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Absorption rate governs cell transduction in dry
macroporous scaffolds†
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Developing the next generation of cellular therapies will depend on fast, versatile, and efficient cellular

reprogramming. Novel biomaterials will play a central role in this process by providing scaffolding and bio-

active signals that shape cell fate and function. Previously, our lab reported that dry macroporous alginate

scaffolds mediate retroviral transduction of primary T cells with efficiencies that rival the gold-standard

clinical spinoculation procedures, which involve centrifugation on Retronectin-coated plates. This

scaffold transduction required the scaffolds to be both macroporous and dry. Transduction by dry, macro-

porous scaffolds, termed “Drydux transduction,” provides a fast and inexpensive method for transducing

cells for cellular therapy, including for the production of CAR T cells. In this study, we investigate the

mechanism of action by which Drydux transduction works through exploring the impact of pore size,

stiffness, viral concentration, and absorption speed on transduction efficiency. We report that Drydux

scaffolds with macropores ranging from 50–230 µm and with Young’s moduli ranging from 25–620 kPa

all effectively transduce primary T cells, suggesting that these parameters are not central to the mecha-

nism of action, but also demonstrating that Drydux scaffolds can be tuned without losing functionality.

Increasing viral concentrations led to significantly higher transduction efficiencies, demonstrating that

increased cell–virus interaction is necessary for optimal transduction. Finally, we discovered that the rate

with which the cell–virus solution is absorbed into the scaffold is closely correlated to viral transduction

efficiency, with faster absorption producing significantly higher transduction. A computational model of

liquid flow through porous media validates this finding by showing that increased fluid flow substantially

increases collisions between virus particles and cells in a porous scaffold. Taken together, we conclude

that the rate of liquid flow through the scaffolds, rather than pore size or stiffness, serves as a central reg-

ulator for efficient Drydux transduction.

Introduction

Biomaterials hold exceptional promise for the manufacturing
and delivery of cellular therapeutics due to their biocompat-
ibility and tunable mechanical properties, degradation rate,
charge, and microstructure.1–6 Current applications of bioma-
terial hydrogels and scaffolds include tissue engineered
constructs,3,7,8 drug delivery depots,9,10 and vehicles for cellu-
lar proliferation, differentiation, and delivery.3,11,12

Biomaterial scaffolds made from sodium alginate hold
promise as delivery vehicles and 3-D structures to organize
cells. Alginate is advantageous for its low cost, gelation under
physiological conditions, and broad biocompatibility.3,13–15

Additionally, alginate is classified as Generally Recognized as
Safe (GRAS) by the FDA and can be readily obtained and modi-
fied with GMP-compliance.3,13–16 Alginate biomaterials have
easily tunable rheological properties, pore size, pore intercon-
nectivity, and compressive strength, which can impact cell pro-
liferation, differentiation, and viability.3,7,13

In the past few years, significant attention has focused on
biomaterials that improve Chimeric Antigen Receptor (CAR) T
cell therapy, a revolutionary anti-cancer treatment with dra-
matic impact in leukemia and lymphoma and promise for
treating solid tumors.17–21 CAR T cells have an antigen reco-
gnition domain that specifically targets a tumor-associated
antigen, enabling CAR T cells to recognize and kill tumor cells
in the body.18–20 In the space of CAR T cell therapy, bio-
materials have demonstrated utility in improving T cell
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activation,22–25 mediating viral T cell transduction,11,22,26,27

promoting CAR T cell expansion,11,25,26,28–30 and releasing CAR
T cells in a controlled manner.11,25

Recently, our lab reported that dry, macroporous alginate
scaffolds, known as “Drydux” scaffolds, mediate retroviral
transduction of difficult to transduce primary T cells as
efficiently as the gold-standard “spinoculation” for CAR T cell
generation: centrifugation of activated T cells and virus on
Retronectin-coated plates.31,32 Drydux scaffolds can enhance
cell therapies by offering a logistically simpler and cheaper
method for transducing cells than spinoculation. In prelimi-
nary efforts to understand the mechanism underpinning
Drydux transduction, we demonstrated that cell transduction
fails in both dry nanoporous scaffolds and wet macroporous
scaffolds, suggesting that scaffold pore size and hygroscopy
play central roles in the transduction mechanism.26

