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ABSTRACT: Through the postpolymerization modification of
poly(allyl glycidyl ether) (PAGE), a functionalizable polyether
with a poly(ethylene oxide) backbone, we engineered a new class
of highly tunable polyampholyte materials. These polyampholytes
can be synthesized to have several useful properties, including low
cytotoxicity and pH-responsive coacervate formation. In this study,
we used PAGE-based polyampholytes (PAGE-PAs) for the
cryopreservation of mammalian cell suspensions. Typically,
dimethyl sulfoxide (DMSO) is the cryoprotectant used for
preserving mammalian cells, but DMSO suffers from key
drawbacks including toxicity and difficult post-thaw removal that motivates the development of new materials and methods.
Toxicity and post-thaw survival were dependent on PAGE-PA composition with the highest immediate post-thaw survival for normal
human dermal fibroblasts occurring for the least toxic PAGE-PA at a cation/anion ratio of 35:65. With low toxicity, the PAGE-PA
concentration could be increased in order to increase immediate post-thaw survival of the immortalized mouse embryonic fibroblasts
(NIH/3T3). While immediate post-thaw viability was achieved using only the PAGE-PAs, long-term cell survival was low,
highlighting the challenges involved with the design of cryoprotective polyampholytes. An environment utilizing both PAGE-PAs
and DMSO in a cryoprotective solution offered promising post-thaw viabilities exceeding 70%, with long-term metabolic activities
comparable to unfrozen cells.

■ INTRODUCTION
Improved cryoprotectant materials are necessary to improve
the long-term frozen storage of living cells and tissue.1

Traditionally, organic solvents such as dimethyl sulfoxide
(DMSO) or glycerol are used to promote post-thaw cell
survival. As ice forms outside of a cell, solutes are excluded into
the interstitial space between the growing ice crystals, exerting
osmotic stress on cells. DMSO can cross the cell membrane to
balance osmotic pressure, effectively replacing intracellular
water and reducing the likelihood of lethal intracellular ice
formation.2,3 Membrane penetrating cryoprotectants like
DMSO have two key drawbacks: They are cytotoxic, and
post-thaw removal requires intracellular DMSO to cross the
cell membrane a second time, exerting a new set of osmotic
stresses.3

Polymeric cryoprotectants, on the other hand, do not readily
cross the cell membrane owing to their large size. For this
reason, the mechanism by which they promote post-thaw cell
survival may be fundamentally different than that of DMSO.
When using polymeric cryoprotectants, enough water must be
osmotically drawn from a cell to inhibit intracellular ice
formation, but not so much water that cells face damage from
dehydration.4 In this situation, polymeric materials have the

advantage of filling volume that would otherwise be ice without
exerting significant osmotic pressure across the cell membrane
because of their high molecular weight. Some polymeric
cryoprotectants, most notably poly(vinyl alcohol) (PVA),
inhibit the Ostwald ripening of ice, which is believed to impart
mechanical stresses on cells during thawing.5−17 Other
polymers with little to no effect on Ostwald ripening have
also been employed as cryoprotectants.18−25 For example,
hydroxyethyl starch,6,21 poly(glycerol monomethacrylate)-b-
poly(2-hydroxypropyl methacrylate),26 and polyvinylpyrroli-
done27 have been used at 5−20 wt % to preserve red blood
cells. Additionally, poly(ethylene oxide) has been employed as
a cryoprotectant for E. coli,28 alginate hydrogels have been used
to encapsulate stem cells for frozen storage,29 and polymers
with sulfoxide-appended backbones have been shown to
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promote superior recovery and viability in A549,30 3T3, and
NHDF cells.17

A handful of cryoprotective polyampholytes, polymers
bearing both positive and negative charges, have been
developed.31−37 It is suggested that these polymers promote
post-thaw cell survival by stabilizing the cell membrane and
inhibiting ice grain coarsening during freezing and thaw-
ing.38,39 Herein, we present a straightforward synthetic
platform that can be applied to make a broad array of
compositionally diverse polyampholyte materials. These new
polyampholytes were nontoxic at a concentration of 10 wt %,
and enabled immediate post-thaw recovery of mammalian cells
on par with DMSO, but failed to achieve long-term post-thaw
cell survival, except when used in combination with DMSO.

