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A B S T R A C T   

Intracellular loading of cryoprotective agents (CPAs) into target cells is a critical step for cryopreservation. 
However, biological membranes are usually much less permeable to CPAs than to water, resulting in high os
motic pressures and osmotic damage during the CPA loading and unloading phases of cryopreservation. Here, we 
show that calcium alginate hydrogel beads several millimeters in diamater containing CPAs can be admixed with 
a cell suspension to spontaneously release CPAs in a gradual and distributed manner. We demonstrate that beads 
containing cell media enable the gradual removal of CPA from Jurkat cells equilibrated in a typical cryopres
ervation solution of 15% glycerol, protecting the cells from hypotonic damage. We show that the dynamics of 
CPA exchange are accurately described by a numerical model of free diffusion within the gel. This approach may 
enable semiautomated and closed methods of gradual CPA exchange from large volume cell suspensions.   

Cell-penetrating cryoprotective agents (CPAs) are required to pre
vent the formation of intracellular ice during cryopreservation by slow 
cooling of mammalian cell suspensions [7]. Common cryopreservation 
medium formulations use high volume fractions (e.g. >10%) of miscible 
solvents such as dimethyl sulfoxide (Me2SO), propanediol, or glycerol 
that diffuse across lipid bilayer membranes. However, the plasma 
membranes of most cells are much less permeable to these CPAs than 
they are to water, especially in the presence of water-specific aquaporins 
[6,8]. Care must therefore be taken to prevent excessive hypertonic and 
hypotonic shocks when washing cell suspensions into and out of such 
cryo media, respectively. Unfortunately, current clinical methods for 
sterile processing of large sample volumes do not prevent this mecha
nism of cytotoxicity during the CPA loading and unloading phases of 
cryopreservation. 

In the laboratory, gradual dropwise addition of concentrated CPAs is 
commonly used to prevent hypertonic shock during CPA loading. Like
wise, gradual dropwise dilution with isotonic medium is standard 
practice for washing thawed cells. Unfortunately, these laboratory 
practices are cumbersome and not so easily scaled to larger sample 
volumes, such as those used for various clinical applications in cell 
therapy, which are commonly in the range of 10–100 mL containing 
hundreds of millions to billions of cells [4]. As the sample volume in
creases, it becomes more challenging to rapidly and uniformly mix CPAs 

into the solution without exposing cells to large shear stresses, especially 
when concentrated CPAs have a different density and viscosity than the 
medium. Additionally, clinical best practice for many cell therapies is to 
directly transfuse the thawed cell suspension without washing, due to 
the unreliable recovery rate of centrifugal cell washing before trans
fusion (e.g. 60% cell recovery for hematopoietic stem cells) [1]. 
Regrettably, this medically unnecessary exposure to large amounts of 
Me2SO results in high rates of adverse events [2,3]. Therefore, the 
growing clinical use of precious patient-derived and/or engineered 
therapeutic cells underscores the need for methods and materials to 
mediate the gradual exchange of small molecule CPAs from 
large-volume cell suspensions to minimize cellular damage [5]. 
Furthermore, these therapeutic cells need to be processed at the point of 
care and not at an advanced medical center, which could greatly benefit 
from a robust, automated single-step protocol. 

Here, we investigated the use of calcium alginate hydrogel beads to 
gradually and homogeneously release and/or absorb CPAs from the cell 
suspension. In this approach, millimeter-scale hydrogel beads are 
impregnated with concentrated CPA(s), and then gently mixed with the 
cell suspension. CPAs were found to readily diffuse from within the gel 
into the surrounding medium and are equilibrated over the course of 
several minutes. The characteristic rate of CPA release increases for 
larger beads, as this increases the characteristic length scale of diffusion 
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within the bead. For spherical hydrogel beads, the characteristic rate is 
proportional to the square of bead diameter (Supporting Information). 
Controlling the average bead size, therefore, allows control over the 
average rate of CPA uptake and/or release. 

To test whether hydrogel beads could gradually exchange common 
cell-penetrating CPAs with the surrounding solution, calcium alginate 
beads about 25 μL in volume were synthesized by the standard dripping 
approach [9]. 5% w/v alginic acid was dissolved in distilled water and 
dripped at a flow rate of 1 mL/min from a 15G needle into a bath of 200 
mM CaCl2. Beads were washed in 200 mM CaCl2, then stored refriger
ated in a solution of 200 mM CaCl2 for up to 1 month. The beads were 
measured to be about 3.6 mm in diameter, with an average mass of 
about 26.4 mg and a coefficient of variation of about 2% (Fig. 1). Based 
on an expected density of 1.025 mg/cm3, a mass of 26.4 mg corresponds 
to a sphere with diameter of 3.67 mm. 