In this paper, we further define the mechanism behind
Drydux transduction by delineating the impact of scaffold pore
size, stiffness, viral concentration, seeding volume, and
absorption rate on transduction of human primary T cells. We
synthesized macroporous alginate scaffolds with varying physi-
cal properties by changing the alginate concentration, calcium
concentration, and freezing temperature. Within the explored
ranges, we found that pore size had some, but unpredictable
impact on transduction, while stiffness did not have any
impact on transduction. As expected, diluting the virus
reduced transduction efficiency. Surprisingly, reducing the
volume seeded onto the scaffold, without changing concen-
tration, significantly improved cell transduction. We found
that seeded volume and transduction efficiency are both well
correlated to the absorption rate, defined as the time needed
for the liquid droplet to fully absorb into the scaffold. Taken
together, our data indicates that the rate of absorption for the
cell–virus solution likely governs Drydux transduction,
suggesting specific ways to optimize Drydux scaffolds in future
studies.

Experimental methods
Preparation of macroporous alginate scaffolds

Scaffolds were prepared as reported previously.11,26,33 A solu-
tion of ultrapure alginate (Pronova, MVG) in deionized (DI)
water was vigorously mixed with an equal volume of calcium-D-
gluconate solution in DI water for 15 min. Final mixture algi-
nate concentrations ranged from 0.5% to 2% and calcium-D-
gluconate concentrations ranged from 0.1% to 0.3% The
resulting mixture was cast 1 mL per well in a 24-well plate and
frozen overnight. Freezing temperatures ranged from −20 °C
to −80 °C. All frozen scaffolds were lyophilized for 72 h.
Scaffolds were stored at 4 °C until used.

Viral titer and MOI determination

Viral titer was determined by standard flow-cytometry assay.34

Serially diluted viral stocks were added to HEK293T cells.
HEK293T cells were acquired from UNC Lineberger Cancer

Center Tissue Culture Facility. GFP expression was analyzed
using flow cytometry 48 h later, and populations with 10–20%
GFP+ cells were used to calculate viral titer. The following
equation was used to calculate titer: titer (TU mL−1) = (cell
number used for infection × percentage of GFP+ cells)/(virus
volume used for infection in each well × dilution fold). MOI
was calculated as the ratio of transducing viral particles to
number of activated T cells. MOI values of 0.25 to 4 were
tested using 0.5 × 106 activated T cells to determine which
MOI would give a transduction efficiency around 60%. Varying
volumes of GFP viral stock were concentrated and mixed with
0.5 × 106 activated primary T cells and seeded on top of dry
macroporous alginate scaffolds. Scaffolds were incubated in
1 mL complete cell culture media (45% Click’s medium (Irvine
Scientific), 45% RPMI-1640, 10% HyClone fetal bovine serum
(GE Healthcare), 2 mmol L−1 GlutaMax (Gibco), penicillin (100
units mL−1), and streptomycin (100 mg mL−1; Gibco)) sup-
plemented with IL-7 (Peprotech, 5 ng mL−1) and IL-15
(Peprotech, 10 ng mL−1) for 72 h. After 72 h, scaffolds were dis-
solved with 1 mL of 0.25 M EDTA. Cells were isolated and
washed twice with PBS before being analyzed for GFP
expression using flow cytometry.

Scanning electron microscopy

Dry macroporous alginate scaffolds were coated with 70 nm
AuPd (Au: 60%, Pd: 40%) for 5 min at 7 nm min−1 and ana-
lyzed on Hitachi SU-3900 variable pressure SEM. Pore sizes
were quantified using ImageJ to analyze the SEM images with
a minimum of 10 pores measured per scaffold.

