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HEALTH AND MEDICINE

Thermal stabilization of diverse biologics using

reversible hydrogels

Bruno Marco-Dufort’, John R. Janczyz, Tianjing Hu?, Marco Liitolf', Francesco Gatti',
Morris Wolf', Alex Woods?, Stephan Tetter’t, Balaji V. Sridhar?, Mark W. Tibbitt'*

Improving the thermal stability of biologics, including vaccines, is critical to reduce the economic costs and health
risks associated with the cold chain. Here, we designed a versatile, safe, and easy-to-use reversible PEG-based
hydrogel platform formed via dynamic covalent boronic ester cross-linking for the encapsulation, stabilization,
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and on-demand release of biologics. Using these reversible hydrogels, we thermally stabilized a wide range of
biologics up to 65°C, including model enzymes, heat-sensitive clinical diagnostic enzymes (DNA gyrase and to-
poisomerase ), protein-based vaccines (H5N1 hemagglutinin), and whole viruses (adenovirus type 5). Our data
support a generalized protection mechanism for the thermal stabilization of diverse biologics using direct encap-
sulation in reversible hydrogels. Furthermore, preliminary toxicology data suggest that the components of our
hydrogel are safe for in vivo use. Our reversible hydrogel platform offers a simple material solution to mitigate the
costs and risks associated with reliance on a continuous cold chain for biologic transport and storage.

INTRODUCTION

Biologics—defined here as biologically derived complex macro-
molecules used as pharmaceutical products—comprise most new drugs
entering the market, including 8 of the top 10 grossing drug products
globally in 2019 (I). Biologics include peptides, recombinant thera-
peutic proteins, enzymes, monoclonal antibodies, antibody-drug con-
jugates, vaccines, and viral vectors. The specificity and potency of
biologics arise from their macromolecular composition, which pro-
vides chemical diversity and structural complexity (2). This complexity,
however, means that biologics are often susceptible to physical and
chemical deterioration, making them challenging to formulate, store,
and even transport (3). In particular, the bioactivity of biologics is
commonly reduced by thermal fluctuations during storage and transit,
as aggregation, denaturation, and oxidative degradation render them
ineffective (4). To ensure stable bioactivity of biologics, substantial
resources are dedicated to maintaining a continuous cold chain through-
out their manufacture and distribution; in 2020, the overall market
for cold chain services was $17.2 billion and forecasted to rise to
$21.3 billion by 2024 (5, 6). In addition to the economic burden,
failures in the cold chain can lead to devastating consequences for
public health, as in the case for ineffective vaccines (7, 8). Therefore,
enabling ambient-temperature transportation and storage is an at-
tractive strategy to reduce cold chain reliance and to minimize the
associated economic costs and health risks.

Several approaches have been explored to improve the thermal
stability of biomacromolecules (5). Biologics have been engineered
during drug development (9-12) or conjugated to other molecules
(13, 14) specifically to improve thermal stability. While extensive
protection from thermal stresses has been achieved in some cases,
directly altering biologics carries the risk of diminished drug efficacy
and it is often difficult to generalize these successes to other biologics.
Furthermore, additional regulatory approval is required for each
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new formulation. Another method to increase thermal stability is
the removal of the solvent (usually water) from the formulation by
lyophilization (freeze-drying), spray drying, or vacuum foam drying
(15). This creates a solid powder that can be suitable for shipping
without refrigeration (4). However, these drying approaches often
expose the biologics to harsh processing conditions and, in some cases,
the biologics remain susceptible to thermal stresses (16). Because of
this, most freeze-dried formulations require stabilizers—for example,
sugars, such as sucrose or trehalose, and polymers, such as poly(ethylene
glycol) (PEG)—during drying. These excipients slow the loss of bio-
activity by interacting with the biologics to maintain their preferred
hydration state and/or to prevent aggregation (17). Most commonly
used excipients, however, were developed for small-molecule drugs
and were not optimized to stabilize biologics. Recently, advanced
excipients have been developed to increase the thermal stability of
biologics, including through the synthesis of trehalose glycopolymers
(18), the design of random heteropolymers (19), and the use of an-
ionic gold nanoparticles (20). Despite these advances, there are few
available solutions that can effectively stabilize a broad selection of
biologics with little formulation work required. Hence, there is a
pressing need to develop next-generation excipients specifically de-
signed to enhance the thermal stability of a diverse range of biologics.

