery compared to commercial cryo-

protectants. This was achieved using macromolecular cryoprotectants (polyampholytes and ice nuclea-

tors) which doubled post-thaw recovery relative to DMSO-alone and improved macrophage phenotype

post-differentiation comparable to non-frozen controls. Cryo-Raman microscopy demonstrated that the

polyampholytes reduced intracellular ice formation compared to DMSO-alone. These results will enable

routine banking and ‘assay-ready’ THP-1 cells direct from the freezer, accelerating immunological

research.

Introduction

The Tohoku Hospital Pediatrics-1 (THP-1) cell line is derived
from human acute monocytic leukaemia. It is widely used to
study monocyte, macrophage and dendritic cell biology,
immunology and inflammatory disease,1 drug-induced cyto-
toxic responses,2 and cell signalling.3 These cells are versatile
and can be used in co-culture to model diseases.4 THP-1s are
differentiated into macrophage-like cells using phorbol-12-
myristate-13-acetate (PMA), which induces changes in their
morphology: from monocyte-like round, single-cells in suspen-
sion; to macrophage-like large ameboid-shaped cells that
adhere to tissue culture plates. Differentiation is also charac-
terised by the upregulation of macrophage-associated cell
markers such as CD14 and CD11b.5 Primary human macro-

phages can be scarce in tissue and challenging to proliferate
in culture,6 which has prompted the use of macrophages
derived from monocytes present in peripheral blood,7 but
these also require inflammatory mediators for their prolifer-
ation and are not present in large numbers (<10%).8 In con-
trast, THP-1 cells are safe to use and fast to grow in standard
culture (doubling time: 35 to 50 h).9 This makes THP-1 a valu-
able model for early-stage research.

There have been many developments in the use of THP-1
cells in high-throughput screening within immunology, such
as in cytokine secretion,10 cell surface detection of immuno-
modulatory proteins11,12 or engineered cell lines.13,14 However,
a bottleneck in these processes is that these assays require in-
house cell expansion. For a typical THP-1 workflow, 1 week to
1.5 month culture time is recommended for optimal cell viabi-
lity post-thaw.15 This is because cryopreservation can severely
impact immune cell health and is non-optimised for THP-1
cells.16–18 In primary monocytes, low cell recovery is seen post-
thaw, and decreases over time, suggesting cryopreservation-
induced cell death mediated by apoptosis.19,20 However, func-
tionality was not affected,21 suggesting that if cryopreservation
processes were optimised, workflows could be accelerated,
whilst retaining differentiation capacity.22 In addition to vial-
based cryopreservation (the standard method), cryopreserva-
tion in multi-well plates is desirable. The low volumes in
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96-well plates (∼100 µL), however, lead to uncontrolled ice
nucleation, as water supercools below its freezing point, such
that nucleation can occur as low as −20 °C. Ice formation
releases heat (as crystallisation is an exothermic process),
impacting the cooling rate. This event hinders cellular de-
hydration after the addition of cryoprotectant, and promotes
the formation of intracellular ice, which contributes to low cell
viability and recovery. Uncontrolled nucleation also causes ice
to form randomly across the 96-well plate,23,24 leading to vari-
able outcomes, which would severely impact the accuracy of
high-throughput assays. Gibson and Whale demonstrated that
macromolecules extracted from pollen (which induce ice
nucleation as high as −7 °C (ref. 23 and 25)), improved cell
recovery in spheroid cryopreservation, by preserving structural
integrity;26,27 and in 96-well plates, by decreasing well-to-well
variability and maintaining cell function.25,28

In addition to the ice nucleation challenge, current
dimethyl sulfoxide (DMSO) cryopreservation formulations lead
to suboptimal cell recovery. Macromolecular (polymeric) cryo-
protectants have emerged as non-permeating extracellular
cryoprotectants.29 Matsumura introduced polyampholytes –

polymers with mixed cationic and anionic side chains – which
improve post-thaw cell health in multiple cell types such as
mesenchymal stem cells,30 and for adherent monolayers31 and
spheroids.32 Previous work suggested (but did not conclusively
prove) that these induce cellular dehydration during cryopre-
servation and mitigate osmotic shock, hence reducing intra-
cellular ice formation and cell death.33,34 Macromolecular cryo-
protectants which limit ice recrystallisation have also been
deployed, benefiting both monolayer and suspension cell cryo-
preservation outcomes.35–37

Here, we report the improved cryopreservation of
THP-1 monocytes using 5% DMSO supplemented with a syn-
thetic polyampholyte. Extensive post-thaw characterisation
showed improved cell yield and growth, and reduced apoptosis
upon addition of the polyampholyte into the cryopreservation
medium using cryovials. Cryopreservation in multi-well plates
– an ‘assay-ready’ format – was also achieved by the addition of
a second macromolecular cryoprotectant: pollen-derived ice
nucleators. This minimised well-to-well and biological repli-
cate variability, essential for downstream assays. Cryo-Raman
microscopy indicated that the polyampholyte reduced intra-
cellular ice formation, providing a biophysical mechanism of
action. Differentiation of the thawed THP-1 cells into macro-
phages was successfully induced, as microscopy and flow cyto-
metry data showed similar cell phenotype and surface marker
expression relative to non-frozen controls. These data will
enable the use of cryopreserved THP-1 cells for cell banking
and in assay-ready formats, saving time and labour.

Experimental
Polyampholyte synthesis

Polyampholyte was synthesised as previously described by
Bailey et al.31 Briefly, poly(methyl vinyl ether-alt-maleic anhy-

dride) with an average Mn ≈ 80 kDa (10 g) was dissolved in
tetrahydrofuran (100 mL) and heated to 50 °C. Once dissolved,
dimethylamino ethanol (∼10 g) was added in excess, turning
to a pink waxy solid. After 30 min, the waxy solid was dissolved
in water (100 mL) and left to stir overnight. The remaining
THF was removed under vacuum, and the polyampholyte
mixture was purified in dialysis tubing (Spectra/Por, 12–14 kDa
MWCO) for 72 h with 6 water changes. The polyampholyte was
freeze dried to yield an off-white powder and characterised by
NMR and IR, according to previous reports. Chemicals
described in this section were purchased from Sigma Aldrich.

THP-1 cell culture

THP-1 cells (Acute Monocytic Leukaemia derived cell line)
were obtained from the AstraZeneca Global Cell Bank and cul-
tured in 75 and 175 cm2 cell culture flasks (Corning). THP-1
cells were cultured at 37 °C and 5% CO2 in an incubator and
maintained at a density between 2 and 9 × 105 cells per mL.
Cells were passaged every 3–4 days, with complete media
changes happening at least every 7 days. The cell culture
media was composed of Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco) supplemented with 10% foetal
bovine serum (Sigma Aldrich), 2 mM L-glutamine and 1% anti-
biotic-antimycotic (Gibco).