■ EXPERIMENTAL SECTION
Materials. Allyl glycidyl ether (TCI, >99%) was vacuum distilled

over calcium hydride prior to use. Dimethylformamide (DMF; Fisher,
Cert. ACS), ethyl acetate (Fisher, Cert. ACS), mercaptopropionic
acid (Alfa Aesar), cysteamine hydrochloride (Acros, 98%),
octanethiol (TCI, 98%), naphthalene (Aldrich, >99%), potassium
(Aldrich, 98% in mineral oil), and azobis(isobutyronitrile) (AIBN;
Aldrich, 98%) were used as received.
Equipment. Size exclusion chromatography (SEC) was carried

out on an Agilent system with a 1260 Infinity isocratic pump,
degasser, and thermostatted column chamber held at 30 °C
containing Agilent 5 μm MIXED-C columns with a combined
operating range of 200−2000000 g mol−1 relative to polystyrene
standards. Chloroform with 50 ppm amylene was used as the mobile
phase. The SEC system was equipped with an Agilent 1260 Infinity
refractometer and dynamic and static light scattering. 1H NMR
spectroscopy was performed on a 400 MHz Agilent MR spectrometer
at room temperature and referenced to the residual solvent signal of
CDCl3 or D2O (7.26 and 4.79 ppm, respectively). Ice recrystallization
kinetic assays were performed using a Zeiss Axio Scope.A1 with a 10×
N-Achroplan objective and a Linkam LTS420 temperature-controlled
stage. Differential scanning calorimetry was performed using a
DSC250 (TA Instruments) with an RCS90 electric chiller.
Synthesis of Poly(allyl glycidyl ether). Poly(allyl glycidyl

ether) (PAGE) was synthesized via anionic polymerization using an
adapted version of a previously reported method.40 A total of 230 μL
of benzyl alcohol was added to a sealed reactor under an inert
atmosphere. The benzyl alcohol was titrated with a 0.3 M solution of
potassium naphthalenide in THF until a green color persisted. Allyl
glycidyl ether (50 g) was added by buret, and the polymerization was
allowed to continue for at least 3 days at 45 °C. The resulting PAGE
was purified by precipitation in hexanes and dried under vacuum. Mn
= 16.0 kg/mol, Đ = 1.2.
Polyampholyte Synthesis. In a representative procedure, 5 g of

PAGE was dissolved in 50 mL of DMF. Cysteamine hydrochloride,
mercaptopropionic acid, and octanethiol were each added to the
mixture in 1.2× molar excess with respect to the number of allyl
groups to be modified by each thiol. A 0.1 mol equiv of AIBN was
added for every mole of alkene. The mixture was bubbled with N2 for
10 min and stirred at 70 °C for 20−24 h. The resulting
polyampholyte was precipitated in ethyl acetate, dialyzed in deionized
water for at least 4 days, frozen in liquid nitrogen, and lyophilized.
Polyampholyte solutions became turbid during dialysis, likely due to
the formation of coacervate phases. Ratios of amine units to
carboxylic acid units were verified using 1H NMR spectroscopy.
Polymer characterization by NMR and GPC is shown in Figures S1−
S9. Ratios of carboxylic acid to amine groups (as measured by NMR)
were within two percentage points of the target ratio (Figure S9).
Cell Culture. Primary normal human dermal fibroblasts (NHDF,

Promocell) and immortalized mouse embryonic fibroblast (NIH/
3T3, American Type Cultural Collection) cells were cultured in the
designated supplemented culture medium (complete medium),
incubated at standard conditions (37 °C and humidified atmosphere

of 5% CO2), and used at 90% confluence for sample preparations. For
all experiments, cells were used between passages 5 and 15.

Cytotoxicity Assay. NHDF cells were seeded at 20000 cells/mL
in solid 96-well plates (Corning Life Sciences), incubated under
standard conditions, and used for experiments after cells achieved
confluence, as confirmed by microscopic observation. PAGE-PAs with
different amine to carboxylic acid ratios (50:50, 45:55, 40:60, and
35:65) were dissolved in complete medium to the final concentration
of 10 wt %, followed by pH adjustment to 7.4 using 10 M NaOH.
Solutions were added on the cell layer and incubated at standard
conditions for 24 h. NHDF viability was measured at the end of the
incubation time using CellTiter-Blue assay (Promega). Complete
medium and 10 vol % DMSO (Fisher Scientific) were used as
negative and positive controls, respectively.