A complementary and promising strategy to impart thermal sta-
bilization is to immobilize biologics directly within a protective
matrix that holds the molecules in place to resist conformational
changes (5, 21). The biologics can be encapsulated within rigid crys-
talline materials, such as metal-organic frameworks (22-24), silica
(25, 26), or sugar glasses (27, 28), or they can be immobilized within
flexible polymeric matrices, such as hypromellose (29), silk fibroin-
based biomaterials (30, 31), photodegradable hydrogels (32), or
nanoparticle-based supramolecular hydrogels (33). Furthermore,
the polymers comprising the network can be modified with functional
groups that directly interact with regions of the protein, imparting
additional stabilizing effects. Examples include hydrogels functional-
ized with trehalose (34, 35) and protein-adsorbing charged nanogels
(36). One of the major challenges for matrix-based approaches, how-
ever, is to achieve on-demand release of the stabilized biologic from
the protective matrix. Network degradation has been triggered by
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external stimuli such as pH (37) or light (32), but often these sys-
tems are limited by cost and the stimuli themselves can be harmful
to the biologics. Another significant challenge for matrix-based
approaches is to encapsulate biologics under gentle conditions. To
successfully use hydrogels as stabilizing excipients for biologics, we
need to design materials that allow mild encapsulation, effective thermal
stabilization, and facile, on-demand recovery of the biologics.

Therefore, to provide a user-friendly solution for the encapsula-
tion, stabilization, and on-demand release of biologics, we designed
a safe and easy-to-use reversible hydrogel for versatile stabilization
of a broad range of biologics against thermal stress (Fig. 1A). Our
approach was based on the use of dynamic covalent boronic ester—
based cross-links, which readily form under physiological conditions
(Fig. 1B). Boronic ester-based hydrogels have been used as respon-
sive drug delivery systems, as dynamic cell culture scaffolds, and as
sugar-sensing materials (37). Dynamic covalent hydrogels integrate
properties of both chemically and physically cross-linked networks,
enabling the formation of robust yet processable biomaterials that
are self-healing and stimuli responsive (38, 39). Furthermore, the
properties of dynamic covalent networks, such as the gel point, the
plateau shear modulus, and the mechanical relaxation time, are dic-
tated by the molecular behavior of the reversible cross-links (40). In
the case of boronic ester-based materials, the stability of the cross-
links is determined by the local environment, e.g., T, pH, and the
concentration of competitive binders. Thus, on-demand recovery
of the biologics is enabled by the addition of sugars that could dis-
place the diols from the boronic ester cross-links, leading to erosion-
mediated dissolution of the networks (Fig. 1C) (37). As a whole, we
hypothesized that dynamic covalent networks would enable robust
network formation to prevent translation and aggregation of the
biologics while providing a handle for triggered dissolution, release,
and recovery of the biologics.

Using these reversible hydrogels, we thermally stabilized a wide
range of biologics, starting with model enzymes [B-galactosidase (B-gal),
leucine aminopeptidase (LAP), and alkaline phosphatase (ALP)].
Protection was attributed to the formation of polymer networks around
the biologics, which restricted their mobility and physically prevented
them from interacting with each other, reducing aggregation and
bioactivity loss after exposure to heat. Encouraged by these results,
we extended our approach to the thermal stabilization of heat-sensitive
clinical diagnostic enzymes [DNA gyrase and human topoisomerase I
(Top1)] and a protein-based vaccine [recombinant influenza A H5N1
hemagglutinin (HA)]. Last, we demonstrated that gel encapsulation
could be used to thermally stabilize a particularly challenging class
of biologics, whole viruses [adenovirus type 5 (Ad5)]. In total, our
work demonstrates that reversible hydrogels are suitable for the thermal
stabilization of multiple classes of biologics, with little formulation
work required to stabilize each type of biologic (Fig. 1D). Furthermore,
preliminary toxicology data suggest that the components of our hydrogel
are safe for in vivo use. The ability to protect a wide range of biologics,
including vaccines, from thermal stress with a simple material solu-
tion will help to mitigate the risks and costs associated with reliance
on a continuous cold chain during transport and storage.