Cell cryopreservation and thawing – cryovials

Cell cryopreservation media consisted of either RPMI
1640 medium containing 2 mM L-glutamine, supplemented
with 20% FBS and 5% DMSO; CryoStor® CS5 cell freezing
medium (STEMCELL Technologies); or RPMI 1640 medium
containing 2 mM L-glutamine supplemented with 5% DMSO,
20% FBS and 40 mg mL−1 polyampholyte. Cryoprotectants
were sterile filtered using a 0.22 µm syringe filter (Fisher
Scientific). After cryoprotectant preparation, THP-1 cells were
centrifuged at 100 RCF for 5 minutes and resuspended with
the respective cryopreservation solutions, aiming for 1 × 106

viable cells per mL. 1 mL of cell suspension resuspended in
cryoprotectant was aliquoted in each cryovial, and these were
subsequently introduced in a CoolCell™ LX freezing container
(Corning) and into a −80 °C freezer. A pre-freeze count using
the trypan blue exclusion assay was performed immediately
before cryopreservation to obtain an accurate number for
future cell recovery calculations. For short term cryopreserva-
tion (<24 h) cryovials were kept in a −80 °C freezer. For longer
cryopreservation times, after 24 h, cryovials were stored in
liquid nitrogen.

Cryovials were thawed in a water bath at 37 °C for
2 minutes and their contents diluted 1 in 10 with cell thawing
media, which contained 20% FBS, 2 mM L-glutamine and 1%
antibiotic-antimycotic in RPMI 1640 medium. The cell suspen-
sion was subsequently centrifuged at 100 RCF for 5 minutes,
the media was decanted, and cells were gently resuspended in
the remaining medium (<1 mL). Cell counts were performed
using the trypan blue exclusion assay and after obtaining the
cell number and viability, the cell pellet was resuspended at
the desired cell density, ready for subsequent plating into
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u-bottom 96-well plates, using fresh pre-warmed cell thawing
media. Cell density plated post-thaw depended on the sub-
sequent assays performed and will be specified in their
respective subsections.

Cell cryopreservation and thawing – 96 well plates

To prepare ice nucleator solution, 0.8 g of European
Hornbeam Pollen (Pharmallerga) were suspended in 10 mL of
sterile water at 4 °C overnight and sterile filtered the following
day using a 0.22 µm filter. This solution was mixed at a 1 : 1
ratio with the polyampholyte-containing cryoprotectant solu-
tion, consisting of 40% FBS, 10% DMSO and 80 mg mL−1 poly-
ampholyte and sterile filtered using a 0.22 µm filter. The final
cryoprotectant concentrations were 20% FBS, 5% DMSO,
40 mg mL−1 polyampholyte and 50% ice nucleator solution in
RPMI 1640 medium. All cryoprotectants were pre-chilled at
4 °C before use.

THP-1 cells were plated at a density of 100 000 cells per well in
a u-bottom 96 well plate (Starstedt) and centrifuged at 100 RCF
for 5 minutes to remove any media. Subsequently, 100 µL of the
final cryoprotectant solution was added per well and a pre-freeze
count using the trypan blue exclusion assay was performed on 3
random wells per plate to obtain an accurate number for further
cell recovery calculations. The 96-well plate was placed into a
CoolSink XT 96-U bottom plate module (Corning) and introduced
into a −80 °C freezer for a minimum of 24 h.

To thaw cryopreserved 96-well plates, 150 µL of pre-warmed
cell thawing media (20% FBS, 2 mM L-glutamine, 1% anti-
biotic-antimycotic in RPMI 1640 medium) were added per
well. Plates were then placed in an incubator at 37 °C 5% CO2

for 12 minutes and centrifuged at 100 RCF for 5 minutes. The
cryoprotectant/thawing solution was removed, and plates were
resuspended with 100 µL of pre-warmed thawing cell culture
media. Cells were incubated at 37 °C and 5% CO2 for 24 hours
post-thaw, ready for further analysis.

Cell viability and recovery calculations using trypan blue
exclusion assay

At either 0 h (cryovials only) or 24 h post-thaw (cryovials and
96-well plates), an aliquot of cells was diluted 1 : 1 with 0.4%
trypan blue (ThermoFisher) and counted under a microscope
(Olympus CKX41, 10× objective) using a haemocytometer. To
calculate cell viability, the number of cells with intact mem-
branes (unstained cells) were divided by the total number of
membrane damaged (cells appear blue) and intact cells
counted and expressed as a percentage. To calculate cell recov-
ery, the number of live cells obtained post-thaw (unstained
cells) was divided by the cell number frozen (pre-freeze count)
and expressed as a percentage.

Metabolic activity assessment using resazurin reduction assay

After 24 h incubation post-thaw, cells were counted using
trypan blue exclusion assay and seeded in U-bottom 96-well
plates at several cell densities (1 : 1 serial dilution, 1562 to
50 000 cells per well). Non-frozen control cells were seeded at
this timepoint and at the same cell densities for comparison.

To prepare the resazurin solution, 1
4 of a resazurin sodium

salt tablet (Scientific Lab Supplies) was resuspended in 50 mL
of cell culture media without phenol red (all other components
were prepared as described above) and sterile filtered using a
0.22 µm filter and syringe. Plates were centrifuged at 100 RCF
for 5 minutes at room temperature and cells were resuspended
with 100 µL of resazurin solution. The 96-well plate was then
incubated at 37 °C, 5% CO2 for 4 h. Resazurin to resorufin
reduction absorbance was measured using a Synergy HTX
Multi-Mode Reader (BioTek) at 570 and 600 nm wavelengths.
Resazurin solution alone served as the background empty
control well. Each condition was assessed using a minimum of
2 technical and 3 biological triplicates. Experimental results
were expressed as percentage resazurin reduction, calculated
using the following formula:

ððεOXÞ600 � A570Þ � ððεOXÞ570 � A600Þ
ððεREDÞ570 � B600Þ � ððεREDÞ600 � B570Þ � 100

εOX and εRED: molar extinction coefficient of resazurin and
resorufin at respective wavelengths. A570 and A600: sample
absorbance at 570 or 600 nm respectively. B570 and B600: absor-
bance of empty control well at 570 or 600 nm respectively.

Growth curve measurements

After cryopreservation with the different cryoprotectants
described in the previous sections, cells were thawed and
counted using the trypan blue assay (at 0 h post-thaw for cells
cryopreserved in vials, at 24 h post-thaw for cells frozen in
plates). 25 000 live cells were seeded per well for every con-
dition in a round bottom 96-well plate (Starstedt). The plates
were further divided into different timepoints (24, 48, 72 and
96 hours post-thaw), incubated at 37 °C 5% CO2 and counted
daily up to 96 h post-thaw. A non-frozen cell control was plated
at the same cell density at the 0 h post-thaw timepoint for
growth rate comparison. Each condition was assessed using a
minimum of 2 technical and 3 biological replicates. To calcu-
late the growth rate and population doubling time of the cells,
after every 24 h sampling timepoint, the following formula was
used:

G ¼ ln
Nt

N0

� �

Doubling time ¼ lnð2Þ
G

� 24h

G = growth rate, Nt = cell number after 24 h, N0 = Initial cell
number

Raman spectroscopy

Raman analysis was performed in a backscattering geometry
using an inVia™ confocal Raman microscope (Renishaw)
equipped with a cryo-stage (Linkam). A diode laser (532 nm
wavelength, ∼20 mW) served as the excitation source, with the
laser beam focused onto the sample through a 50× objective
lens and a diffraction grating of 600 grooves mm−1
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(Spectrogon). Spectra were recorded within the range of
50–3800 cm−1 and processed using ImageJ software.

