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Dry, transduction biomaterial scaffolds (Drydux) represent a novel platform for enhancing viral transduc-
tion, achieving drastic improvements in transduction efficiency (from ~10% to >80%) while simplifying
production of potent genetically engineered cells. This technology addresses a critical bottleneck in cell
therapy manufacturing, where conventional methods require complex protocols and often yield subopti-
mal results. However, the underlying material science driving Drydux-enhanced transduction remains
unclear. Here, we comprehensively assess biomaterial properties that influence viral transduction
enhancement through systematic testing of polysaccharides, proteins, elastin-like polypeptides (ELPs),
and synthetic polymers. Our findings reveal that surface porosity and liquid absorption are primary drivers
of transduction enhancement, while polymer charge and flexibility play secondary roles. Negatively
charged and flexible materials—particularly gelatin, hyaluronan, and alginate—demonstrated superior per-
formance. Notably, despite promising material characteristics, synthetic polymers failed to enhance trans-
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duction, highlighting the unique advantages of specific biomaterial compositions. By elucidating these
structure—function relationships, this work establishes design principles for optimizing biomaterial-
enhanced transduction and expands the Drydux platform’s potential for transforming cell therapy manu-
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Introduction

Biomaterial scaffolds are a powerful tool for producing trans-
formative genetically engineered cells that can be harnessed as
research tools as well as potent therapeutic agents against
cancer™” and genetic disorders.>® Genetically engineered cells
represent a transformative therapeutic platform, but current
approaches remain limited by inefficient viral transduction
methods. Current approaches face a critical trade-off: highly
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facturing, regenerative medicine, and beyond.

efficient methods like spinoculation and microfluidics require
cumbersome workflows and specialized equipment while sim-
plified mixing protocols yield poor transduction rates.®”

To address this need for improved virus transduction
enhancement, we recently developed Drydux, a biomaterials-
driven “dry transduction” platform that achieves both simpli-
city and efficiency. Drydux dramatically improves transduction
rates across multiple cell and virus types,®° leading to their
recent commercialization by Takara Bio. These scaffolds show
particular promise in chimeric antigen receptor (CAR) T cell
manufacturing, where they were incorporated into a one-day,
all-in-one, implantable CAR T cell manufacturing and delivery
device."""?

Drydux has proven effective as both a reagent and thera-
peutic device, but the underlying mechanism driving its
success remains unclear. Our initial studies identified liquid
absorption and macroporosity (80-230 pm pores) as key func-
tional parameters.>® However, since these studies focused on
alginate, they explored a limited chemical and materials space.
Investigating the transduction potential of materials beyond
alginate could help identify chemical properties underpin this
new biomaterial phenomenon.
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In this report, we systematically investigate how diverse bio-
material properties — including polymer composition, charge,
hydrophilicity, and pore structure — influence cell transduction
efficiency. By evaluating a broad panel of scaffolds against con-
ventional mixing methods, we aim to uncover the fundamental
material science behind Drydux transduction enhancement.
Overall, the results strongly support the role charge, polymer
strand conformational freedom and liquid absorption in trans-
duction and establish design principles for next-generation
biomaterials to accelerate the development and manufacturing
of cell-based therapeutics across many disease applications.

Materials and methods
Scaffold synthesis

Saccharides. Alginate scaffolds were prepared as previously
reported.®*° Briefly, ultrapure alginate (Pronova, MVG) was
dissolved in deionized (DI) water for at least one hour before
being mixed with an equal volume of 0.4% w/v of calcium-b-
gluconate solution for 15 min. The final solution was made to
have alginate concentrations that were either 1% w/v or 2% w/v
with a calcium concentration of 0.2%. Hyaluronan (LifeCore
Biomedical) scaffolds were prepared by dissolving hyaluronan
in DI water to create 1% and 2% w/v solutions. Agarose
(Millipore Sigma) scaffolds were prepared by heating DI water
to 80 °C and then mixing in agarose to create solutions
ranging from 0.25-2% w/v. Chitosan scaffolds were made by
stirring chitosan (Milipore Sigma) in an 4% acetic acid solu-
tion at 80 °C overnight to create solutions with a 1% or 2% w/v
concentration. The resulting mixtures were cast in 48-well non-
coated tissue culture plates (Corning) at 600 pL per well and
frozen at —20 °C overnight. The frozen scaffolds were lyophi-
lized for 72 hours before being removed, packaged with desic-
cants and stored at 4 °C until used.

Proteins. SpongeCol wafers (Biomatrix) were purchased
directly from the manufacturer. Collagen scaffolds were made
from Type I bovine collagen solution (Biomatrix, Purcol). 1%
w/v scaffolds were directly cast into 48-well non-coated plates
while 0.5% solution was achieved by diluting in 1x Dulbecco’s
phosphate buffer solution (Gibco) before being cast. Gelatin
scaffolds were made by dissolving gelatin in DI water, heating
to 70 °C to achieve final concentration of 1% or 2% w/v before
being sterile filtered (0.22 pm Steriflip) and then -cast.
Fibrinogen scaffolds were made by diluting human fibrinogen
—plasminogen, von Willebrand factor, and fibronectin
depleted (Enzyme Research Labs)—with ultrapure water.
Fibrin scaffolds were made by combining the human fibrino-
gen solution, 1x HEPES buffer, and 5 U mL™" of human
a-thrombin (Thermo Fisher Scientific) and allowed to polymer-
ize for 2 hours. All protein scaffolds were cast into a 48 well
plate at a final volume of 600 pL. The scaffolds were frozen
overnight at —20 °C and lyophilized for 72 hours. Dry scaffolds
were packaged with desiccants and stored at 4 °C until used.