RESULTS

Fabrication of reversible hydrogels via boronic ester formation
As a strategy to stabilize biologics that allows on-demand release, we
designed a versatile and low-cost reversible hydrogel platform based
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Fig. 1. Thermal stabilization of biologics using reversible hydrogels. (A) The
thermal stabilization platform is based on dynamic covalent boronic ester-based
hydrogels, where boronic acids (yellow) and diols (purple) form reversible boronic
ester cross-links (blue). After encapsulation within the reversible hydrogels, the
stored biologics are protected from thermal stresses. On-demand recovery and
subsequent use of the biologics are enabled by the addition of sugars, which triggers
network dissolution. (B) The reversible boronic ester-based hydrogels were formed
from four-arm PEG macromers (M, ~ 10,000 gmol'1) end-functionalized with a
phenylboronic acid derivative (APBA) or a cis-1,2-diol containing moiety [glucono-
lactone (GL)]. (C) The fractional release of B-galactosidase over time, B-gal(t)/B-galo,
from the PEG-APBA/GL gels [7.5% (w/w)] is modulated by the addition of cis-diol
containing sugars such as mannitol and glucose (100 mg ml™", pH 7.5). The release
rate depends on the magnitude of the equilibrium binding constant, Keqp, be-
tween PEG-APBA and the added sugars (Keg,mannitol = 20 and Keq,glucose = 3) (37).
(D) Reversible hydrogels are suitable for the thermal stabilization of multiple classes of
biologics, including model enzymes, protein-based vaccines, whole viruses, and
clinical diagnostic enzymes with sizes ranging from 10 to 100 nm. For comparison, the
mesh size of the reversible hydrogels, &, is estimated to be 7.5 nm.

on dynamic covalent bonds (Fig. 1A). The reversible hydrogels
were formed from four-arm PEG macromers (M, = 10,000 g mol™)
end-functionalized with a phenylboronic acid derivative (APBA)
or a cis-1,2-diol containing moiety [gluconolactone (GL)] (Fig. 1B).
Upon mixing, robust hydrogels formed quickly (~1 to 10 s) via
boronic ester-based cross-links, with a final shear storage modulus
in the range of G’ = 5 kPa [7.5% (w/w) PEG]. The mechanical prop-
erties of the gels were not significantly affected by the biologic
loading (up to 40 mg ml™; fig. S1, A to C). Furthermore, as the
dynamic covalent cross-links could break and reform under ambient
conditions, the formed hydrogels (both biologic loaded and un-
loaded) were moldable and self-healing, which facilitated process-
ing (fig. S1, D and E).
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Hydrogel dissolution and release of biologics

Critically, the reversible boronic ester cross-links also enabled facile
and on-demand recovery of the biologics, as subtle shifts in the
environmental conditions can transform the material from a stable
network to a soluble melt and back again (40). Biologic release from
boronic ester-based dynamic covalent hydrogels is modulated by
the addition of free competitor diols (such as simple sugars), as
competitive displacement triggers network dissolution and release
of cargo (37). The dissolution (and thus release) rate depends on the
concentration of sugar added and on the magnitude of the equilib-
rium binding constant, Kqp, between PEG-APBA and the added
sugar. Here, dissolution of the gels upon addition of glucose (100 mg ml1™";
Keqp = 3) required much more time (>3 hours) when compared with
mannitol (100 mg ml™; Keq,p = 20), which required <1 hour (Fig. 1C).
Dissolution of the gels without a sugar required >24 hours (fig. S2A).
The dissolution rate also depended on the geometry of the gels. The
dissolution time was reduced from ~1 hour to <10 min by flattening
the moldable gels into disks with an increased surface area—to-volume
ratio (40 pl of gel, 100 mg ml™" of mannitol; fig. S2B and movies S1
and S2). Thus, biologic release could be tuned by selecting different
releasing sugars and gel geometries. On the other hand, biologic re-
lease rates were not significantly affected by the gel volume, the bio-
logic loading, or the dilution factor after release (fig. S2, C and D).
For instance, the time required to recover a B-gal concentration of
10 mg ml™" (4:1 release dilution from a 0.5-ml gel loaded with a B-gal
concentration of 40 mg ml™") or a B-gal concentration of 0.2 mg ml ™'
(50:1 release dilution from a 40-pl gel loaded with a B-gal concentra-
tion of 5 mg ml™") was similar (=1 hour), given the same releasing
sugar and gel geometry (fig. S2C).