Raman spectroscopy – sample preparation and cooling
protocol

THP-1 cells were maintained in cell culture growth media as
described in previous sections and upon reaching confluency
(1 × 106 cells per mL), cells centrifuged at 300g for 5 min and
washed twice using DPBS before resuspension with the cryo-
protectant solution. The cryoprotectant formulations used
were either 5% DMSO, or 5% DMSO + 40 mg mL−1 polyampho-
lyte, both in DPBS. Cryoprotectants were formulated in DPBS
in the absence of FBS to prevent detection of artifacts. After
10 min incubation in the freezing solution, 1–3 µL of the
experimental cell suspension were pipetted or syringed onto
the sapphire glass of the cooling stage. The suspension was
then gently covered with a quartz crucible (Linkam) to prevent
sample evaporation during the experiment. Samples were
cooled from room temperature to a final temperature of
−50 °C at a cooling rate of 1 °C per minute using a cryo-stage.
Once the desired temperature was reached, Raman imaging
commenced after allowing 5–10 minutes for the sample to
reach thermal and physical equilibrium. Brightfield and
Raman spectral images were detected simultaneously. Raman
spectra were integrated at each pixel to construct Raman
images using characteristic wavenumbers. The spatial distri-
bution of lipids and proteins, representing the size and mor-
phology of frozen cells, was derived from the Raman signal of
amide I (1610–1710 cm−1). Ice signals were distinguished from
other OH stretching signals by analysing the Raman OH
stretching band (3087–3162 cm−1), its absence denoting no
intracellular ice formation, with background subtraction
applied to the sides of the peak range as previously reported
by Yu et al.52,53

Percentage of intracellular ice calculation

Raman images were analysed using a custom Python-based
pipeline (code in ESI Methods 1†) to quantify red and blue
regions as percentages of the total segmented area. Images
were loaded in RGB format (Pillow library) and converted to
arrays for pixel-level analysis (NumPy63). Threshold-based seg-
mentation was applied, classifying red pixels as high red inten-
sity (≥200) and low green/blue intensities (≤100) and blue
pixels as low red (≤100), moderate green (≤150), and high blue
(≥100). To account for variability in thresholds, a Monte Carlo
simulation with ±10% threshold variation was performed over
50 iterations. Mean percentages and standard deviations were
calculated for each region to assess central tendency and varia-
bility. Contours of segmented areas were visualized (scikit-
image64), and annotated images with area percentages were
saved using matplotlib,65 as shown in ESI Fig. 3–5.† Python
version 3.12.1 was used throughout this section.

Apoptosis analysis

For apoptosis analysis, cells cryopreserved with different cryo-
protectants or in different formats (cryovial/96-well plate) were

thawed as described in previous sections and divided into 3
different apoptosis timepoints: 4 h, 8 h and 24 h post-thaw.
Additionally, unfrozen, untreated cells were plated at the same
density and timepoints to act as a negative control of apopto-
sis. A positive control was created by treating non-frozen
control cells with the apoptosis inducer staurosporine
(APExBio) at 1 µM concentration for 4 h. At the defined time-
points, plates were prepared for flow cytometry analysis of
apoptosis. The FITC-Annexin V/PI apoptosis kit for flow cyto-
metry (Fisher Scientific) was used, and samples were prepared
following manufacturer instructions. Cells were incubated
with the annexin V/PI for 15 minutes and kept in ice until ana-
lysis using flow cytometry.

Unstained samples (negative for both FITC and PI) were
classified as “viable”, cells stained only for annexin V-FITC
(positive FITC, negative PI) were classified as “early apoptotic”,
cells stained for both annexin V-FITC and PI (positive FITC,
positive PI) were classified as late apoptotic and cells staining
positive for PI only (negative FITC, positive PI) were classified
as “late apoptotic/dead”.

THP-1 differentiation

Plates previously cryopreserved and stored in a −80 °C freezer
were thawed as previously described, resuspended in thawing
media (containing 20% FBS, 2 mM L-glutamine and 1% anti-
biotic-antimycotic) and incubated at 37 °C and 5% CO2 for
24 hours. Then, each plate was separated into non-differen-
tiated and differentiated THP-1 cells. Each condition was then
divided again into low and high density, where low density rep-
resents the post-thaw density per well, whereas high density
represent several wells pulled together to achieve 100 000
viable cells per well (1 million per mL). Non-frozen controls
were plated at this “high” cell density after the 24 h timepoint.
The “differentiated” condition wells (including the control)
were transferred to flat-bottom 96-well plates to allow
adhesion, and treated with 130 nM PMA (Sigma Aldrich) dis-
solved in growth media containing 20% FBS for 48 h. Then,
the PMA-containing media was removed and replaced with
regular cell culture media (containing 10% FBS) for 24 h
before microscopy and flow cytometry experiments were
performed.

THP-1 differentiation – sample preparation

For flow cytometry measurements of THP-1 differentiation,
adherent THP-1 treated with PMA were detached using 5 mM
EDTA in DPBS with no Ca+ or Mg+, after keeping in ice for
15 minutes and gently repeatedly pipetting. Cells were then
washed in ice-cold DPBS at 120 RCF for 5 min, then resus-
pended in ice cold FACS buffer (DPBS + 2% FBS). Fc receptors
were blocked by adding 20 µL of Fc Receptor Binding Inhibitor
Polyclonal Antibody (ThermoFisher) at 4 °C for 20 minutes.
80 µL of DPBS were then added and, without washing, 1.25 µL
of CD14–PerCP Cyanine5.5 (ThermoFisher) were added per
100 µL of sample. This was incubated for 30 minutes at 4 °C,
washed twice with FACS buffer, then analysed using flow
cytometry.
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Flow cytometry

Flow cytometry was performed using BD Accuri C6 Plus flow
cytometer (BD Biosciences). CS&T Research beads (BD
Biosciences) were used for instrumental quality control before
performing experiments. Green fluorescence (FITC) was
detected using the 488 nm excitation laser and 530/30 nm
emission filter. Red fluorescence (PI, CD14-PerCP 5.5) was
detected using the 488 nm excitation laser and 670 nm LP
emission filter. Fluorescence compensation was manually per-
formed to minimise overlap of the FL-1 and FL-3 channels
using fluorescence minus one (FMO) control from experi-
mental positive and negative controls. Data analysis was per-
formed using FlowJo (v10.10).