ELPs. Elastin-like polypeptides (ELPs) were synthesized as
previously described."®™* Briefly, genes encoding ELP1-5 were
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synthesized from commercial oligomers (IDT Inc.) and cloned
into the pET-24A+ vector. These were recombinantly expressed
in BL21(DE3) E. coli cells, which were inoculated from frozen
DMSO stocks and cultured in TB media with kanamycin
(Millipore). Cultures for ELP1-4 were grown for 8 h at 37 °C,
while ELP5 cultures were maintained at 25 °C. After induction
with 2 mM IPTG (Goldbio), ELP1-4 cultures were grown over-
night at 37 °C, and ELP5 at 16 °C. Cells were then pelleted and
lysed via sonication on ice (3 min: 10 s ON, 40 s OFF)
(QSonica, Newtown, CT). Nucleic acids were removed by pre-
cipitation with 0.7% w/v aqueous PEIL. The supernatant was
heated above 55 °C for 10 minutes to induce ELP phase separ-
ation, precipitating contaminants. The mixture was then
cooled to 4 °C, allowing ELPs to dissolve while leaving con-
taminants insoluble. The supernatant underwent 2-3 rounds
of inverse transition cycling with 3 M NaCl above 55 °C for
further purification. Purified ELPs were dialyzed against water
for 72 h, lyophilized, and stored with desiccants until scaffold
synthesis.

ELP scaffolds were prepared by dissolving the peptides in
sterile DI water to the desired concentration, stirring in an ice
bath. The solutions were cast in 600 pL volumes in an
untreated 48-well plate, frozen at —20 °C, and lyophilized for
72 h. Dry scaffolds were stored at 4 °C with desiccants until
use.

Synthetics. Acrylamide scaffolds were made through radical
polymerization at low temperatures. Briefly, acrylamide solu-
tions were prepared by dissolving 800 mg of acrylamide and
200 mg of methylenebisacrylamide into DI water for a 5% w/v
total monomer concentration. This solution was then degassed
and chilled at —20 °C till solution started to freeze. While on
ice, 22 mg of ammonium persulfate and 19 pL of tetramethyl-
ethylenediamine were then added to a stirring solution and
allowed to mix for one minute before being cast into a chilled
48 well plate resting on an ice in ethanol bath. The plate was
then moved to —20 °C and left overnight. Polyurethane
scaffolds were synthesized as previously describe.'® Briefly,
polyurethane scaffolds were fabricated through a reactive
liquid molding process. Briefly, a PEG-based thioketal diol was
mixed with a pore opener (calcium stearate), catalyst
(TEGOAMIN33), blowing agent (water), and a pore stabilizer
(sulfated castor oil) for one minute at 3300 rpm in a Speed
Mixer. Lysine triisocyanate was added to this solution, mixed
for an additional minute at 3300 rpm, and cured at room
temperature overnight. The set polyurethane foams were sec-
tioned into 6 mm scaffolds and washed with ethanol three
times to remove unreacted components. The washed scaffolds
were vacuum-dried and stored at room temperature until use.
Strataprene scaffolds were made via a salt fusion technique."”
Briefly, salt particles were sifted to a size range of 300-400 pm.
The salt porogen particles were then lightly compacted and
vapor-fused in a cylindrical Teflon mold using humid air as
the vapor solvent for the salt particles. Strataprene solutions
were prepared by dissolving 20 g of Strataprene pellets in
80 mL of dichloromethane, then carefully dripped onto the
fused salt block. Subsequent removal of the fused salt matrix

This journal is © The Royal Society of Chemistry 2025
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resulted in a highly interconnected porous foam structure of
Strataprene polymer.

Blends. Alginate-acrylamide interpenetrating network
scaffolds were made by first dissolving 200 mg of ultrapure
alginate, 800 mg of acrylamide and 200 mg of methyl-
enbisacrylamide into 10 mL of ultrapure DI water. Once dis-
solved, the solution was degassed and chilled till solution
started to freeze. While on ice and under nitrogen gas, 10 mL
of 0.4% calcium gluconate was added and mixed for
15 minutes to fully incorporate, creating 1% alginate, 0.2%
calcium gluconate, and 5% total acrylamide monomers
scaffolds. Then ammonium persulfate (22 mg) and tetra-
methylethylenediamine (19 pL) were added and stirred for one
minute. The solution was cast into a chilled 48 well plate
resting on an ice in ethanol bath then placed at —20 °C over-
night before being lyophilized for 72 hours. Scaffolds were
stored at 4 °C with desiccants till used.

Virus production and functional titer

GFP y-retrovirus was produced using a stably transfected
FLYRD118 packaging cell line. Functional titers were deter-
mined by transducing 1 million Jurkat cell using Drydux
scaffolds in 50 pL dilutions of concentrated virus. Dilutions
that result in 10-40% GFP" cells were used to calculate the
viral functional titer using the following equation and then
averaged together: titer (TU mL™") = (cell number used for
infection x percentage of GFP' cells)/(virus volume used for
infection in each well x dilution fold).

Scanning electron microscopy

All scaffolds were analyzed on a Hitachi SU3900 variable
pressure scanning electron microscope. Samples were analyzed
at 70 Pa with a nitrogen backfill gas. Images were captured
using the ultra-variable detector with a 20 kV accelerating
voltage. Assessment of the scaffold porosity was performed on
the top surface and was qualitative. Descriptions of alginate
pores being well-connected and distributed throughout the
surface and body of the scaffold are established by previous lit-
erature.'® SpongeCol also has an established record as a
columnar material.'"® Remaining materials surface porosity
have been assigned either as being “distributed”, “limited”,
“fiber-like”, or “non-porous”.