Compression testing

Dry macroporous alginate scaffolds were compressed using
Instron 5944. Scaffolds were compressed with a 50 N force at a
ramp rate of 0.1 mm s−1. Force (N) and displacement (mm)
was recorded every 100 ms. Stress was calculated using the
equation: force/cross-sectional area. Cross-sectional area was
determined using ImageJ to analyze images of each scaffold.
Strain was calculated using the equation: displacement/initial
length. Initial length was determined using ImageJ to analyze
images of each scaffold. The Young’s modulus was calculated
by calculating the slope of the stress–strain curves in the linear
regions before the point of inflection.35

Drydux transduction of activated T cells

GFP retroviral supernatant (5 × 106 TU mL−1) was concentrated
using Amicon centrifugation filters (MWCO 100 kDa,
Millipore) at 1500g for 10 min in a swinging bucket rotor.
Concentrated retrovirus (2 × 106 TU in 100 µL) was mixed with
1 × 106 activated primary T cells (MOI = 2) suspended in 50 µL
complete cell culture media and pipetted onto the top of the
dry macroporous alginate scaffolds. Seeded scaffolds were
incubated for 45 min, after which 1 mL of complete cell
culture media supplemented with IL-7 (Peprotech, 5 ng mL−1)
and IL-15 (Peprotech, 10 ng mL−1) was added to each scaffold.
After 72 h of incubation, scaffolds were dissolved with 1 mL of
0.25 M EDTA. Cells were isolated and washed twice with PBS
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before being analyzed for GFP expression using flow
cytometry.

Absorption rate and volumetric flux

Different volumes of activated T cells and concentrated GFP-
encoding retroviral supernatant were mixed, keeping a con-
stant MOI of 2. Seeding of this mixture onto the scaffolds was
filmed. The absorption rate was calculated as the liquid
volume divided by the time it took for the entire droplet to
absorb into the scaffold based on there being no liquid visible
on top of the scaffold. Volumetric flux was calculated by divid-
ing the absorption rate by the area of the scaffold wetted by
the droplet when viewed from the top of the scaffold.

Cell lines

Primary human T cells were obtained from the peripheral
blood of a healthy donor. Primary T cells were isolated from a
buffy coat (Gulf Coast Regional Blood Center) using
Lymphoprep medium (Accurate Chemical and Scientific
Corporation) and frozen in freeze media (50% HyClone fetal
bovine serum (GE Healthcare), 40% RPMI-1640, 10% DMSO
(Sigma)) until needed. Cells were thawed, resuspended in 9 mL
complete media, and centrifuged at 400g for 5 min to remove
DMSO. T cells were activated on plates coated with 1 μg mL−1

of CD3 (Miltenyi Biotec, 130-093-387, clone OKT-3) and CD28
(BD Biosciences, 555725, clone CD28.2) agonistic monoclonal
antibodies. GFP encoded retrovirus was prepared according to
previously reported methods.36 All cells were maintained at
37 °C with 5% CO2 and 95% humidity.

Flow cytometry

All samples were analyzed using BD LSRII with a minimum of
10 000 events acquired per sample. Cells were gated on viable
cells, FSC singlets, and GFP positive cells [ESI Fig. 1†]. BD
FACS Diva 8.0.1 software was used for analysis.

Statistical analysis and Spearman correlation

All statistical analysis was done using one-way ANOVA or two-
way ANOVA with Tukey correction or unpaired t-test with

Welch’s correction using GraphPad Prism 9. The specific test
used and precise p-values are noted in individual figures.
Spearman correlations were calculated using GraphPad Prism
9 with r-values and p-values noted in individual figures. * indi-
cates p < 0.0001 with all other p-values < 0.05 indicated on plot.

Results
Scaffold fabrication

Macroporous scaffolds were fabricated through cryogelation26,33

[Fig. 1]. Briefly, an equal volume of calcium and alginate solu-
tions were vigorously mixed and cast into wells of a 24-well
plate. Samples were then frozen and lyophilized to create dry
macroporous alginate scaffolds, which we refer to as “Drydux”
scaffolds.