Phase contrast microscopy

Phase contrast microscopy was performed using an Olympus
CKX41 microscope equipped with a XC30 camera using a 10×
or 20× objective for a total 100 or 200× magnification. During
the THP-1 differentiation experiments, images were taken at 0,
24, 48, 72, and 96 h post-thaw within the 96-well plate. Images
were viewed and processed (brightness and contrast only)
using ImageJ (version 1.53T). The same settings were used in
all microscopy images.

Statistics and reproducibility

Data analysis was performed using Origin (Version 2024b) and
GraphPad Prism (Version 10.3.1). The data was analysed for
normality using the Shapiro–Wilk Test. To test for equality of
variance between groups, the F-test was used. When the data
was normally distributed and there were no significant differ-
ences in variance between groups, mean comparison between
two or more groups were performed using one-way ANOVA and
Tukey’s post-hoc test against the respective control. For com-
parison between two groups only, two-tailed unpaired T-tests
were used. Results are reported in these instances as mean ±
SD. When the normality or variance tests identified a signifi-
cant difference, a non-parametric test was used (Kruskal–

Wallis with Dunn post-hoc test). In this instance, results were
visually represented using boxplots, displaying the median
and quartiles, and spread was quantified by reporting the
values of the quartiles and the interquartile range. All experi-
ments were performed in biological triplicates (independent
experiments on different days), and technical duplicates or tri-
plicates (within the same plate) as specified within the respect-
ive figure legends to verify reproducibility to ensure consist-
ency across all replicates. Results were considered statistically
significant when P < 0.05. P values in graphs are represented
as asterisks meaning: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001,
****P ≤ 0.0001.

Results and discussion
Polyampholyte supplementation in freezing media improves
THP-1 monocyte cryopreservation in cryovials

Firstly, we explored THP-1 cryopreservation in cryovials (1 mL)
which is the most widely used cryopreservation format. Three
different cryopreservation solutions were evaluated: 5% DMSO
+ 20% FBS, a common formulation in academic laboratories,
abbreviated to 5% DMSO; the commercially available
CryoStor® 5 (CS5), also containing 5% DMSO; and 5% DMSO
+ 20% FBS supplemented with 40 mg mL−1 polyampholyte
(poly(vinyl ether-alt-maleic acid mono(dimethylamino ethyl)
ester)), which will be henceforth abbreviated to 5% DMSO +
PA (Fig. 1A). Cells were cryopreserved at a cell density of 1 ×
106 cells mL−1, cooled at −1 °C per minute and stored at
−80 °C for 24 hours before thawing.

Immediately post-thaw (Fig. 1B) total recovery was deter-
mined by trypan blue exclusion assay. There were no signifi-
cant differences between the conditions evaluated, averaging a
mean cell recovery above 60%. The 5% DMSO + PA condition
showed a higher cell recovery (84%), but this difference was
not statistically significant. After 24 h post-thaw, cell recovery
was drastically reduced for the 5% DMSO and CS5 conditions
(34 and 17%, respectively) compared to the immediate post-

Fig. 1 Post-thaw evaluation of THP-1 cryopreservation in cryovials. (A) Structure of cryoprotective polyampholyte;31 (B) 0 h post-thaw percentage
cell recovery; (C) 24 h post-thaw percentage cell recovery; (D) 24 h post-thaw percentage cell viability. (E) 96 h post-thaw growth curve. (F)
Metabolic activity (24 h post-thaw) using the resazurin reduction assay across different cell densities. (B, C, D and E) Were measured using the trypan
blue exclusion method. Data expressed as mean ± SD. For all conditions, 3 biological repeats and 2 technical replicates each were evaluated, except
for non-frozen control (E), where the results of technical replicates are reported. Statistical significance was determined using either a one-way
ANOVAwith Tukey post-hoc test (B and C) or unpaired two-tailed T-test (D).
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thaw values, whilst 77% of cells cryopreserved using 5% DMSO
+ PA presented intact cell membranes (Fig. 1C). Whilst 0 h
post-thaw is a useful timepoint for screening, there is insuffi-
cient time for apoptosis (delayed-onset-cell-death) to set in,
leading to over-estimated cell recovery.38–40 Cell viability
(trypan blue exclusion) was not significantly different between
the 5% DMSO and 5% DMSO + PA conditions (Fig. 1D). This
highlights the importance of evaluating cell recovery 24 h post-
thaw, as it is not influenced by the ratio of live to dead cells
(i.e. viability), but rather, the number of cells recovered post-
thaw, preventing false positives.

To use THP-1 cells in subsequent assays, it is essential they
maintain a standard growth pattern. Cell numbers were moni-
tored over 96 h post-thaw to check their growth and doubling
times (Fig. 1E). Cryopreservation with 5% DMSO + PA pre-
sented growth curves closest to fresh cells, with doubling
times of 47.4 and 55.9 ± 13 h in the non-frozen control and 5%
DMSO + PA conditions respectively. In contrast, in the 5%
DMSO and CS5 conditions, cell number decreased during the
first 24 h post-thaw, with slow, variable cell growth and no
overall doubling of the population within the 96 h assessed.
These observations are presumably due to apoptosis onset
(especially during the first 24 hours) and shows that although
cells can look healthy immediately post-thaw, extended culture
is required for validation.

Testing cell health using a single assay could deliver results
about the effectiveness of a cryoprotectant, as no single para-
meter is truly representative of viability.41 Additionally, it is
essential to ensure the results from biochemical assays are
comparable to those obtained using non-frozen cells.
Therefore, after performing a serial dilution of non-frozen and
cryopreserved cells at the 0 h post-thaw timepoint, the percen-
tage resazurin reduction was quantified after a 24 h culture
period. This measured whether assay outcomes are compar-
able at several cell densities (Fig. 1F). The resazurin reduction
trend was nearly identical between 5% DMSO + PA and non-
frozen cell controls, highlighting how cryopreserved cells are
suitable for screening. Cells cryopreserved using 5% DMSO

showed reduced metabolic activity, but CS5 did not show
increase of metabolic activity at higher cell densities, further
suggesting that cells are undergoing apoptosis in conditions
without the polyampholyte.

Addition of a chemical ice nucleator improves recovery and
reduces variability after THP-1 cryopreservation in 96-well
plates

Following successful cryopreservation of THP-1 cells in cryo-
vials using 5% DMSO + PA, the 96-well plate format was tested.
Banking cells in multi-well plates can accelerate assays by
removing culturing, splitting and quality control steps. In 24
or 12 well plates, where the liquid volume and surface area are
relatively large, polyampholytes have been shown to increase
cell recovery to approximately 100% for adherent cell lines.31,42

The transfer to 96-well plates is far more challenging.43 Due to
the low volumes, cryoprotectant solutions supercool far below
the equilibrium freezing point, which reduces cell recovery by
increasing the amount of (fatal) intracellular ice
formation.23,44,45 Furthermore, supercooling is stochastic, so
each well freezes at a different temperature, leading to well-to-
well variability.23 To address this, the 5% DMSO + PA formu-
lation was additionally supplemented with pollen-derived
macromolecules as a chemical ice nucleator (see methods).
This emerging nucleator is not fully characterised, but is the
only soluble polymeric ice nucleator used in
cryobiology.25,26,28,32,46 This formulation will be referred to as
5% DMSO + PA + IN.