Photographs and absorption rate

All photographs and videos were acquired using a Fujifilm
XT-5 mirrorless camera. Videos were acquired at 30 frames per
second at 4k resolution at an f10 aperture setting with auto-
matically determined ISO and shutter speed levels. To quantity
absorption rate, 50 pL of complete cell culture media was
pipetted onto the scaffold and allowed to absorb into the
scaffold until fully imbibed or over two hours had elapsed.
Absorption rates were quantified through frame-by-frame ana-
lysis by calculating the elapsed time between the first droplet
contact with the scaffold until the droplet was fully absorbed.
All videos were analyzed on the same day and were blindly ana-
lyzed a second time on a different day to ensure consistency.

This journal is © The Royal Society of Chemistry 2025
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Transduction screening

Transduction enhancement screening was performed using an
in house produced y-retroviral vector encoding for GFP. This
screening started by first concentrating the GFP retroviral con-
taining supernatant to 2 million transducing units per 50 pL
using Amicon centrifugation filters (MWCO 100 KkDa,
Millipore) at 1500 g in a swinging bucket rotor. 50 pL of this
concentrated supernatant was then used to re-suspend a pre-
pared cell pellet containing 1 million Jurkat cells. This cell and
virus suspension was then added directly to each scaffold in 24
well plate or directly onto the culture plate (no scaffold
control) using a pipette. A no virus control was prepared by re-
suspending 1 million Jurkat cells in 50 pL of complete media
only and added directly to the plate. The cell-virus suspension
was allowed to incubate for at least 20 minutes before 1 mL of
complete cell culture media (RPMI 1640 with r-glutamine
(Gibco), supplemented with 10% w/v of fetal bovine serum
(Corning) and 100 U mL™" penicillin (Gibco), and 100 pug mL ™"
streptomycin (Gibco)) was added to each well. After 72 hours,
cells were isolated from each scaffold by washing excessively
with DPBS. Agarose, collagen, fibrinogen, and synthetic
scaffolds required mechanical dissociation in a 40 pm cell
strainer—leading to slightly lower cell recovery. All other
scaffolds were dissolved through hydration, resulting in near-
complete cell recovery. The cells from the scaffold were com-
bined with any cells in the culture media, washed twice with
DPBS, stained with anti-human anti-CD3 antibody (BD
Biosciences, APC-Cy7) and live/dead stain (Sytox AADvanced,
Fisher Scientific) according to manufacturer’s protocol, filtered
and prepared for flow cytometry.

Flow cytometry

All samples were analyzed on Beckman Coulter Cytoflex with a
minimum of 5000 CD3" events acquired per sample. All events
were gated on Jurkat cells by FSC, FSC singlets, viable cells,
CD3", and then GFP" (ESI Fig. 61). Fluorescent intensity data
was analyzed on the final GFP' population. Analysis of data
was performed using Flow]Jo.

Statistical analysis

All statistical analysis was performed using GraphPad Prism. A
one-way ANOVA with Dunnett’s multiple comparisons refer-
enced to the no scaffold control was performed unless other-
wise noted. A p-value < 0.05 as compared to no scaffold control
was taken as significant and denoted with *.

Results

Surface porosity predicts saccharide scaffold transduction
enhancement

Polysaccharides are commonly used in the biomaterials field
due to their biocompatibility and diverse applications in regen-
erative medicine, drug and cellular delivery, 3-D cell culture,
and wound healing. Among these, alginate,®'*>"'%!
hyaluronan,®** chitosan,*>® and agarose**”*' are some of
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the most common materials, many of which have been used in
clinical products.** Our previous work with Drydux centered
on calcium-crosslinked alginate scaffolds. Here, we explored
whether other polysaccharide scaffolds would similarly facili-
tate transduction. Cryogel scaffolds of each polymer were pro-
duced through freezing 1% and 2% weight-to-volume (w/v)
polymer solutions and lyophilizing the frozen mixtures. All the
tested polymers were successfully fabricated into dry scaffolds
(Fig. 1A). Scanning electron microscopy (SEM) of the scaffold
surfaces revealed diverse pore structures (Fig. 1B). Alginate and
hyaluronan scaffolds had a distributed surface porosity with
thin dividing walls. Agarose (1% and 2%), on the other hand,
had no surface porosity. Interestingly, this non-porous surface
obscured an internal porous structure that was arranged in
channels within the scaffold (ESI Fig. 1 and 2t). SEM of chito-
san revealed a limited surface porosity with distinct, isolated
pores surrounded by thick, non-porous walls (Fig. 1B).
Observations of a 50 pL liquid droplet absorbing into the
scaffolds revealed strikingly different behaviors (ESI Videos
1-81 and Fig. 1C) between the tested cryogels. On the 1% algi-
nate, the liquid droplet initially sat on top of the scaffold and
slowly absorbed into the scaffold over the course of ~9 min
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(~5.5 pL min™"). The scaffolds remained intact and only
slightly constricted in response to the entering liquid droplet.
The 2% alginate absorbed all the liquid within three minutes
(~20 pL min~") and slightly collapsed at the location of the
droplet over the course of ~15 min. The agarose scaffolds had
markedly higher absorption rates (~700 pL min~") with the 2%
scaffold maintaining its shape and the 1% scaffold experien-
cing ~50% constriction over the course of 1 min. In sharp con-
trast, the hyaluronan scaffolds fully dissolved over the course
of approximately 3 min with the initial absorption completing
within ~20 s (~300 pL min~"). The 1% chitosan scaffolds had
the fastest absorption rates at ~3000 pL min~" and constricted
to roughly one-third of their original size over the course of
1 min. 2% chitosan scaffolds had an absorption rate of
~150 pL min~" and constricted by roughly 50%.