MOI calibration

Our prior publication reported conditions for excellent trans-
duction efficiencies of 85–95%.26 However, we were concerned
that these high efficiencies could hide small improvements
during scaffold optimization. We therefore titrated the multi-
plicity of infection (MOI) of GFP-encoding gamma-retrovirus to
achieve a transduction efficiency of below 60% against primary
T cells isolated from human peripheral blood (Gulf Coast
Regional Blood Center), reasoning that incremental improve-
ments would be observed more easily by doing so. As expected,
lowering the MOI led to a reduction of transduction percent
[ESI Fig. 2†]. An MOI of 2, producing 59% transduction
efficiency, was determined to be optimal and used for all fol-
lowing experiments unless indicated otherwise.

Pore size, but not stiffness, is correlated with Drydux
transduction efficiency when varying alginate and calcium
concentrations

To assess whether calcium or alginate concentration impacted
Drydux transduction, we formulated scaffolds with varying
calcium (0.1%, 0.2%, 0.3%) and alginate (0.5%, 1.0%, 1.5%,
2.0%) concentrations. Due to instant gelation, scaffolds with
0.3% calcium and 0.5% alginate could not be produced. The

Fig. 1 Fabrication of dry macroporous alginate (Drydux) scaffolds. An alginate solution is cross-linked with a calcium solution and the resulting gel
is frozen overnight followed by lyophilization for 72 h to create dry macroporous scaffolds. Activated T cells and viral particles are mixed and seeded
on top of the scaffold and scaffolds are incubated at 37 °C, 5% CO2. EDTA is used to dissolve the scaffolds and isolate the transduced T cells.
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scaffolds had a cross-sectional area of ∼1.72 cm2 and a height
of ∼5.37 mm [Fig. 2A]. All the scaffolds produced transduction
efficiencies above 50%, indicating the scaffolds were highly
capable of transducing cells [Fig. 2B]. Scaffolds made with
0.1% calcium had significantly higher transduction efficien-
cies than those made with 0.2% and 0.3% calcium. Scaffolds
made with 0.5% alginate showed significantly lower transduc-
tion than almost all other alginate concentrations, likely due
to the lack of surface porosity of the 0.5% alginate scaffolds
compared to the other scaffolds. The average pore size of these
scaffolds ranged from 76–230 µm [Fig. 2C] and fitting a
Spearman correlation indicated there was a strong and signifi-
cant (p = 0.0065) correlation between pore size and transduc-
tion efficiency [Fig. 2D].

To determine scaffold stiffness, we submitted Drydux
scaffolds to compression testing with a 50 N force and com-
pression rate of 0.1 mm s−1. The Young’s moduli were calcu-
lated based on stress–strain curves generated from com-
pression testing [ESI Fig. 3†]. Scaffolds with 0.1% calcium were
softer than scaffolds with 0.2% and 0.3% calcium, and an algi-
nate concentration of 1.5% formed the stiffest scaffolds
[Fig. 2E]. There was not a significant (p = 0.3510) Spearman
correlation between the Young’s modulus of the scaffold and
transduction efficiency [Fig. 2F].

Neither pore size nor stiffness is correlated with Drydux
transduction efficiency when varying alginate concentrations
and freezing temperature

Several groups have reported that the freezing temperature
during cryogelation determines pore size of cryogels.7,37 To
further evaluate the impact of pore size, without the compli-
cation of changing crosslinked concentration, we evaluated
how changing the freezing temperature impacts scaffold pore
size and stiffness and further evaluated whether these changes
impact transduction efficiency. Scaffolds were again syn-
thesized using cryogelation with varying alginate concen-
trations (0.5%, 1.0%, 1.5%, 2.0%), but with a constant calcium
concentration of 0.2%, in line with previous reports.11,26

Scaffolds were then frozen at −20 °C, −40 °C, −60 °C, or
−80 °C and lyophilized. The scaffolds had a cross-sectional
area of ∼1.78 cm2 and a height of ∼4.86 mm [Fig. 3A]. All the
scaffolds showed transduction efficiencies above 60%, indicat-
ing all the scaffolds successfully transduced cells [Fig. 3B]. As
observed above, scaffolds with 0.5% alginate showed signifi-
cantly worse transduction efficiency than scaffolds made at the
other alginate concentrations. There was no significant differ-
ence between the 1.0%, 1.5%, and 2.0% alginate concentration
scaffolds. Scaffolds frozen at −40 °C and −80 °C displayed no
significant difference in transduction, but both demonstrated
significantly higher transduction than scaffolds frozen at
−20 °C and −60 °C. The average pore size of these scaffolds
ranged from 52–131 µm [Fig. 3C]. In contrast to the results
shown in Fig. 2, fitting a Spearman correlation did not
produce any significant (p = 0.6669) correlation between pore
size and transduction efficiency in this experiment [Fig. 3D].