Cell recovery was measured 24 h post-thaw, as above. To
quantify spread of the dataset, the interquartile range (IQR),
together with the lower (Q1) and upper quartiles (Q3) are
reported. The results (Fig. 2A) showed a significantly higher
cell recovery when using 5% DMSO + PA + IN, with a median
of 76% of cells showing intact membranes post-thaw (IQR:
25%, Q1–Q3: 62–87%). For cells cryopreserved with 5% DMSO
the median recovery was 37% (IQR: 29%, Q1–Q3: 26–55%) and
using CS5, 30% (IQR: 44%, Q1–Q3: 8–52%). 5% DMSO + PA +
IN provides a significantly higher cell recovery and smaller

Fig. 2 Post-thaw evaluation of THP-1 cryopreservation in 96-well plates. (A) 24 h post-thaw percentage cell recovery; (B) well-dependent percentage cell
recovery results; (C) 96 h post-thaw growth curve; (D) metabolic activity measured using the resazurin reduction assay 24 h post-thaw across different cell
densities. (A, B and C) Were measured using the trypan blue exclusion assay. (A) Boxplot shows the median, lower and upper quartiles and whiskers rep-
resent the range. (B, C and D) Data represented as mean ± SD. 3 biological and 2 technical replicates were performed except for (A) where inter- and intra-
plate variability is reported. Statistical significance was determined using a Kruskal–Wallis test with Dunn post-hoc (A).
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spread of the data, as determined by the IQR values.
Additionally, a multi-well plate assay must have a consistent
and accurate number of cells between different wells (i.e. tech-
nical replicates) and plates (i.e. biological replicates), therefore,
cell recovery was evaluated at selected wells and compared
between the different cryoprotectants. For the 5% DMSO + PA
+ IN formulation, a median cell recovery of 77% was observed
with minimal variance within different wells across the plate
(65–95%). In contrast, the 5% DMSO condition ranged
between 57% average recovery in well E9 to less than 22% in
well C10 (Fig. 2B and ESI Fig. 1†). In the CS5 dataset, this
effect is even more pronounced, with values ranging from 4%
to 54% average recovery. This shows that using standard cryo-
preservation formulations, results from cryopreserved multi-
well plates could not be trusted, as the post-thaw cell number
variation would outweigh any assay results.

When evaluating cell growth over 96 h post-thaw, but after
seeding cells 24 h post-thaw to reduce the impact of delayed-
onset-cell-death in the results (Fig. 2C), a faster doubling time
was observed than when using cryovials. The 5% DMSO + PA +
IN condition presented a growth rate of 30.3 ± 7.1, comparable
to the non-frozen control (25.0 ± 1.5 h). In contrast, the CS5
condition presented a remarkably slow growth rate (55.1 ±
21.13 h) and the DMSO condition did not double within the
96 h assessed. These conditions showed a high standard devi-
ation, evidencing the challenge of uncontrolled ice-nucleation.
The percentage metabolic activity after 96-well plate cryopre-
servation (Fig. 2D) did not significantly change between non-
frozen and frozen conditions with different cryoprotectants, a
superior result compared to vial cryopreservation. This might
be due to reduced cell stress during the cryopreservation/
thawing procedures (less volume and hence faster thaw), or
less cells lost due to transfer. Cell numbers were seeded post-
thaw, individually for each cryoprotectant condition, removing
the influence from low cell recovery.

Macromolecular cryoprotectants induce cell dehydration and
reduce intracellular ice formation and apoptosis

The above data showed that in some conditions there were
lower cell numbers after 24 h than immediately post-thaw.
This suggests the onset of apoptosis (programmed cell death),
which can take 24–48 h to cause cell death, as previously
reported for primary monocytes.20,47 Apoptosis was therefore
measured using annexin V–FITC and Propidium Iodide (PI)
using flow cytometry. One of the first markers exhibited by
cells undergoing early apoptosis is the externalisation of phos-
phatidylserine, usually found in the inner plasma membrane,
which annexin V binds to. As apoptosis progresses, membrane
integrity is compromised, allowing entry of PI into the cells
and confirming cellular death, staining for both annexin V
and PI.48

Focusing on vial cryopreservation outcomes at 4 and 8 h
post-thaw (Fig. 3A–D and ESI Fig. 2A†), 43% of cells cryopre-
served with 5% DMSO were viable, 20% of cells showed signs
of early apoptosis (annexin V–FITC positive), and around 30%
of the remaining were late apoptotic/dead, (positive for both

annexin V and PI). As apoptosis is time dependent,49 this
observation at the 4 h post-thaw timepoint suggests that cell
death may not be due to apoptosis, but rather due to biophysi-
cal damage to cells during cryopreservation. This highlights
the importance of performing timepoint analysis of apoptosis
to confirm the mechanism of cell death. For cells cryopre-
served with 5% DMSO + PA, the percentage of cells undergoing
both early and late apoptosis was below 10%, and 80% of cells
were viable. These results at an early time-point suggest that
apoptosis was decreased relative to DMSO-only, and the low
percentage of late apoptotic/dead cells support superior preser-
vation of cellular integrity compared to 5% DMSO-only. After
24 h, the 5% DMSO condition showed an increase of around
10% late apoptotic/death cells, strongly suggesting that cells
previously detected as undergoing early apoptosis have com-
pleted apoptosis. Some cells remain in the early apoptosis
phase, suggesting THP-1 cells might take longer than 24 h for
apoptosis completion, as reports suggest that some cell types
undergo apoptosis even after 48 h post-thaw.50 The results
from the 5% DMSO-only condition agree with those from cryo-
preserved monocytes in previous studies, with around 20–30%
showing signs of apoptosis.51

When considering 96-well plate cryopreservation outcomes
(Fig. 3E–H and ESI Fig. 2B†), at the 4 h timepoint, around 40%
of cells cryopreserved with 5% DMSO-only are showing early
apoptosis and around 20% are late apoptotic/dead. The per-
centage of early apoptotic cells is higher than observed after
cryovial cryopreservation, whilst the percentage of late apopto-
tic/dead cells is lower. This suggests less biophysical damage
during cryopreservation but an increased incidence of apopto-
sis. By the 8 h timepoint, there was a 20% increase in late
apoptotic cells, evidencing that some cells lost membrane
integrity, whilst the number of annexin V positive cells contin-
ued to decrease after 24 h, and both viable and late apoptotic
cells slightly increased. In contrast, cells cryopreserved with
5% DMSO + PA + IN showed around 80% viability through the
total post-thaw period, with the percentage early and late apop-
totic cells remaining relatively stable throughout, suggesting
that apoptosis was not significantly impacting cell viability.