To test transduction enhancement with these scaffolds
(Fig. 1D), Jurkat cells (1 million) were mixed with GFP-encod-
ing y-retrovirus (2 million transducing units) in 50 pL of media
and pipetted onto each scaffold. For negative controls, the
same solution was pipetted directly onto a culture plate
without a scaffold. 2% chitosan scaffolds were excluded from
the analysis due to low cell recovery and low cell viability. All
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C E
1054 6 5
. 3 | [ 1= | —
£ i - 2 £
| 3 ©
EX 103 ? § ;ﬁ 3 4= :-.L! °
g 10 + o EBe +
o . $ g9 1| o e &
2 102 & Gao . ¥
g 59821
s ™ g °E ol
3 ¥ E 8 1™
= X = X
100 0
1 | 1 LI 1T 17T 1T 1T 1T'1 1 I° IQ I° I° I° Ic I0 I0
K ,§\° e ,§\° o ,§\° o ,§\° & 6‘6 R ,§\° P ,f\" K ,§\° o ,§\° o\b K ,\9\ N ,13\ R ,{3\ K ,f\
L1 L L SES L1 LJd Ld S S Ny Yy
N & S S S0 & & & o &S & N &
& R .&Oc;o BN © & S & S & 6\0 < _‘\@'—, &
P S & & CE A 4 O
N N )

Fig. 1 Saccharide scaffolds mediate viral transduction. Representative (A) photographs of the whole scaffold and scanning electron microscopy
(SEM) images of each scaffold’s surface (B), highlighting the diverse microstructures that give rise to overall similar macroscale scaffolds. The bumps
on the tops of select scaffolds are artifacts of the freezing process and do not impact scaffold behavior. (C) All the absorption rates were above 5 pL
min~! but ranged across four orders of magnitude. (D) All teseted scaffolds improved transduction efficiency over mixing the virus and cells together
without a scaffold. 2% chitosan was excluded due to low cell recovery and high levels of cytotoxicity (X). (E) Median fluorescent intensity data of the
GFP* CD3* subset of cells. All data was analyzed with a one-way ANOVA with Dunnett's multiple comparisons test. A p-value < 0.05 as compared to

no scaffold control is denoted by *.
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the scaffolds facilitated improved transduction compared to
the no scaffold control (p < 0.05). However, there was a range
of transduction enhancing capabilities with the transduction
results closely following the surface characteristics observed in
the SEM. The scaffolds with distributed surface porosity (algi-
nate and hyaluronan) resulted in the highest transduction
(~78%) while the limited surface porosity of 1% chitosan
resulted in slightly decreased transduction enhancement
(~56%) and the non-porous surfaces of the agarose scaffolds
resulted in the lowest transduction enhancement (~20%).

There was no clear relationship between polymer concen-
tration and transduction results. In all cases, the transduction
enhancement of the 1% and 2% concentrations of each
material were similar despite differences in observed structural
and absorption characteristics.

Protein expression within the transduced population is an
alternative readout of the extent of each material’s transduc-
tion enhancement (Fig. 1E). Hyaluronan-seeded cells had a
fluorescence intensity similar to cells from alginate samples,
mirroring their similar overall transduction efficiencies
(Fig. 1D). Interestingly, 1% chitosan and 1% hyaluronan-
treated cells had similar intensity values despite their 20-per-
centage point difference in transduction efficiency. These
results indicates that a material’s enhancement of the percent

SpongeCol  0.5% collagen 1% collagen 1% gelatin

2% gelatin
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of cells that are transduced could be decoupled from the
amount of virus particles transducing individual cells as
measured by the MFI of GFP' cells. This observation may
prove useful for achieving further improvements in transduc-
tion percentages while modulating the vector copy number in
transduced cells.

Protein scaffold concentration modulates transduction

Protein-based scaffolds are a common alternative biomaterial
with wide utility in tissue engineering and regenerative
medicine.***° We tested a panel of protein-based scaffolds
(Fig. 2A) for absorption and transduction. SEM imaging
(Fig. 2B) revealed that the gelatin and 1% collagen scaffolds
had distributed surface porosity with thin walls. The commer-
cially available collagen-based SpongeCol scaffolds were
thinner (1 mm total height) compared to the other scaffolds
(4-6 mm total height) and had larger (~500 pm), column-like
pores. The fibrinogen and 0.5% fibrin scaffolds had a fiber-
like surface appearance interspersed with large void areas
rather than true distributed pores. The 2% fibrin scaffolds had
distributed, small surface pores (<20 pm).