Drydux scaffolds were compressed with a 50 N force and
compression rate of 0.1 mm s−1 to determine scaffold
stiffness. The Young’s moduli were calculated based on stress–
strain curves generated from compression testing [ESI Fig. 4†].
Slower freezing rates generally led to stiffer scaffolds, and
scaffolds with 1.0% and 1.5% alginate concentrations formed
the stiffest scaffolds [Fig. 3E]. There was no significant (p =
0.5938) Spearman correlation between the Young’s modulus of
the scaffold and transduction efficiency [Fig. 3F].

Both viral concentration and seed volume significantly
correlate to Drydux transduction efficiencies

Since Drydux transduction did not appear to depend on
stiffness and had an unpredictable relationship with pore size,
we sought out other factors that might influence transduction
efficiency. Viral transduction relies on interactions between
virus and cells, so we reasoned that higher viral concentrations
should lead to higher transduction efficiency. We suspended
50 000 primary human T cells and 100 000 gamma retrovirus
particles in 25 μL, 50 μL, 100 μL, or 200 μL and evaluated
Drydux transduction of these solutions. As expected, diluting
the virus significantly reduced transduction, confirming our
hypothesis [ESI Fig. 5†].

When performing the previous experiment, we noted that
larger volumes needed significantly more time to absorb into
the scaffold [Fig. 4A and ESI Fig. 6†]. We wondered whether
solution volume, and thereby absorption rate, could impact
Drydux transduction. To explore this possibility, we evaluated
transduction of primary human T cells by retrovirus at a con-
stant concentration with different solution volume (10 μL,
25 μL, 50 μL, 100 μL, or 200 μL) [Fig. 4B]. At the same time, we
measured the speed of liquid absorption into the scaffolds by
filming the absorption process and measuring the time it took
for the volume to completely absorb into the scaffold. There
was a clear trend in transduction efficiency, with smaller seed
volumes producing significantly higher transduction efficien-
cies [Fig. 4C]. In addition, there was a clear trend in absorption
rate, with smaller seed volumes translating to faster absorption
rates [Fig. 4D]. Fitting a Spearman correlation to the data, we
discovered a strong and significant correlation (p < 0.0001)
between the absorption rate and transduction efficiency of the
scaffolds [Fig. 4E]. Since different seed volumes had different
absorption areas, determined as the area of the scaffold wetted
by the droplet when viewing the top of the scaffold [Fig. 4B],
the volumetric flux was calculated by dividing the absorption
rate by the absorption area [Fig. 4F]. As expected, we discov-
ered a strong and significant Spearman correlation (p <
0.0001) between volumetric flux and transduction [Fig. 4G].