Previous work suggests that polyampholytes act as cryopro-
tectants by facilitating cellular dehydration and reducing intra-
cellular ice formation.33,34 To assess the mechanism of action
of these macromolecular cryoprotectants, THP-1 cells were
treated with either 10% DMSO (ESI Fig. 3†) 5% DMSO or 5%
DMSO + PA and cooled at −1 °C per minute using a cryo-stage.
Then, Raman cryomicroscopy was performed (Fig. 3I and J) to
visualise intracellular ice formation based on the distinct
Raman spectra of ice and water.52,53 Five individual cells, and
their respective ice/water heatmaps are shown per condition,
enabling the estimation of relative ice formation per cell. In
the 5% DMSO condition, 47.5–68.4% ice was found (ESI
Fig. 4†), appearing as light-blue pixels (Fig. 3J). In contrast,
only 0.1–2.8% of the cells displayed intracellular ice (i.e
vitrifed) during cryopreservation with 5% DMSO + PA (ESI
Fig. 5†) appearing as dark blue in Fig. 3J. This dramatic
decrease in intracellular ice formation after addition of the
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polyampholyte to the cryopreservation media confirms its role
in cellular dehydration and intracellular ice prevention.

Macromolecular cryoprotectants improved post-thaw
differentiation of THP-1 into a macrophage-like phenotype

THP-1 cells are primarily used to be differentiated into macro-
phages, making them essential for both monocyte and macro-
phage biology and immunology.9 A widely used differentiation

method is applying phorbol 12-myristate 13-acetate (PMA).
PMA stimulates the protein kinase C, MAPK and NF-κB path-
ways, crucial in monocyte to macrophage differentiation.54–56

THP-1 cryopreservation in 96-well plate format could remove
the need to grow, culture and plate the cells post-thaw, by just
thawing, waiting 24 h and inducing differentiation. THP-1
cells were cryopreserved in 96-well plates at a cell density of
50 000 cells per well using the 5% DMSO and 5% DMSO + PA +

Fig. 3 Macromolecular cryoprotectant effect on apoptosis and intracellular ice formation. Panels (A–D) show apoptosis analysis after vial-based
cryopreservation; (F–H) shows apoptosis analysis after 96-well plate cryopreservation. Three different cryoprotectants were assessed: 5% DMSO, 5%
DMSO + PA (cryovials, A) or 5% DMSO + PA + IN (96-well plates, E), and two controls: non-frozen negative and staurosporine-treated (1 µM, 4 h)
positive controls (ESI Fig. 6†). Apoptosis assessed using annexin V/PI assay using flow cytometry. Results represented as mean ± SD, and 3 biological
and 3 technical replicates were performed. (I and J) Raman cryomicroscopy of cells cryopreserved with 5% DMSO (I) or 5% DMSO + PA (J).
Brightfield images and heatmaps rendered from characteristic spectral signals of ice (light blue) and water (dark blue). Scale bar: 5 μm.
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IN formulations. After a 24 h post-thaw culture, cells were
treated with 130 nM PMA for 48 h and were either cultured at
the same cell density as cryopreserved, or wells were counted
and pooled to represent the “ideal” cell density of 100 000 per
well. This was performed to remove the effects that low cell
density after poor cell recovery could have in post-thaw survival
and differentiation. For the 5% DMSO-only condition there
was near-zero cell recovery or differentiation regardless of cell
density. The undifferentiated condition presented with more
“granular” and irregularly shaped cells, compared with the

non-frozen control or the 5% DMSO + PA + IN condition. After
treatment with PMA, microscopy revealed reduced cell size,
abnormal and irregular shape (Fig. 4A) and flow cytometry
recognised most events as debris (ESI Fig. 7†). Therefore, the
5% DMSO condition was not included in further analysis.

Differentiated THP-1 cells are characterised by an increase
in forward scatter, or FSC –proportional to cellular diameter–
and side scatter (SSC) which measures internal cellular com-
plexity.5 Fig. 4(B) showed increased FSC after differentiation,
especially in the non-frozen control. This difference was not

Fig. 4 Characterisation of post-thaw THP-1 differentiation into macrophages. (A) Phase contrast microscopy of cryopreserved THP-1 cells in
96-well plates over 96 h post-thaw after differentiation using PMA. Representative images from 3 biological replicates, each with 3 technical repli-
cates. Non-frozen control included for comparison. Scale bar: 50 µm; (B) median forward scatter (FSC); (C) median side scatter (SSC); (D) median
fluorescence intensity of CD14–PerCP Cy5.5, see ESI Fig. 8.† For (B, C and D), results were measured using flow cytometry and reported as median
± SD and 3 biological replicates, each with 3 technical replicates are reported. Statistical significance was determined using multiple unpaired T-test
(with Holm-Sidak correction) between the THP-1 and THP-1 + PMA conditions.
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significantly different in any condition. Similar studies differ-
entiating THP-1 cells using PMA report no differences in FSC,
or slight differences only.57,58 SSC measurements (Fig. 4C)
showed a clear and significant increase after THP-1 treatment
with PMA. There were no significant differences between
control and cryopreserved conditions, confirming successful
differentiation. An additional marker of THP-1 differentiation
into a macrophage-like phenotype is increased CD14 cell
surface expression.54,59 There was a slight increase in CD14
fluorescence in the non-frozen control after differentiation but
was not significant. In the previously cryopreserved cells, the
median fluorescence intensity after PMA treatment increased
relative to the non-frozen control, and in high cell culture
density, the differences were significant. The sample size did
not allow for the detection of a significant increase in CD14,
but the consistent fluorescence increase was encouraging. It is
important to highlight that the culture conditions,60 differen-
tiation inducer and concentration affect the differentiation
process and complicates comparisons. Differentiation using
calcitriol reportedly increases CD14 expression more than
PMA.54 Additionally, there are conflicting reports, as THP-1
immunofluorescence and flow cytometry have previously
shown a reduction in CD14 fluorescence after differentiation,
rather than an increase.61,62

Conclusions

Here we demonstrate the addition of macromolecular cryopro-
tectants improved THP-1 post-thaw outcomes compared to the
gold-standard of DMSO. The use of cryoprotective polyampho-
lyte is shown to reduce intracellular ice formation (i.e. promot-
ing a desirable glassy state) using Raman cryomicroscopy, pro-
viding a mechanism of action. Chemically induced ice nuclea-
tion enabled THP-1 cryopreservation in 96-well plates to allow
direct use from the freezer with no additional handling steps.
This cryoprotectant combination enabled successful differen-
tiation of THP-1 cells into macrophages, a significant improve-
ment relative to DMSO-only formulations. The combination of
the two extracellular macromolecular cryoprotectants to reduce
intracellular ice, as well as well-to-well variation associated
with supercooling may bring benefits to other monocyte cells
where traditional solutions give low recovery rates, but will
require more study. The improved cell health and minimal
apoptosis will remove key bottlenecks in monocyte and macro-
phage biology by accelerating data collection and enabling
‘assay-ready’ cells for high-throughput screening.

Author contributions

Conceptualization, methodology, N. G.-M., R. T., A. B., A. N.,
M. I. G.; investigation and analysis, N. G.-M., R. T., A. B., A. N.,
A. I.; writing original draft, N. G.-M., M. I. G.; writing – review
& editing, all authors; funding acquisition, M. I. G.