The protein scaffolds exhibited a wide range of absorption
speeds and behaviors with the higher concentration scaffolds
consistently requiring more time for absorption (Fig. 2C and
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Fig. 2 Gelatin scaffolds mediated transduction more efficiently than other protein scaffolds. Representative photographs of the dry scaffolds (A)
and SEM (B) highlight the differences in microscale structure that creates similar macroscale scaffolds. Imperfections in photographed scaffolds are
due to the removal process from the plate for photography and were not present in scaffolds evaluated for transduction enhancement. (C)
Absorption rates for the protein scaffolds occupied a wide range with outliers on both the high and low end. (D) The transduction efficiencies high-
light the dramatic difference between the scaffolds of various materials. (E) Fluorescence median intensity data of the GFP* CD3™* cell population
reveals clear differences between the scaffolds. All data was analyzed with a one-way ANOVA with Dunnett’s multiple comparisons. A p-value < 0.05
as compared to no scaffold control is denoted with *.
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ESI Videos 9-171). The collagen-based scaffolds absorbed the
liquid fastest with commercially available SpongeCol having
the highest absorption rate followed by 0.5% and then 1% col-
lagen scaffolds. These collagen scaffolds generally constricted
between 30% and 50% of the initial scaffold size. The 0.5%
fibrinogen scaffolds were completely dissolved by the liquid
within approximately 5 min, while only the middle portion the
2% fibrinogen scaffolds were dissolved leaving a bowl-like
structure remaining. The gelatin scaffolds—both 1% and 2%
—had a ~9 pL min™" absorption rate (requiring roughly 6 min
to absorb) and maintained their macrostructure with minimal
constriction. The 0.5% and 2% fibrin scaffolds required
~12 min and over 30 min, respectively, to absorb the droplet,
resulting in the slowest observed absorption rates (~4.5 and
~1.5 pL. min™").

We next tested these scaffolds for their ability to facilitate
cell transduction (Fig. 2D). Only a subset of protein scaffolds—
collagen, gelatin, and fibrinogen—significantly enhanced cell
transduction compared to the no scaffold control. Of these,
1% and 2% gelatin scaffolds mediated the highest transduc-
tion, with over an 8-fold increase over the no scaffolds control.
1% collagen had the next highest transduction enhancement
with a 5.7-fold increase over the no scaffold control.
Interestingly, all the in-house synthesized collagen scaffolds
outperformed the commercially available SpongeCol, poten-
tially due to the differences in thickness and pore structure.

In all the tested cases in which a protein scaffold mediated
transduction, the higher concentration outperformed the
lower concentration. For instance, doubling the collagen con-
centration resulted in an approximate doubling of the trans-
duction efficiency while for the fibrinogen a 4-fold increase in
concentration resulted in 1.5-fold increase in transduction.
The gelatin scaffolds also followed this trend with the 2%
scaffold slightly outperforming the 1% scaffold. However,
since both scaffolds already facilitated high levels of transduc-
tion, the observed difference between 1% and 2% gelatin is
not statistically significant.

Looking at median fluorescence signal among the trans-
duced cells, several interesting effects were noted (Fig. 2E). In
the case of gelatin, the differences between the 1% and 2%
scaffolds were more pronounced. Surprisingly, despite 1%
gelatin producing a higher percentage of transduced cells than
2% fibrinogen, the two materials had virtually identical fluo-
rescence intensities of their respective transduced -cells.
Moreover, the 2% fibrinogen scaffolds had double the fluo-
rescence intensity of 1% collagen, despite having half of its
transduction efficiency.

ELP scaffold transduction is construct dependent

We next investigated Elastin-like polypeptides (ELPs), whose
unique phase transition has attracted significant attention in
the biomaterial world for a variety of applications.*""** ELPs
offer the ability to control the material properties such as
hydrophobicity, charge, stereochemistry, and molecular weight
through genetic encoding®' with precise control that is often
not possible with synthetic materials. These qualities make
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ELPs intriguing materials that may help in understanding
materials-driven transduction. ELPs of various constructs
(Fig. 3A) were processed into dry scaffolds through cryogelation
and lyophilization (Fig. 3B). Scaffolds’ surfaces were character-
ized by SEM imaging (Fig. 3C). We identified these constructs
based on their wide hydrophobic score and native charge—
negative to neutral to positive.

Despite having similar macrostructures in scaffold form,
the ELP scaffolds had dramatically different surface mor-
phologies. ELP-5 had distributed surface pores that resemble a
honeycomb while the remaining constructs had fiber-like
surface appearances. ELP-3 and 4 both had limited to no
surface porosity while ELP-2 had fiber-like regions inter-
spersed with non-porous regions. ELP-1 had a fiber-like
surface that resembled a web rather than pores, creating an
accessible network from the top surface.

ELP scaffolds showed broadly similar liquid absorption
rates, despite their varied surface structures (Fig. 3D and ESI
Videos 18-22%). ELPs 1-4 absorbed the droplet in <10 s
(>300 pL min~") and completely dissolved into the droplet in
1 min. ELP-5 showed similar behavior, but on a slightly longer
timescale, with initial absorption occurring over ~30 s and full
dissolution over 2 min.

With the exception of ELP-5, ELP constructs significantly
enhanced cell transduction (Fig. 3E). ELP-1 had the highest
transduction (~72%). ELP-5 failed to enhance transduction
above the no scaffold control despite being the only construct
having distributed pores across its surface. In the fluorescence
intensity data, ELP-1 again resulted in the greatest difference
compared to the no scaffold group (Fig. 3F). Interestingly,
despite ELPs-2-4 significantly enhancing transduction over the
no scaffold control, their fluorescence intensities were not sig-
nificantly different than the no scaffold control.

To confirm that the seen effects were not due to the specific
polymer concentration, the experiment was repeated with
0.25% wi/v polymer solutions and revealed the same trends,
albeit with lower overall transduction (ESI Fig. 21).

Covalent, synthetic polymers fail to mediate transduction

Synthetic polymers are another large class of materials with
longstanding use in tissue regeneration and clinical use.**™*®
We synthesized dry, porous scaffolds from acrylamide, poly-
urethane, and Strataprene—a linear polyester copolymer
(Fig. 4A). The SEM surface morphology assessment (Fig. 4B)
reveled strikingly different surface topologies than other evalu-
ated material. Acrylamide and Strataprene had more limited
surface porosity characterized by an irregular, undulating
surface with void areas/crevices interspersed rather than dis-
tinct pores. Polyurethane scaffolds had distributed surface
pores that were larger and more basin-like.