From these results, we concluded that smaller seed
volumes absorb into the scaffold faster, leading to increased
volumetric flux and higher transduction efficiencies. From
this, it stands to reason that spreading the cell–virus solution
over a larger surface area would lead to faster absorption and
increased transduction. To test this hypothesis, we created
scaffolds with cross sectional areas of ∼8.12 cm2 using 6-well
plates and seeded solutions containing 4000 cells per µL
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Fig. 2 Impact of porosity and stiffness on Drydux transduction efficiency varying calcium and alginate concentrations. (A) Photographs of scaffolds
with corresponding SEM images and average pore sizes. (B) Quantification of retrovirus transduction efficiency against primary human T cells for
each calcium-alginate combination with significance shown between differing calcium concentrations; *p < 0.0001 with all other p-values < 0.05
indicated on plot; concentrations used were ∼5000 cells per µL and ∼10 000 viruses per µL; n = 3 scaffolds per group; two-way ANOVA with Tukey
correction used to determine significance. See ESI Fig. 3† for significance between differing alginate concentrations. (C) Quantification of scaffold
pore size using a minimum of 10 pores per scaffold. (D) Spearman correlation between scaffold pore size and transduction efficiency. (E)
Quantification of Young’s modulus of each scaffold; n = 3 scaffolds per group. (F) Spearman correlation between scaffold stiffness and transduction
efficiency. Data are represented as the mean ± SEM. Statistical analysis was not completed for (C) or (E).
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Fig. 3 Impact of porosity and stiffness on Drydux transduction efficiency varying freezing temperature and alginate concentration. (A) Photographs
of scaffolds with corresponding SEM images and average pore sizes. (B) Quantification of retroviral transduction efficiency against primary human T
cells for each alginate-temperature combination with significance shown between differing temperatures; *p < 0.0001 with all other p-values < 0.05
indicated on plot; concentrations used were ∼5000 cells per µL and ∼10 000 viruses per µL; n = 3 scaffolds per group; two-way ANOVA with Tukey
correction used to determine significance. See ESI Fig. 4† for significance between differing alginate concentrations. (C) Quantification of scaffold
pore size using a minimum of 10 pores per scaffold. (D) Spearman correlation between scaffold pore size and transduction efficiency. (E)
Quantification of Young’s modulus of each scaffold; n = 3 scaffolds per group. (F) Spearman correlation between scaffold stiffness and transduction
efficiency. Data are represented as the mean ± SEM. Statistical analysis was not completed for (C) or (E).
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primary human T cells and 16 000 particles per µL retrovirus
particles (MOI = 4) onto the scaffold by either spreading the
volume around the entire surface area or by seeding the

volume in a single location [ESI Fig. 7A†]. As expected, liquid
spread across the whole surface of the scaffold was absorbed
faster and produced significantly higher transduction efficien-

Fig. 4 Impact of seed volume on Drydux transduction. (A) Live-images of scaffold absorbing 20 µL of cell–virus solution. (B) Images of scaffolds
24 hours after absorbing different volumes of cell–virus solution. (C) Quantification of transduction efficiency for each seed volume. (D) Kinetics of
absorption for each seed volume. (E) Spearman correlation between absorption rate and transduction efficiency. (F) Calculated volumetric flux of
different seed volumes. (G) Spearman correlation between volumetric flux and transduction efficiency. Data are represented as the mean ± SEM;
concentrations used were ∼2000 cells per µL and ∼4000 viruses per µL; n = 3 scaffolds per group; one-way ANOVA was used to determine
significance.
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cies than the same volume added in a single location of the
scaffold [ESI Fig. 7B†]. These results confirm that scaffold
surface area can be used to control the absorption rate of the
cell–virus solution to influence Drydux transduction.

Computational model confirms porous structure is critical to
transduction efficiency

The above results suggest that liquid flow through the scaffold
during absorption governs Drydux transduction. To better
understand the possible mechanism behind this observation,
we computationally simulated fluid flow through the scaffold.
We hypothesized that liquid flow through the scaffold must
increase the number of cell–virus collisions and that higher
flow rates lead to a higher probability of collisions, thereby
improving transduction [Fig. 5A]. Scaffold flow was simulated
in Ansys Fluent v21 using the Discrete Particle Method and
Computational Fluid Dynamics. Viruses (radius = 5 × 10−8 m)
and cells (radius = 3.5 × 10−6 m) were modeled as hard spheres
flowing under three scenarios: stationary fluid, uniform
unbounded flow, and flow through a scaffold pore [Fig. 5B]. In
accordance with previous data we collected on pore geome-
try,11 we modeled the scaffold pore geometry as overlapping
and interconnected spheres of radius 7.5 × 10−5 m that are
spaced 1.3 × 10−4 m apart center-to-center [Fig. 5B]. Periodic
boundaries were applied to a representative elementary
volume of the geometry to approximate the numerous pores
present in the scaffold. The volumetric flux of the flow was
varied (1.5, 3.0, 6.0, and 30.0 µL min−1 cm−2) to represent the
experimental volumetric fluxes of different seed volumes into
the scaffold pores as reported in Fig. 4F. The flow solution for
a time period of 60 s was computed by numerically solving the
incompressible Navier–Stokes equations. The particle trajec-
tories were tracked from an initially random distribution using
a one-way coupling with the flow solution since the particles