Data availability

The authors declare that the data supporting the findings of
this study are available within either the paper or the ESI.†
The code used to calculate percentage of intracellular ice is
included in ESI Methods 1.†

Conflicts of interest

M. I. G. is a director and shareholder of Cryologyx Ltd. R. T. is
currently employed by Nuclera Ltd. All other authors have no
conflicts to declare.

Acknowledgements

This project has received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020
research and innovation programme [Grant Agreement No.
866056 to M. I. G.] and Cryologyx Ltd. The University of
Manchester are thanked for start-up funding to MIG.
AstraZeneca, UK, are thanked for financial support (to
Cryologyx) and we thank Kerry Hallbrooks and James Pilling
for providing us with THP-1 cells from AstraZeneca Cell Bank.

References

1 A. Benyoucef, L. Marchitto and F. Touzot, J. Allergy Clin.
Immunol., 2020, 145, 1690–1693.

2 N. Pick, S. Cameron, D. Arad and Y. Av-Gay, Biol. Proced.
Online, 2004, 6, 220–225.

3 E. Richter, K. Ventz, M. Harms, J. Mostertz and
F. Hochgräfe, Front. Cell Dev. Biol., 2016, 4, 21.

4 C. Banka, A. Black, C. Dyer and L. Curtiss, J. Lipid Res.,
1991, 32, 35–43.

5 M. A. Forrester, H. J. Wassall, L. S. Hall, H. Cao,
H. M. Wilson, R. N. Barker and M. A. Vickers, Cell.
Immunol., 2018, 332, 58–76.

6 K. Ogawa, M. Tsurutani, A. Hashimoto and M. Soeda, BMC
Immunol., 2019, 20, 34.

7 P. J. Murray and T. A. Wynn, J. Leukocyte Biol., 2011, 89,
557–563.

8 J. El Brihi and S. Pathak, Normal and Abnormal Complete
Blood Count With Differential, StatPearls Publishing,
Treasure Island (FL), USA, 2024, https://www.ncbi.nlm.nih.
gov/books/NBK604207/.

9 W. Chanput, J. J. Mes and H. J. Wichers, Int.
Immunopharmacol., 2014, 23, 37–45.

10 K. P. Leister, R. Huang, B. L. Goodwin, A. Chen,
C. P. Austin and M. Xia, Curr. Chem. Genomics, 2011, 5, 21–
29.

11 S. H. Spangenberg, R. B. Zavareh and L. L. Lairson, STAR
Protoc., 2021, 2, 100400.

12 R. B. Zavareh, S. H. Spangenberg, A. Woods, F. Martínez-
Peña and L. L. Lairson, Cell Chem. Biol., 2021, 28, 158–168.

RSC Applied Polymers Paper

© 2025 The Author(s). Published by the Royal Society of Chemistry RSCAppl. Polym., 2025, 3, 990–1001 | 999

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

9.
10

.2
5 

05
:2

5:
05

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://www.ncbi.nlm.nih.gov/books/NBK604207/
https://www.ncbi.nlm.nih.gov/books/NBK604207/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00131e


13 G. E. Forbes, H. James, M. Henderson, S. P. John and
I. D. C. Fraser, J. Immunol., 2023, 210, 161.14.

14 S. Flowers, B. A. Petronella, M. S. McQueney, B. Fanelli,
W. Eisenberg, A. Uveges, A. L. Roden, S. Salowe,
V. Bommireddy, J. J. Letourneau, C.-Y. Huang and
J. R. Beasley, PLoS One, 2024, 19, e0305962.

15 W. Ji, L. Zhang and X. Liu, STAR Protoc., 2023, 4, 102032.
16 M. V. Martikainen and M. Roponen, Toxicol. In Vitro, 2020,

67, 104918.
17 C. Mark, T. Czerwinski, S. Roessner, A. Mainka, F. Hörsch,

L. Heublein, A. Winterl, S. Sanokowski, S. Richter,
N. Bauer, T. E. Angelini, G. Schuler, B. Fabry and
C. J. Voskens, Nat. Commun., 2020, 11, 5224.

18 B. Li, C. Yang, G. Jia, Y. Liu, N. Wang, F. Yang, R. Su,
Y. Shang and Y. Han, BMC Immunol., 2022, 23, 30.

19 E. Pardali, T. Schmitz, A. Borgscheiper, J. Iking, L. Stegger
and J. Waltenberger, EJNMMI Res., 2016, 6, 77.

20 P. K. Lund, Å.-B. Westvik, G. B. Joø, R. Øvstebø,
K. B. F. Haug and P. Kierulf, J. Immunol. Methods, 2001,
252, 45–55.

21 J. Seager Danciger, M. Lutz, S. Hama, D. Cruz, A. Castrillo,
J. Lazaro, R. Phillips, B. Premack and J. Berliner,
J. Immunol. Methods, 2004, 288, 123–134.

22 T. Liu, T. Huang, J. Li, A. Li, C. Li, X. Huang, D. Li, S. Wang
and M. Liang, PLoS One, 2023, 18, e0286056.

23 M. I. Daily, T. F. Whale, R. Partanen, A. D. Harrison,
P. Kilbride, S. Lamb, G. J. Morris, H. M. Picton and
B. J. Murray, Cryobiology, 2020, 93, 62–69.

24 M. I. Daily, T. F. Whale, P. Kilbride, S. Lamb, G. J. Morris,
H. M. Picton and B. J. Murray, J. R. Soc., Interface, 2023, 20,
20220682.

25 K. A. Murray, N. L. H. Kinney, C. A. Griffiths,
M. Hasan, M. I. Gibson and T. F. Whale, Sci. Rep., 2022, 12,
12295.

26 Y. Gao, A. Bissoyi, N. L. H. Kinney, T. F. Whale, Q. Guo and
M. I. Gibson, Chem. Commun., 2023, 59, 9086–9089.

27 Y. Gao, A. Bissoyi, Q. Guo and M. I. Gibson, ACS Biomater.
Sci. Eng., 2024, 11, 208–212.

28 R. M. F. Tomás, R. Dallman, T. R. Congdon and
M. I. Gibson, Biomater. Sci., 2023, 11, 7639–7654.

29 C. Stubbs, T. L. Bailey, K. Murray and M. I. Gibson,
Biomacromolecules, 2020, 21, 7–17.

30 K. A. Murray, R. M. F. F. Tomás and M. I. Gibson, ACS Appl.
Bio Mater., 2020, 3, 5627–5632.

31 T. L. Bailey, C. Stubbs, K. Murray, R. M. F. Tomas, L. Otten,
M. I. Gibson, R. M. F. Tomás, L. Otten and M. I. Gibson,
Biomacromolecules, 2019, 20, 3104–3114.