Absorption properties (Fig. 4C and ESI Videos 23-257) for
the various synthetic materials varied widely. At the extremes,
acrylamide absorbed the entire 50 pL droplet in under 1 s
(>3000 puL min~') and constricted to ~10% its original size
within ~20 s while the polyurethane scaffolds did not absorb
any liquid over the course of a 2 h incubation time. The
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The absorption rates were highly variable with polyurethane not absorbing any liquid (red X). The transduction efficiency (D) and fluorescent inten-
sity (E) data highlighted that these scaffolds failed to enhance transduction.

Strataprene had an intermediate absorption rate (~40 pL
min~") and did not physically change or mechanically respond
during the absorption process.

All the synthetic scaffolds failed to enhance transduction
(Fig. 4D). Fluorescent intensity data (Fig. 4E) underscored this
point. Interestingly, GFP" cells from the acrylamide scaffold
group had lower GFP intensity. The poor performance of acryl-
amide was initially attributed to low cell viability inside the
scaffolds (ESI Fig. 3At). In order to explore if acrylamide’s poor

This journal is © The Royal Society of Chemistry 2025

performance could be rescued, alginate and acrylamide were
combined into an interpenetrating network scaffold. These
interpenetrating scaffold maintained cell viability, but still
failed to enhance transduction (ESI Fig. 3B and Ct).

Combined assessment of all material types

Grouping all the tested materials together by type revealed the
material-dependent nature of transduction enhancement. For
example, despite each tested saccharide increasing transduc-
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tion, these materials differed greatly in the magnitude of that
increase—ranging from a ~2-fold increase in transduction
efficiency for agarose to a nearly 10-fold increase in the case of
alginate and hyaluronan compared to the no scaffold control
(Fig. 5A). Overall, 17 of the 24 tested scaffolds (representing 11
of 18 unique materials/constructs) mediated transduction sig-
nificantly better than the no scaffold control. 9 of those suc-
cessful 17 scaffolds (representing six unique materials)
resulted in transduction efficiencies >50%. 7 of those 9 (four
unique materials) had efficiencies >70%. These scaffolds are
only a representative subset of each class of material and each
concentration of the selected materials.

Analysis of the top six performing constructs (representing
4 distinct materials) reveals several key structural and chemical
properties that facilitate optimal viral transduction (Table 1).
Alginate, hyaluronan, and gelatin consistently achieved trans-
duction efficiencies above 75%, significantly outperforming
other materials tested. These high-performing materials share
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several characteristics: a highly distributed porous network
with thin walls, liquid absorption rates above 5 pL min™", and
negatively charge side chains. Notably, while all top perfor-
mers exhibited adequate absorption rates, their structural
responses to liquid varied considerably—from complete dis-
solution (hyaluronan) to partial dissolution (gelatin) to
minimal constriction (alginate). This variation suggests that
initial porosity may be more critical than maintaining scaffold
integrity over time. The exceptional performance of ELP-1,
despite its neutral charge, indicates that a web-like fibrous
structure can compensate for the absence of negative charge
when combined with rapid absorption. This analysis supports
our hypothesis that optimal transduction enhancement
requires a combination of surface porosity, absorption
capacity, and preferentially negative polymer charge, while
demonstrating that polymer strand conformational freedom
and dissolution characteristics likely play secondary roles in
the transduction mechanism.
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Fig. 5 Materials mediated transduction is neither universal to dry scaffolds nor specific to alginate cryogels. (A) Grouping all materials in a single
graph by material class enable quick comparison of transduction promotion behavior. (B) Order ranking the materials highlights that alginate, hyalur-
onan, and gelatin are the highest performing materials. Data points from the same material regardless of concentration have the same color for easy
comparison. Bars show statistical significance (p < 0.05) by one-way ANOVA with Dunnett’s multiple comparisons relative to no scaffold control.
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Table 1 Comparison of top six performing material scaffolds. The top six performing constructs represents four distinct materials. Notably five of

the top six have are negative polymers

Transduction Absorption rate Structure after Structure after
Material efficiency (BL min™) Crosslink absorption 72 hours Surface topology Charge
1% alginate 78% 5.4 Ionic Intact Intact Distributed pores Negative
2% alginate 77.6% 20.6 Ionic Intact Intact Distributed pores Negative
1% gelatin 76.6% 9.6 Physical <50% dissolved Dissolved Distributed pores Negative
2% gelatin 80.0% 8.7 Physical <50% dissolved Dissolved Distributed pores Negative
1% hyaluronan 77.6% 361.2 Physical Dissolved Dissolved Distributed pores Negative
2% hyaluronan 70.2% 149.2 Physical Dissolved Dissolved Distributed pores Negative
ELP-1 71.8% 97.6 Physical Dissolved Dissolved Fiber-like Neutral

To assess the translatability of these findings to clinically rele-
vant primary cells, we tested a subset of materials with donor
derived human peripheral blood mononuclear cells (hPBMCs)
under identical conditions used with the Jurkat cells (ESI
Fig. 5t). As evidenced by the decreased transduction efficiency
in all groups, hPBMCs are more recalcitrant to transduction
than Jurkats. Overall, however, the transduction enhancement
trends for hPBMCs mirrors those of Jurkats. High-performing
materials (alginate, hyaluronan) and low-performing materials
(fibrin) with Jurkats maintain their relative positions with
hPBMCs. Interestingly, we do observe some cell-specific differ-
ences, particularly with gelatin scaffolds showing enhanced rela-
tive performance with hPBMCs. This divergence likely reflects
the inherently different transduction barriers in primary cells
compared to immortalized lines. These findings highlight that
material selection becomes even more critical when working
with clinically relevant primary cells. This initial panel with
Jurkat cells narrows the focus to select materials that can then
be investigated for use with clinically relevant cell types.