Thermal stabilization requires network formation

After establishing the utility of the reversible hydrogels for the en-
capsulation and on-demand release of biologics, we investigated whether
the gels could be used for the stabilization of temperature-sensitive
biologics. We encapsulated B-gal, a commonly used model enzyme
that catalyzes the hydrolysis of B-galactosides into monosaccharides
and is industrially used for the removal of lactose from milk (41).
We hypothesized that network formation in the presence of p-gal would
restrict the movement of the proteins and physically prevent them
from interacting with each other, reducing aggregation, and, hence,
bioactivity loss after heat exposure (Fig. 2A). After 3 days at 50°C,
B-gal activity was reduced to less than 50% activity in unencapsulated
(free) samples, whereas gel-encapsulated enzyme retained greater
than 85% activity (Fig. 2B). Full protection occurred only when the
enzyme was encapsulated within the cross-linked gel. Limited pro-
tection was observed when B-gal was formulated alone with the indi-
vidual gel components (PEG-APBA or PEG-GL; Fig. 2B). Furthermore,
protection was not limited by gel volume or biologic loading. Indeed,
0.5 ml gels loaded with a B-gal concentration of 40 mg ml™" per-
formed as well as the smaller 40 ul gels loaded with a B-gal concen-
tration of 5 mg ml~" (fig. S3).

Network prevents aggregation by restricting the mobility

of the biologics

Network formation was crucial for the thermal stabilization of B-gal.
While the extent of B-gal aggregation in the unencapsulated (free)
samples increased significantly after 1 week at 50°C (Fig. 2C and fig.
S5), no significant difference in the extent of aggregation was ob-
served in the gel-encapsulated samples after 1 week at 50°C (fig. S6).
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Fig. 2. Reversible hydrogels protect biologics from thermal stress. (A) When
unencapsulated (free) biologics are exposed to heat, irreversible aggregation oc-
curs, leading to permanent bioactivity loss. Conversely, gel-encapsulated biologics
are protected from the heat because of the formation of polymer networks around
the biologics, which restricts their mobility and physically prevents them from
interacting with each other, reducing aggregation and thus retaining bioactivity
upon recovery after release from the gels. (B) B-Gal samples were stored for 3 days
at 50°C under the following conditions: with both of the gel components (PEG-APBA
and PEG-GL), with only one of the gel components (PEG-APBA or PEG-GL), and
without any of the gel components. Following storage, B-gal was released from the
samples using mannitol (100mg ml™", pH 7.5; t=2hours) and B-gal activity was
measured and normalized to freshly prepared B-gal. Each plotted data point corre-
sponds to an independent experiment. For each time point, the mean = SEM is
shown. (C) Free B-gal samples (dried and nondried) were stored at 50°C for 1 week.
Following release, the extent of B-gal aggregation in the samples was quantified
using size exclusion chromatography-multiangle light scattering (SEC-MALS).
(D) The diffusion coefficient within the gels, Dy, was determined by monitoring
the fluorescence recovery after photobleaching (FRAP) of gel-encapsulated fluo-
rescein isothiocyanate (FITC), fluorescently labeled bovine serum albumin (FITC-BSA),
and fluorescently labeled dextran (FITC-dextran). (E) The protein-unfolding transi-
tion or the melting temperature, T,,,, of gel-encapsulated and free -gal was determined
using a thermal shift assay involving a fluorescent dye that binds to hydrophobic
surfaces and is quenched by water. By plotting the first derivative of the fluores-
cence emission as a function of temperature, dF/dT, T,,, was determined.