32 A. Bissoyi, R. M. F. Tomás, Y. Gao, Q. Guo and
M. I. Gibson, ACS Appl. Mater. Interfaces, 2023, 15, 2630–
2638.

33 K. Matsumura and S.-H. Hyon, Biomaterials, 2009, 30,
4842–4849.

34 K. Matsumura, J. Y. Bae and S. H. Hyon, Cell Transplant.,
2010, 19, 691–699.

35 T. L. Bailey, J. R. Hernandez-Fernaud, and M. I. Gibson,
RSC Med. Chem., 2021, 12, 982–993.

36 B. Graham, T. L. Bailey, J. R. J. Healey, M. Marcellini,
S. Deville and M. I. Gibson, Angew. Chem., Int. Ed., 2017,
56, 15941–15944.

37 K. Mommaerts, S. Okawa, M. Schmitt, O. Kofanova,
T. R. Turner, R. N. Ben, A. Del Sol, W. Mathieson,
J. C. Schwamborn, J. P. Acker and F. Betsou, Stem Cell Res.,
2024, 81, 103583.

38 J. M. Baust, R. Van Buskirk and J. G. Baust, Cell Preserv.
Technol., 2003, 1, 63–80.

39 J. M. Baust, R. Van Buskirk and J. G. Baust, In Vitro Cell.
Dev. Biol.: Anim., 2000, 36, 262–270.

40 K. A. Murray and M. I. Gibson, Biomacromolecules, 2020, 21,
2864–2873.

41 T. L. Riss, R. A. Moravec, A. L. Niles, S. Duellman,
H. A. Benink, T. J. Worzella and L. Minor, in The Assay
Guidance Manual, ed. S. Markossian, A. Grossman, M.
Arkin, D. Auld, C. Austin, J. Baell, K. Brimacombe, T. D. Y.
Chung, N. P. Coussens, J. L. Dahlin, V. Devanarayan,
T. L. Foley, M. Glicksman, K. Gorshkov, J. V. Haas,
M. D. Hall, S. Hoare, J. Inglese, P. W. Iversen, M. Lal-Nag,
Z. Li, J. R. Manro, J. McGee, O. McManus, M. Pearson, T.
Riss, P. Saradjian, G. S. Sittampalam, M. Tarselli, O. J. J.
Trask, J. R. Weidner, M. J. Wildey, K. Wilson, M. Xia and X.
Xu, Eli Lilly & Company and the National Center for
Advancing Translational Sciences, Bethesda (MD), United
States of America, 2004, pp. 1–18.

42 R. M. F. Tomás, A. Bissoyi, T. R. Congdon and M. I. Gibson,
Biomacromolecules, 2022, 23, 3948–3959.

43 T. L. Bailey, M. Wang, J. Solocinski, B. P. Nathan,
N. Chakraborty and M. A. Menze, Cryobiology, 2015, 71,
472–480.

44 P. Mazur, Cryobiology, 1977, 14, 251–272.
45 J. J. McGrath, E. G. Cravalho and C. E. Huggins,

Cryobiology, 1975, 12, 540–550.
46 K. A. Murray, Y. Gao, C. A. Griffiths, N. L. H. Kinney,

Q. Guo, M. I. Gibson and T. F. Whale, JACS Au, 2023, 3,
1314–1320.

47 P. K. Lund, E. Namork, S. H. Brorson, Å.-B. Westvik,
G. B. Joø, R. Øvstebø and P. Kierulf, J. Immunol. Methods,
2002, 270, 63–76.

48 L. J. Bendall and D. R. Green, Leukemia, 2014, 28, 1341–
1343.

49 S. Elmore, Toxicol. Pathol., 2007, 35, 495–516.
50 J. M. Baust, K. K. Snyder, R. G. Van Buskirk and J. G. Baust,

Cells, 2022, 11, 278.
51 G. F. Silveira, P. F. Wowk, A. M. B. Machado,

C. N. D. dos Santos and J. Bordignon, PLoS One, 2013, 8,
e71291.

52 G. Yu, R. Li and A. Hubel, Methods Mol. Biol., 2021, 2180,
351–361.

53 G. Yu, Y. R. Yap, K. Pollock and A. Hubel, Biophys. J., 2017,
112, 2653–2663.

54 H. Schwende, E. Fitzke, P. Ambs and P. Dieter, J. Leukocyte
Biol., 1996, 59, 555–561.

55 Y. K. Kim, J. H. Hwang and H. T. Lee, Innate Immun., 2022,
28, 122–129.

Paper RSC Applied Polymers

1000 | RSCAppl. Polym., 2025, 3, 990–1001 © 2025 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

9.
10

.2
5 

05
:2

5:
05

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00131e


56 S. Takashiba, T. E. Van Dyke, S. Amar, Y. Murayama,
A. W. Soskolne and L. Shapira, Infect. Immun., 1999, 67,
5573–5578.

57 C.-Y. Lai, P.-C. Tseng, C.-L. Chen, R. D. Satria,
Y.-T. Wang and C.-F. Lin, J. Inflammation Res., 2021, 14,
5241–5249.

58 A. Small, N. Lansdown, M. Al-Baghdadi, A. Quach and
A. Ferrante, J. Immunol. Methods, 2018, 461, 73–77.

59 G. Jimenez-Duran, R. Luque-Martin, M. Patel, E. Koppe,
S. Bernard, C. Sharp, N. Buchan, C. Rea, M. P. J. de
Winther, N. Turan, D. Angell, C. A. Wells, R. Cousins,
P. K. Mander and S. L. Masters, EBioMedicine, 2020, 61,
103039.

60 P. B. Aldo, V. Craveiro, S. Guller and G. Mor, Am. J. Reprod.
Immunol., 2013, 70, 80–86.

61 M. Genin, F. Clement, A. Fattaccioli, M. Raes and
C. Michiels, BMC Cancer, 2015, 15, 577.

62 M. Daigneault, J. A. Preston, H. M. Marriott,
M. K. B. Whyte and D. H. Dockrell, PLoS One, 2010, 5, 1–10.

63 C. R. Harris, K. J. Millman, S. J. van der Walt, R. Gommers,
P. Virtanen, D. Cournapeau, E. Wieser, J. Taylor, S. Berg,
N. J. Smith, R. Kern, M. Picus, S. Hoyer, M. H. van
Kerkwijk, M. Brett, A. Haldane, J. F. del Río, M. Wiebe,
P. Peterson, P. Gérard-Marchant, K. Sheppard, T. Reddy,
W. Weckesser, H. Abbasi, C. Gohlke and T. E. Oliphant,
Nature, 2020, 585, 357–362.

64 S. van der Walt, J. L. Schönberger, J. Nunez-Iglesias,
F. Boulogne, J. D. Warner, N. Yager, E. Gouillart and T. Yu,
PeerJ, 2014, 2, 1–18.

65 J. D. Hunter, Comput. Sci. Eng., 2007, 9, 90–95.

RSC Applied Polymers Paper

© 2025 The Author(s). Published by the Royal Society of Chemistry RSCAppl. Polym., 2025, 3, 990–1001 | 1001

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

9.
10

.2
5 

05
:2

5:
05

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lp00131e

	Button 1: 