Discussion

We assessed the ability of a variety of dry, macroporous material
types to mediate Drydux cellular transduction. We produced
representative cryogels from multiple biomaterial classes—poly-
saccharides, proteins, peptides, and synthetics—and found
materials that highly facilitate transduction as well as those that
completely fail to enhance transduction. Our findings confirm
the importance of porosity for transduction and suggest specific
contributions from surface and bulk porosity. In addition, this
work supports previous findings that liquid imbibition is para-
mount to transduction success. While these results complement
our previous findings on the importance of porosity, hygroscopy,
and absorption, they also demonstrate that these qualities alone
are not sufficient to explain material enhanced transduction.
Our results for the first time suggest an important role for other
inherent material properties, including charge. Surprisingly, syn-
thetic materials seemingly all failed to mediate transduction,
even when blended with other successful materials.

This study utilized a y-retroviral vector to assess transduc-
tion efficiency. Viral vectors are particularly relevant as all cur-
rently FDA-approved CAR-T cell therapies employee a viral

This journal is © The Royal Society of Chemistry 2025

vector to deliver the genetic cargo of interest. Future work
could focus on expanding the Drydux phenomenon to nano-
particle systems.

A comprehensive analysis of our current results underscores
the importance of porosity while highlighting its inability to
fully explain materials-driven transduction. In previous publi-
cations with calcium-crosslinked alginate, we reported that
surface porosities ranging from 50-230 pm resulted in roughly
uniform transduction enhancement® while nanoscale porosity
failed to enhance transduction.® Furthermore, this previous
work highlights the importance of constriction points in trans-
duction enhancement.’ Distributed pores provide a greater
number of pathways and constriction points, enabling higher
cell/virus collision frequencies. We propose, however, that
columnar pores do not have the constricted interconnections
that effectively promote cells and virus interactions to drive
transduction. In this report, saccharides and protein scaffolds
followed a trend with distributed surface porosity (e.g. alginate,
gelatin, hyaluronan) enhancing transduction while oversized/
columnar (SpongeCol), and limited (agarose and 0.5% col-
lagen) surface porosity provided limited transduction enhance-
ment. The fiber-like networks in ELP-1-4 still facilitated trans-
duction with the limited surface porosity in ELP-2-4, poten-
tially accounting for their drop in performance. These results
are in line with previous reports 9 that showed decrease of ~10
percentage points in transduction efficiency when alginate lost
its surface porosity but maintained its internal porosity.
However, it should be noted that distributed porosity does not
guarantee successful transduction enhancement. ELP-5, acryl-
amide, and Strataprene, failed to facilitate transduction
despite significant surface porosity. In the future, a fuller
investigation into porosity modes (random v. columnar v.
fibers) as well as pore size and distribution could shed further
light on Drydux transduction enhancement.

The data reveals that the Drydux transduction enhancement
fundamentally requires absorption into the scaffold. The
absorption rate into the scaffold is related to the hydrophilic
properties of the scaffolds as well as its porosity. Across
materials, the absorption rate is neither necessarily indicative
nor predictive of a scaffold’s transduction enhancement capa-
bilities (ESI Fig. 47). Prior work reported a positive correlation
between absorption rate of the cell and virus suspension and
transduction enhancement in alginate scaffolds with rates
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greater than 5 pL min~" resulting in maximum enhancement.’
This overall trend was supported by this report as all success-
ful scaffolds absorbed at a rate above 5.5 pL min~". Alginate,
surprisingly, was one of the slowest absorbing successful
material (Fig. 1C and ESI Fig. 4f). However, the successful
scaffolds had a wide range of rates from 5.5 pL min™" to over
3000 pL min~' with no clear correlation with transduction
enhancement across different materials. While the failure of
some materials, including polyurethanes and 2% fibrin, may
be explained by non-existent or slow absorption, to our sur-
prise, SpongeCol failed to meaningfully enhance transduction
despite having a high absorption rate. While the failure of
some materials, including polyurethanes and 2% fibrin, may
be explained by slow absorption, to our surprise, SpongeCol
failed to meaningfully enhance transduction despite having a
high absorption rate. We attribute this failure to SpongeCol’s
thinness. In addition, SpongeCol presents columnar pores,'®
which lack constricting pore interconnections, which we have
previously tied to transduction enhancement.’ We suggest that
SpongeCol’s shallow, large pores likely mimic standard plate-
based mixing, explaining the limited transduction enhance-
ment. Taken together with 2% fibrin’s small pores and slow
absorption rate, these observations highlight a critical inter-
play between pore size and absorption: pores that are too
small prevent liquid absorption, while pores that are too large
allow the suspension to pass through without proper material
interaction. Future studies could focus on applying liquid onto
scaffolds at different rates and using different suspension
buffers to modulate the scaffold imbibition rates to evaluate
the impact absorption rate has within the context of a single
material.