occupy less than 0.1% of the liquid by volume. The particle
model includes drag forces on the cell38 and virus39 particles,
Brownian diffusion,40 and lift force under shear.40 When
stationary fluid was modeled, no collisions were observed
between viruses and T cells. In addition, no collisions were
observed in the case of unbounded flow for a volumetric flux
of 1.5 µL min−1 cm−2 and a small number of collisions were
observed for a volumetric flux of 30 µL min−1 cm−2. However,
when modeling flow inside the scaffold pore, the flow velocity
was predicted to increase by a factor of 4 inside of the constric-
tion point [Fig. 5C] when compared to the widest section of
the pore so that the conservation of mass is satisfied. The
increased flow velocity inside the scaffold pore created over a
twentyfold increase in the number of collisions between T
cells and viruses when compared to the unbounded flow
[Fig. 5D]. Furthermore, the number of collisions inside the
scaffold pore consistently increased with the volumetric flux.
The results highlight the importance of the scaffold geometry
in promoting interaction between T cells and viruses during
the transduction process.

Discussion and conclusion

The time-consuming and costly process of creating genetically
modified cells, including CAR T cells, begs for faster and
cheaper technologies to transduce cells. The results of these
studies suggest that dry macroporous alginate (Drydux)
scaffolds can improve viral T cell transduction and other hard-
to-transduce cells. In this work, we have further elucidated the
mechanism behind Drydux scaffold function through a study
of the impact of pore size, scaffold stiffness, virus concen-
tration, and absorption volume on transduction efficiency. We
demonstrate that scaffold pore size has a complicated effect on

Fig. 5 Computational model of flow through scaffold pore. (A) Schematic showing activated T cells and virus seeded together onto dry macropor-
ous scaffold. (B) Particle positions at a statistical equilibrium state for uniform unbounded flow (top) and flow inside the scaffold pore at a volumetric
flux of 30 µL min−1 cm−2 (bottom). (C) The flow velocity distribution at the midplane of the scaffold model showing the flow acceleration and decel-
eration in response to the changes in the model geometry. (D) Quantification of the number of collisions per 1 µL per minute for no flow,
unbounded flow, and scaffold pore flow at different volumetric fluxes.
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transduction efficiency and further demonstrate that scaffold
stiffness does not impact Drydux transduction. As expected, we
discovered that more concentrated virus suspensions led to
higher transduction efficiencies, suggesting that in the future
cell–virus solution should be as concentrated as possible for
optimal transduction efficiency. Interestingly, we found a very
strong correlation between absorption speed and transduction
efficiency. Finally, we validated these observations using a
computational model of cell and virus collisions flowing
through a porous scaffold. Based on these results, we propose
that absorption speed and volumetric flux are crucial com-
ponents to Drydux transduction.

From our results, we can conclude scaffold stiffness does
not contribute significantly to Drydux transduction. Scaffold
stiffness has been shown to effect migration and differen-
tiation of cells within the scaffolds, influencing cell infiltration
into host tissues.41,42 Studies have demonstrated that softer
matrices induce higher T cell proliferation and mechanotrans-
duction required for T cell receptor signaling. This is because
softer scaffolds usually have higher porosity and interconnec-
tivity, which promotes more interaction among the cells,
leading to higher T cell transduction.22,29,43,44 However, in
those examples, scaffold stiffness was altered using adherent
cells through cell-adhesion peptides, such as RGD. In the case
of Drydux scaffolds, the unmodified alginate does not present
adhesion ligands to the T cells, which are themselves non-
adhesive cells, likely explaining the lack of impact of scaffold
stiffness on Drydux transduction.