Cryopreservation Protocol and Post-Thaw Viability Assay.
PAGE-PAs with different amine to carboxylic acid ratios (50:50,
45:55, 40:60, and 35:65) were dissolved in phosphate-buffered saline
(PBS, Sigma-Aldrich) with 1% penicillin/streptomycin (Hyclone) to
the desired concentration. Solution pH was adjusted as previously
described. Cells were suspended in PAGE-PA solutions to the final
concentration of 0.5 × 106 cells/mL (Figure 2a) or 1 × 106 (Figures
2c and 3a), cooled to −80 °C at a rate of 1 °C/min (Mr. Frosty,
Nalgene), and stored at −80 °C for a minimum of 4 h. Cryovials were
then transferred to a liquid nitrogen container and stored for at least
24 h before thawing. As with cytotoxicity experiments, a complete
medium and 10 vol % DMSO were used as negative and positive
controls, respectively.

Vials were thawed by immersing into a water bath (37 °C) for 2
min. Then, cell suspensions were transferred to centrifuge tubes
containing complete medium and centrifuged for 3 min at 220 × g to
remove cryoprotectants. Fresh complete medium was added to the
cells, and samples were incubated at 37 °C for 1.5 h to allow for
recovery. For the polymer concentration sweep shown in Figure 2c,
this incubation period was not included. At the end of the incubation
time, the number of viable cells was counted using a trypan blue
exclusion assay. Post-thaw cell survival yield values were reported as a
ratio of viable cells counted after thawing to the initial cells in each
cryovial. Raw data for post-thaw cell survival is included in Table S1.

For the post-thaw proliferation studies, 10000 live NHDF cells
were isolated from each condition and plated in a 96-well plate (3
wells of 10000 cells per condition). Cells were then cultured for 4, 28,
52, or 76 h under standard conditions. At the desired time point, the
media was removed and replaced with phenol-free Dulbecco’s
Modified Eagle Medium (DMEM; no FBS) with 1.2 mM MTT
solution (Invitrogen). After a 4 h incubation, a solution of 10% (w/v)
SDS and 0.01 M HCl was added to solubilize the formazan product.
Absorbance was then measured at 570 nm using a plate reader
(BioTek) as a measure of cell mitochondria activity. Nonfrozen cells
were plated and used as a control in all proliferation studies.

For trials in which one cell culture was treated with both DMSO
and PAGE-PA, human fibroblast cells were frozen in complete media
containing 7% w/v PAGE-PA(35:65:0) + 3% w/v DMSO, held at
−80 °C for 24 h, and then frozen in liquid nitrogen for 1 week before
thawing. The cells were washed and plated in 96-well plates with an
initial density of 5000/cm2 and incubated at 37 °C for 72 h, over
which the metabolic activity of the cells was monitored as described
above.

Differential Scanning Calorimetry (DSC). Polyampholyte
solutions were prepared at multiple concentrations in phosphate-
buffered saline (PBS). A 10 M NaOH solution was used to adjust the
pH to 7.4. For each solution, 5−10 mg of solution was loaded into
hermetically sealed aluminum DSC pans. Samples were frozen by
cooling at a rate of 5 °C/min to −90 °C, then reheated to 20 °C at 10
°C/min. Glass transition temperatures and peak integrals were
determined using Trios software. A sigmoidal baseline was used when
integrating melting peaks. All trials were performed in triplicate. Raw
DSC traces are included in Figures S10−S12.