We did not observe a consistent impact of scaffold absorp-
tion dynamics on transduction enhancement. Among success-
ful enhancers, alginate and gelatin maintained the majority of
their macrostructure with minimal constriction while hyaluro-
nan and ELP-1 completely dissolved into the droplet during
the transduction process. Among poor performers, acrylamide
dramatically constricted and strataprene did not change at all
during the transduction process. Among intermediate trans-
duction enhancers, 2% agarose minimally constricted while
1% agarose, 1% chitosan, and ELPs-2-4, all ranged from 30%
constriction to completely dissolving. These results suggest
that the dynamic response of scaffolds to the liquid during the
absorption process are neither predictive nor indicative of suc-
cessful transduction. Rather, these differing responses may be
the secondary result of differing solubility, crosslinking, hydro-
phobicity, charge, and polymer conformational freedom that
more directly impact transduction. The initial macrostructure
and porous microstructure are important as highlighted by
different results from different surface porosities. However, the
timescale on which maintaining these structures is critical
during transduction is wholly unclear. Future studies could
attempt to understand the timescale at which the macrostruc-
ture and microstructure impact transduction.

Our data also reveal certain outliers that bucked general
trends. For instance, acrylamide scaffolds demonstrated the
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highest absorption rates and had both surface and bulk poro-
sity, yet they dramatically failed to promote transduction.
Although this failure may be attributed to poor cell viability in
the acrylamide scaffolds, blended alginate/acrylamide
scaffolds retained high cell viability with the same absorption
and porosity characteristics to acrylamide and yet did not
enhance transduction. On the other hand, ELPs-1-4 had
limited surface porosity in the form of fiber-like networks, had
high absorption rates and were among the better-performing
transduction enhancing materials. Within the materials that
had both favorable distributed surface porosity and high
absorption rate there are highly differential transduction pro-
moting capacities ranging from ~40% to ~80%, indicating
other material characteristics are contributing to this effect.

Our results for the first time also suggest a role for material
charge in Drydux-mediated transduction. Charge has been a
critical parameter in biomaterials science in a variety of tissue
engineering and immunomodulating contexts both in vitro and
in vivo.*>* In the case of the saccharides and proteins, nega-
tively charged materials—carboxyl-rich alginate and hyaluronan
along with glutamic acid-rich gelatins—resulted in the highest
transduction enhancement relative to the no scaffold group.
Neutral materials within these groups were the worst performing
while positive materials (chitosan) promoted higher levels of
transduction. Material charge may be creating electrostatic
forces between the scaffold and the cells and viruses in suspen-
sion, increasing the likelihood of cell and virus collisions in the
scaffold. Alternatively, rather than playing a direct role, charge
might impact porosity or liquid absorption, thereby influencing
transduction indirectly. Charge, however, is insufficient to fully
explain this effect as demonstrated by the ELP constructs. The
neutral constructs (ELP-1 and ELP-5) were the best and worst
performing constructs, respectively, while the charged constructs
(ELPs-2-4) had intermediate levels of transduction enhance-
ment. This suggests a context-dependent role for charge. In the
ELP context, dissolution and dynamic rearrangement may take
precedent in promoting transduction. Future studies could
directly assess the impact of charge through the use of chemi-
cally modified materials.*

A significant surprise to us was the failure of synthetic
materials to enhance transduction. In the case of polyurethane,
these scaffolds likely failed because they did not absorb the cell
and virus suspension. Absorption into the scaffold and inter-
actions with the material are critically necessary for transduction
enhancement. Strataprene, on the other hand, had similar poro-
sity and imbibition rates to other successful materials but failed
to enhance transduction. This result again highlights the
complex, dynamic nature of the DryDux effect. Strataprene’s
failure might be attributable to the neutral polymer chain in
conjunction with the covalently crosslinked network. Although
acrylamide also failed to enhance transduction, this initially was
attributed to low cell viability within the scaffold. However,
scaffolds made from an interpenetrating network of alginate and
acrylamide failed to enhance transduction despite acceptable
cell viabilities. The failure of this blend highlights that transduc-
tion enhancement is not necessarily an additive characteristic

This journal is © The Royal Society of Chemistry 2025
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but rather arises from the complex interplay of the scaffold’s
material properties.

Overall, we do not have a satisfactory answer to fully explain
the Drydux effect but do suggest some guidelines. Complete
absorption of the cell and virus suspension into the scaffold is
critical. Failure to absorb will result in a failure to enhance
transduction. Additionally, on balance, negatively charged
polymers outperform neutral or positively charged polymers.
Scaffolds with ionic or physical crosslinks outperform co-
valently crosslinked systems, suggesting a role for polymer
strands interacting through dissolution effects.

This report highlights that a variety of materials with differ-
ential transduction enhancement capabilities and physical
properties are available—enabling selection and derivatization
of materials to specific applications. Notably, alginate, gelatin,
and hyaluronan scaffolds are straightforward to produce, facili-
tate high levels of transduction, and have established histories
of clinical use, potentially leading to greater commercial viabi-
lity. Alternatively, materials such as ELPs enable bottom-up
design and customization to be tailored to the desired appli-
cation. These materials provide a foundation from which other
materials can be developed, derivatized, and explored to meet
pressing needs in the clinic.

In conclusion, the results above clearly define the importance
of a holistic materials assessment for design of efficient trans-
duction-promoting reagents and lay the groundwork for further
materials improvements. Transduction enhancement is a
material-specific phenomenon that is impacted by an interplay
of characteristics such as porosity, absorption rate, polymer flexi-
bility, and material charge. Expanding this transduction
enhancement phenomenon to scaffolds of diverse materials pro-
vides a broader set of tools to streamline cellular therapy manu-
facturing as well as create innovative systems to meet clinical
needs in cellular therapies and regenerative medicine.
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