The cross-linked polymer network constrained the mobility of encap-
sulated biologics, regardless of their size (Fig. 2D). The diffusion coef-
ficient of fluorescently labeled bovine serum albumin (FITC-BSA; 66 kDa)
decreased by two orders of magnitude, from 60 um* s™" in the free
state to 0.29 um” s~ in the gel-encapsulated state (42, 43). A similar
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decrease was observed for fluorescently labeled dextran (FITC-dextran;
500 kDa), from 23.2 to 0.15 um?* s~' (44). Although the movement
of the biologics was reduced, it was not stopped completely, owing
to the reversible nature of the cross-links. Therefore, in most formula-
tions, the samples were dried after encapsulation, which completely
prevented translation of encapsulated biologics. After drying, the re-
sidual moisture content of the samples was ~2.5% (fig. S4). We ob-
served that the gel did not strongly affect the melting temperature of
the proteins (Fig. 2E). In total, these data show that encapsulated
biologics can explore conformational space at elevated temperatures
but that the formed network limits aggregation of partially dena-
tured proteins and irreversible loss of bioactivity.

Long-term thermal stabilization of enzymes

After establishing that gel encapsulation of B-gal reduced bioactivity
loss upon exposure to thermal stress, we explored the utility of the
reversible hydrogels as excipients for the long-term thermal stabili-
zation of biologics. Accelerated thermal stress tests were performed
at 50°C, which showed that gel-encapsulated B-gal retained more
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than 90% activity after 2 weeks and >75% activity after 4 weeks, while
free B-gal was reduced to ~30% activity after 2 weeks and 0% after
4 weeks (Fig. 3, A and B). In addition, when compared to gel-encapsulated
B-gal, the sample variability in free B-gal was much higher, with two
populations appearing—one with nearly full activity and the other
one with almost no activity—until 4 weeks when all samples lost
activity. Thus, gel encapsulation not only prevented bioactivity loss
over time but also reduced sample variability, enabling the use of
reversible hydrogels as excipients for the long-term thermal stabili-
zation of biologics.

Next, we evaluated whether the reversible hydrogels could be
used to thermally stabilize other biologics, because the proposed pro-
tection mechanism is not specific to f-gal. To this end, we investi-
gated additional model enzymes, such as ALP. ALP is a commonly
used research enzyme in molecular biology that catalyzes the removal
of 5’ phosphate groups from nucleic acids (45). After 8 days at 65°C,
gel-encapsulated ALP retained >60% activity, while free ALP was
reduced to less than 10% activity, supporting that gel encapsulation
protected ALP from thermal stresses even at high temperatures (Fig. 3C).
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Fig. 3. Thermal stabilization of B-gal, ALP, and LAP. (A) The activity of the enzymes in the samples was quantified using colorimetric assays. After releasing the enzymes
from the samples using mannitol (100 mg ml™, pH 7.5; t = 2 hours), test solutions were taken from the released supernatant and mixed on a 96-well plate with a chromo-
genic substrate [ortho-nitrophenyl-B-galactopyranoside (oNPG) for B-gal, para-nitrophenyl phosphate disodium salt (pNPP) for ALP, and L-leucine-para-nitroanilide
(LLpN) for LAP]. The absorbance change over time was measured using a plate reader (420 nm for B-gal and 405 nm for ALP and LAP). To calculate the activity of the en-
zymes, the mean slope of the enzyme test solution was normalized to that of freshly prepared enzyme solution. (B) Gel-encapsulated and unencapsulated (free) p-gal
samples were stored at 50°C for up to 4 weeks. (C) Gel-encapsulated and free ALP samples were stored at 65°C for up to 8 days. (D) Gel-encapsulated and free LAP samples
were stored at 50°C for up to 4 weeks. Each plotted data point corresponds to an independent experiment. For each time point, the mean + SEM is shown.
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Next, we assessed LAP, a metallopeptidase enzyme involved in cel-
lular maintenance that cleaves the N-terminal residues from proteins
and peptides (46). Initially, after 1 day at 50°C, the activity levels of
gel-encapsulated and free LAP were similar (=80%), but after 4 weeks
at 50°C, the activity of free LAP decreased to ~30%, while the activity
of gel-encapsulated LAP remained at ~60% (Fig. 3D). In total, robust
long-term thermal stabilization of B-gal, ALP, and LAP was achieved,
demonstrating that gel encapsulation is a broadly effective strategy
to prevent bioactivity loss in enzymes.