Ice Recrystallization Inhibition Measurement. A “splat” ice
recrystallization assay was adapted from that of Knight et al.41,42 A 20
μL droplet was expelled from a height of 1.5 m onto a microscope
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slide chilled to −78 °C with dry ice, then quickly transferred to a
microscope stage held at −6 °C. Images were collected after annealing
for 30 min to allow ample time for ice recrystallization to occur. Ice
samples were illuminated with cross-polarized light. The mean largest
grain size (MLGS) represents the average longest linear dimension of
the largest crystal within the field of view for each trial after annealing,
measured manually using ImageJ. Three trials were performed for
each material. Cryoprotectant concentrations were 10 wt %.
Statistical Analysis. All data are expressed as mean ± standard

deviation. For the post-thaw survival assays, an independent
experiment constitutes one freeze/thaw cycle of cells from the same
passage on the same day. All experiments were conducted in at least
duplicate (at least two technical repeats), and a minimum of three
independent experiments were performed for statistical analysis. To
compare data among three groups or more, a one-way analysis of
variance (ANOVA) was used. To compare data among two groups, a
two-tailed t test (assuming unequal variance) was used. A p value of
<0.05 was considered statistically significant.

■ RESULTS AND DISCUSSION
Polyampholytes were derived from poly(allyl glycidyl ether)
(PAGE) using thiol−ene chemistry, as shown in Scheme 1. A

similar approach has been employed to make polyelectrolytes
with LCST43 or complex-forming properties44−46 but, to the
best of the authors’ knowledge, has never been used to make
polyampholyte materials. A key advantage of PAGE-derived
polyampholytes, referred to throughout as PAGE-PAs, is that
their composition is highly tunable: Virtually any thiol can be
substituted for those shown in Scheme 1, and their ratios can
be varied by simply changing the relative concentration of thiol
reagents. A representative 1H NMR spectrum for PAGE-PA
with 35% amine-bearing repeat units and 65% carboxylic acid-
bearing repeat units is shown in Figure 1. Interestingly, the
PAGE-PAs were shown to have composition-dependent pH-
responsive coacervate formation (Figure S13), but coacervate
phases were only observed at pH values lower than those used
for cryopreservation (pH = 7.4).
At 10 wt %, PAGE-PA had optimal cryoprotective

capabilities when the amine to carboxylic acid ratio was
35:65, as shown in Figure 2a. Post-thaw cell survival was
comparable with that achieved using DMSO, the most
routinely used cryoprotectant for mammalian cells. For the
PAGE-PAs, improved cell viability can be partly attributed to
lower toxicity at higher carboxylic acid content. Cation-rich
polymers are sometimes employed as antimicrobial agents,47 so
it is likely that excessively amine-rich polyampholytes are
similarly toxic. Indeed, we observed that cation-rich poly-
ampholytes were somewhat toxic to fibroblast cells, but anion-
rich polyampholytes were almost entirely nontoxic (Figure
2b). Matsumura and co-workers similarly observed the best

post-thaw cell survival at a cation to anion ratio of 35:65 with
poly(L-lysine)-derived polyampholytes. They attributed the
higher post-thaw viability to better restriction of ice grain
coarsening,31 but unlike other polyampholyte materials,31,48

the cation/anion ratio of the PAGE-PAs had little to no
influence on ice grain size (Figure 5).
Different cell types varied in response when PAGE-PAs were

used as cryoprotectants, possibly due to differences in
polymer/membrane interactions, tolerance to high osmotic
pressure, or rate of water transport across the cell membrane.49

3T3 cells showed poor post-thaw viability in the presence of 10
wt % PAGE-PA, but the low toxicity of the polymer solution
made it feasible to increase the polymer concentration until
appreciable cell recovery was achieved. Since a high polymer
mass concentration corresponds to a relatively low molar
concentration, osmotic effects from a highly concentrated
cryoprotectant are minimal compared to small molecules such
as DMSO or trehalose. There may be room for further
improvement of post-thaw viability by optimizing the
concentration of PAGE-PAs.
Some authors have reported higher post-thaw cell viabilities

than those shown in Figure 2 when using polyampholytes as
cryoprotectants.31,32,34,38 These authors generally also reported
higher post-thaw cell viabilities of 80−90% when using DMSO
alone as a cryoprotectant. These differences could likely be
attributed to differences in delay after thawing before
measuring viability, robustness of different cell lines, and
variation in normalization methods during cell counting.50