The rate of uptake and release of Me2SO and glycerol from the beads 
was quantified by osmometry. To measure CPA release kinetics, 
approximately 3 g of beads were equilibrated with a 10% volume ratio 
solution of glycerol or Me2SO in aqueous 50 mM CaCl2 for at least 1 h. 
Beads were then removed with a spoon and/or by pouring the solution 
through a 50 μm plastic mesh cell strainer. Then, the outside of the cell 
strainer basket was blotted against paper tissue to absorb remaining 
excess liquid from the bead surface, and the beads spooned into a 5 mL 
bath of CPA-free 50 mM CaCl2 solution in a standard 15 mL conical tube. 
The mixture was rocked gently on a motorized sample mixer for up to 16 
min, and 50 μL samples (of the liquid fraction, with no beads) were 
removed at regular intervals. The osmolality of the samples was 
measured by micro-osmometer (Advanced Instruments 3300) to infer 
CPA concentration based on sample standards. The instrument coeffi
cient of variation of the micro-osmometer was estimated to be less than 

1%, based on replicated measurements of standard samples. The rates of 
CPA uptake into the hydrogel beads was determined identically, by 
mixing CPA-free beads with a solution of 10% v/v Me2SO or glycerol 
and measuring solution osmolality at several timepoints. The normal
ized change in concentration over time of both uptake and release of 
glycerol and Me2SO is shown in Fig. 2: c(t) =

c(t)−c0
c∞−c0 

where c0 and c∞ are 
concentrations at t = 0 and t = ∞ respectively. The numerical solution 
of diffusion from a spherical bead is also shown, for a coefficient of 
diffusion within the hydrogel of 1.5e-5 cm2/s and a bead volume 25 μL 
(Supporting Information). The values of bead size and the Coefficient of 
Diffusion used in the model were fitted parameters, and fall close to the 
experimental bead volume of 25.7 μL and the self-diffusion coefficient of 
water (approximately 2e-5 cm2/s at room temperature). Altogether, the 
system was found to reach 50% of concentration equilibration after 
about 1 min, and 90% after about 6.5 min. 

To test whether gradual exchange of CPA using hydrogel beads could 
prevent osmotic damage, we developed a room temperature model of 
CPA-induced hypotonic shock in Jurkat cells, a CD4 T cell line. Jurkat 
cells were equilibrated with a cryopreservation solution of 15% v/v 
glycerol in tris-buffered saline with 10 mM CaCl2 (‘TBS-C’) by gentle 
rocking for 10 min at room temperature in 15 mL conical tubes, at a 
concentration of about 750,000 cells in 1.5 mL. The additional calcium 
ion was included to prevent any changes to calcium alginate gel cross
linking. After 10 min incubation, cells were then diluted in room tem
perature glycerol-free TBS-C either by single-step 10x dilution, or in 
three sequential dilutions of 2.15x at 5 min intervals (i.e., sequential 
additions of 1.75 mL, 3.75 mL, and 8 mL, resulting in a final volume of 
15 mL and final dilution factor of 10x). Cells were then washed by 
centrifugation into complete cell culture medium (RPMI 1640 with 10% 
fetal bovine serum) and incubated at 37 ◦C. After 4 h, cell number and 

Fig. 1. (A) Calcium alginate hydrogel beads for controlled CPA uptake and release. (B) Distribution of bead weights (N = 50) with fitted Gaussian. The average bead 
diameter is about 3.7 mm. 

Fig. 2. Rates of cryoprotective agent (A) uptake and (B) release from calcium alginate beads. Solid line is the solution to numerical model, parameters in text.  
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viability were determined by automated cell counting of propidium io
dide exclusion: cells were centrifuged and resuspended in 1e6/mL of 
PBS +2 μg/mL propodium iodide and incubated for at least 5 min before 
automated cell counting and viability analysis (Nexcelom Cellometer). 

To test whether glycerol removal by hydrogel beads would prevent 
cell death from CPA-induced osmotic shock, the above procotol was 
modified to use glycerol-free hydrogel beads instead of direct dilution to 
remove glycerol from the cells. Beads as described earlier were equili
brated with glycerol-free TBS-C buffer for at least 30 min, and then 
blotted to remove excess surface liquid and weighed. An equal mass of 
beads were mixed gently with the cell suspension (e.g. 1.5 mL of cells in 
glycerol +1.5 g of glycerol-free beads). After 5 min, the cell suspension 
was collected by pipette from around the beads, and transferred to a 
second equal mass of beads prepared identically, and gently mixed for 
an additional 5 min, resulting in a total dilution factor of 4x. Viability for 
each condition was normalized to a control aliquot of cells kept at room 
temperature but otherwise untreated during the experiment, which was 
within 94%–96% for all replications. Single replicates of all experi
mental conditions (control, single-step dilution, 3-step dilution, and 
bead-mediated dilution) were run sequentially on the same day. Repli
cates were obtained by performing the identical protocol on five sepa
rate days. 

Both the 3-step dilution and the hydrogel bead mediated dilution 
resulted in significantly higher viability compared to the 1-step dilution, 

as measured by single-sided t-test (Fig. 3). The bead dilution condition 
was also significantly different than the 3-step dilution, as measured by a 
two-sided t-test. No corrections were made for multiple comparisons. 

This work represents a slow delivery approach using diffusion- 
limited transport to load and unload CPAs to cells in and out of hydro
gel beads, respectively. This approach can prevent cell death induced by 
hypotonic shock, similarly to laboratory-standard dropwise unloading 
but with reduced user intervention. A distinguishing feature of this 
approach is that it allows controlled-rate exchange of CPAs from large 
sample volumes without exposing cells to significant shear forces. In the 
future, we envision that this approach may be integrated into a closed 
system for semi-automated CPA exchange. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
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