The impact of pore size on transduction was somewhat
unpredictable. We used SEM imaging to determine pore sizes
due to the accessibility and high throughput that SEM
imaging provides. However, SEM only provides surface poro-
sity, so future studies could focus on more rigorous pore
quantification methods, including microCT, Brunauer–
Emmett–Teller (BET) surface area analysis, or porosimetry. We
expected that smaller pores would lead to a larger transduction
efficiency, as scaffolds with smaller pores usually have a larger
porosity and more interconnectivity that allows for greater cell
and virus interaction and enhanced diffusion of nutrients and
oxygen.43,44 Although we observed a significant correlation
between smaller pore size and transduction when changing
the calcium concentration, this correlation disappeared when
the pore size was controlled by freezing temperature. We
suspect that pore size may still play an important role in cell
transduction, but these contradictory results indicate there are
other variables at play and further research is required to
discern these additional factors.

We discovered that transduction using Drydux scaffolds is
likely mediated by the rate of absorption of the cell–virus solu-
tion into the scaffold, and our future studies aim to further
investigate this hypothesis. The volume of liquid absorbed
into the scaffold was inversely proportional to the absorption
rate. We suspect this effect is mediated by drag forces of liquid
flowing through the interconnected pore structure. Liquid
quickly enters the pores due to the hygroscopy of the material.
For smaller volumes, the whole volume flows freely without re-

sistance. However, when larger volumes are used, the first
volume of liquid absorbed into the scaffold wets the pores and
provides drag, impeding the next volume of liquid from freely
entering the scaffold and slowing down absorption. The decrease
in overall flow rate leads to reduced transduction efficiency.

An alternative explanation for the relationship between
volume seeded and transduction efficiency is that liquid
absorbs not only into the pores of the scaffold, but also into
the walls, decreasing the effective volume and further concen-
trating cells and virus. Since the final concentration of cells
and virus inside the scaffold after absorption is not known,
this possibility cannot be excluded. Future studies could inves-
tigate the inter-relatedness of liquid absorption, liquid
volume, and final cell–virus concentration inside the scaffold.

Sharei et al. previously reported that shear stress on cells
squeezed through a microfluidic constriction transiently
creates holes in the cell membranes, allowing transduction to
occur.45 Although we considered this theory for the Drydux
system, the pores are too large to cause this shear stress on the
cells. Instead, we believe that transduction is determined by
cell–virus collisions due to Brownian motion, fluid convection,
and other influences.

In the computational model, interactions between ran-
domly dispersed T cells and viruses are governed by their rela-
tive motion. There are four possible sources of relative motion
in the flow inside the scaffold: Brownian diffusion, drag forces
on the differently sized T cell and virus particles, pressure gra-
dients caused by the pore geometry of the scaffold, and
Saffman lift due to shear at the scaffold wall. Since no col-
lisions were observed in a stationary fluid, we believe that
Brownian diffusion alone is not sufficient to cause the par-
ticles to collide. Substantial increases in the cell–virus col-
lisions was observed only in the case of the flow through the
scaffold model. The interconnected pore geometry of the
scaffold causes acceleration and deceleration of the flow in the
converging and diverging sections of the geometry, respect-
ively. The drag force on the particle is directly related to the
velocity difference between the particle and the fluid, which in
turn accelerates the particle in response to the acceleration of
the fluid. The different laws governing the drag forces acting
on the microscale cells and the submicron viruses, along with
the inertia of the particles, causes relative motion between the
virus and cell particles. In addition, the highest particle flux is
experienced near the constriction point in the scaffold pore,
which has the smallest cross-section area. For a volumetric
flux of 30 µL min−1 cm−2, the particle flux at the constriction
point is 2.8 times higher than at the widest section. In this
case, over 75% of the collisions take place in the converging
section of the scaffold pore.

One promising conclusion from these studies is that
Drydux transduction is a robust process that remained
efficient across a wide array of alginate concentrations,
calcium concentrations, and freezing temperatures. The robust
nature of the system gives more credence to the possibility that
Drydux scaffolds can find utility in the production of cellular
therapies and specifically benefit CAR T cell therapies for solid
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tumors, where tuning scaffold mechanics to the mechanics of
the surrounding tissue could improve the success of treat-
ment. This becomes highly important when treating specific
solid tumors, such as glioblastoma, where matching the
scaffold stiffness to that of the brain can effect cell viability,
migration, and infiltration into surrounding tissues.41,42
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