Incorporation of hydrophobic units into cryoprotective
polyampholytes has also been shown to improve performance
for methacrylate-based polyampholytes. We therefore used
alkyl thiols to impart similar functionality to PAGE-PAs.38 In
contrast to previously reported cryoprotective polyampholytes,
incorporation of octyl units reduced post-thaw cell viability
(Figure 3a). Additionally, PAGE-PAs with octyl groups were
seen to give almost no long-term post-thaw recovery (Figure
3b). PAGE-PA with no octyl groups gave some long-term post-
thaw recovery, but DMSO performed better in the long term.
Other authors have similarly observed that polyampholytes
alone were unable to achieve long-term post-thaw cell survival,

Scheme 1. Synthesis of PAGE-PA Cryoprotectants is
Achieved Through Thiol−ene Modification of PAGE

Figure 1. 1H NMR spectrum of PAGE-PA; x = 0.35, y = 0.65. Solvent
was D2O with 0.1 M NaOH added to promote solubility. Labels with
asterisks correspond to repeat units in which mercaptopropionic acid
reacted with the nonterminal carbon of the PAGE pendant group.
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but they reported that including membrane-penetrating
cryoprotectants in addition to cryoprotective polyampholytes
led to improved recovery.34,51,52

Compared to the traditional cryoprotectant DMSO, PAGE-
PAs offer the advantage of low cytotoxicity and equivalent
post-thaw viability at the cost of long-term metabolic activity.
In recognition of this trade-off and following literature
motifs,32,35,44,45,53 there is merit to combining PAGE-PA
with a small amount of DMSO to assess any synergistic or
noncooperative effects on cell recovery. A 7% w/v of the
optimal PAGE-PA 35:65 ratio of amines to carboxylic acid was
combined with 3% w/v DMSO for trials reported in Figure 4.
The combination of PAGE-PA and DMSO allowed for
increased post-thaw viability compared to DMSO or PAGE-
PA alone and demonstrated a significant increase in long-term
metabolic activity above that of the PAGE-PA and approaching
that of never-frozen cells. This increase in post-thaw and long-
term viability can be attributed to the reduction of cytotoxic
DMSO in the media while maintaining an active concentration
of cryoprotectant both intra- and extracellularly. These results
are consistent with similar studies using different PA materials
on stem cells performed by Murray et al.53

Ice recrystallization inhibition (IRI) is frequently inves-
tigated as a key feature of polymeric cryoprotectants. Ice
recrystallization, a form of Ostwald ripening, is the process in
which average crystal size increases to reduce surface energy.
Using PVA, an excellent IRI agent, in combination with other
cryoprotectants significantly increased post-thaw cell viability
in several studies.6,26,54,55 Ice crystal size in the presence of
PAGE-PAs was smaller than in the absence of polymer, likely
due to increased viscosity and decreased diffusivity of the space
between the ice crystals. None of the PAGE-PAs displayed any
IRI activity beyond that of poly(ethylene oxide) (PEO), a
polymer with minimal IRI activity (Figure 5).
Unsurprisingly, increasing the mass fraction of 35:65 PAGE-

PA decreased the total amount of ice that formed, as shown in
Figure 6a,b. By reducing the volume of ice, the degree to which
solutes can be concentrated in the space between ice crystals

Figure 2. (a) Post-thaw NHDF cell survival yield shows that PAGE-PA with a 35:65 amine to carboxylic acid ratio had immediate post-thaw
survival comparable to DMSO. Error bars represent standard deviation among three independent experiments (three samples per experiment). All
polymer concentrations are 10 wt %. DMSO concentration is 10 vol %. (b) Carboxylic acid-rich PAGE-PAs exhibit low cytotoxicity. NHDF cell
viability was measured by CellTiter-Blue assay after incubating samples at 37 °C for 24 h. Error bars represent the standard deviation of four
independent experiments (three samples per experiment). All polymer concentrations are 10 wt %. DMSO concentration is 10 vol %. (c) For 3T3
cells, PAGE-PA (35:65) was a poor cryoprotectant at 10 wt %. However, the cytotoxicity of PAGE-PA was low enough that the concentration can
be increased until appreciable cell viability was achieved. Increased PAGE-PA concentration led to modest improvement in cell viability for NHDF
cells. Error bars represent the standard deviation among three independent experiments (two samples per trial). Asterisks denote post-thaw cell
viabilities significantly different compared to that achieved with DMSO (p < 0.05).

Figure 3. (a) Octyl-functional PAGE-PAs did not lead to improved
post-thaw NHDF cell viability, as determined by a trypan blue
exclusion assay immediately after thawing. (b) When equal numbers
of live NHDF cells were plated after thawing to assess long-term
viability, metabolic activity (measured by MTT absorbance assay) was
lower for cells preserved with PAGE-PAs than those preserved with
DMSO. Incorporation of hydrophobic functionality (ratio of −NH3/
−COOH/−C8H17 groups is indicated above curve) decreased long-
term cell viability. In all trials, DMSO concentration was 10 vol % and
PAGE-PA concentration was 10 wt %. At least four independent
experiments were performed for each condition.
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was reduced, effectively putting a limit on the osmotic stress a
cell would experience. Notably, at least some of the solution in
the space between the ice crystals was vitrified, as evidenced in
Figure 6c. The formation of a vitreous layer is expected to limit
the diffusion of water and halt ice growth. Additionally, the
melting onset temperature in a PAGE-PA solution (−48 °C for
a 10 wt % PAGE-PA solution) is relatively high, leaving a
relatively narrow temperature window in which melting occurs.
In contrast, a DMSO/water solution undergoes a glass
transition at ca. −130 °C, and undergoes eutectic melting at
−63 °C.56 A rapid melting process is expected to be beneficial
because potentially damaging ice recrystallization occurs

predominantly during melting,5 and the liquid layer between
melting ice crystals has a dangerously high salt concentration.

■ CONCLUSION
Cryoprotective polyampholytes with a PEO backbone were
shown to improve immediate post-thaw cell survival for NHDF
and 3T3 cells, but long-term cell survival was poor. PEO-based
polyampholytes were readily derived from poly(allyl glycidyl
ether) using thiol−ene chemistry, and this synthesis platform
can be readily tuned to alter pendant functionality and
optimize cryoprotective properties. Immediate post-thaw
viability was comparable for cells preserved with PEO-based
polyampholytes and those preserved with DMSO, the most
routinely used cryoprotectant for mammalian cells. Further-
more, the PEO-based polyampholytes were far less cytotoxic
than DMSO, enabling their use at high concentrations to
further increase post-thaw cell viability. Combining a small
amount of DMSO with the most effective PAGE-PA showed
promising synergy and allowed cells to proliferate compet-
itively with never-frozen cells. Differential scanning calorimetry
measurements confirm that the space between ice crystals
vitrifies during freezing, limiting the total amount of frozen
water and increasing the temperature at which the cell medium
fully solidifies. PAGE-PA is a materials platform that can be
readily tuned, modified, and used with small molecules to
enable improved cryoprotection.

Figure 4. (a) Post-thaw survival of NHDF cells was observed to be
higher in a 7% w/v PAGE-PA (35:65:0) + 3% w/v DMSO than in
either 10% w/v DMSO or 10% w/v PAGE-PA. (b) Metabolic activity
of 7% w/v PAGE-PA + 3% w/v DMSO was significantly higher than
PAGE-PA only and marginally higher than DMSO for the first 72 h
post-thaw and continued to trend higher at the end of the observation
period.

Figure 5. At 10 wt %, none of the PAGE-PAs displayed any IRI
activity beyond that of PEO. The mean largest grain size (MLGS)
represents the average longest linear dimension of the largest crystal
within the field of view for each trial after 30 min of annealing at −6
°C. Three trials were performed for each material. Image insets are
200 μm.

Figure 6. DSC heating traces (mass normalized; exotherms are up)
for PAGE-PA (35:65 amine/carboxylic acid ratio) solutions at
different concentrations. (a) Melting peaks: The area of each peak
corresponds to the amount of frozen water. (b) Melting peak integrals
from (a). Mass fraction of ice in each sample is calculated as wt. frac.
ice = peak area/ΔHfusion. (c) The unfrozen fraction (1 − wt. frac. ice)
of each sample undergoes a glass transition at the indicated
temperature during reheating, followed by the onset of melting. (d)
Cartoon representation of a partially frozen polymer/water/buffer
system.
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