Shelf-stable formulations of heat-sensitive clinical
diagnostic enzymes

Encouraged by the ability of the gels to thermally stabilize model
enzymes, we evaluated whether the gels could be used to protect
heat-sensitive clinical diagnostic enzymes, such as Escherichia coli
DNA gyrase (gyrase) and Topl. Gyrase and Topl are DNA binding
enzymes that are used in biomedical research and as clinical diag-
nostics; gyrase is used for the discovery of antibacterial drugs (47),
and Topl is used to identify the molecular mechanisms responsible for
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cancer (48). Both enzymes are highly temperature sensitive and
labile, requiring temperatures at or below —20°C for storage. This
limits their use, because the distribution of cryopreserved biologics
is challenging and costly, requiring failure-prone cold chain solu-
tions, such as shipping on dry ice and electronic monitoring of each
package. In addition, improper handling and customs delays, with
an average waiting time of 7 days (49), greatly increase the risk of
spoilage during shipping (50).

Using our gels, gyrase and Topl could be stored for months at
room temperature. Gel-encapsulated gyrase retained greater than
70% activity for 4 weeks at 27°C and >50% activity after 8 weeks,
outperforming free gyrase, which fell to less than 20% activity over the
same period of time (Fig. 4, A and B). Furthermore, gel-encapsulated
Top1 exhibited >85% activity for at least 6 months at 27°C, whereas
free Topl lost all activity after 2 months (Fig. 4, C and D). In this
way, gel encapsulation could eliminate the need for dry ice shipping
of gyrase and Topl, paving the way for the development of shelf-
stable formulations for these, and other, heat-sensitive clinical diag-
nostic enzymes.
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Fig. 4. Thermal stabilization of gyrase and Top/1. After releasing the enzymes from the samples using mannitol (100 mg mI™, pH 7.5; t = 2 hours), the activity of gyrase
and Top1 was quantified using gel-based assays. (A) Gyrase activity was determined by measuring the intensity of the supercoiled pHOT-1 bands by densitometry
[1% tris-borate EDTA (TBE)/agarose gel]. (B) Gel-encapsulated and unencapsulated (free) gyrase samples were stored at 27°C for up to 8 weeks. (C) Top1 activity was
determined by measuring the intensity of the relaxed pHOT-1 bands by densitometry (1% TBE/agarose gel). (D) Gel-encapsulated and free Top1 samples were stored
at 27°C for up to 6 months. Each plotted data point corresponds to an independent experiment. For each time point, the mean + SEM is shown.
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Thermal stabilization of a protein-based vaccine

After demonstrating the effectiveness of gel encapsulation for the
thermal stabilization of enzymes, we explored the platform for the
stabilization of vaccines. Vaccine delivery requires a robust cold chain
infrastructure, as most vaccines are sensitive to heat and freezing
(51). This creates a large barrier for global immunization campaigns,
because vaccine distribution and administration costs often exceed
the production costs (29). There is a pressing need to increase the
thermal stability of vaccines to keep them outside of the traditional
+2° to +8°C range cold chain. Ensuring higher thermal stability of
vaccines would greatly improve global vaccine access, as was the case
for the meningococcal A conjugate vaccine MenAfriVac, which was
granted approval for use in a controlled temperature chain at tem-
peratures of 40°C for up to 4 days (52).

Therefore, we investigated whether gel encapsulation could
increase the thermal stability of a protein-based vaccine. HA is a
glycoprotein found on the surface of influenza viruses, which is
integral to their infectivity. Recombinant HA-based influenza
vaccines prevent infection by induction of HA inhibition antibodies
(53, 54). The stability of HA was assessed for a dried formula-
tion (with removal of solvent after gel encapsulation) and for a
liquid formulation (without removal of solvent). After drying, gel-
encapsulated HA retained greater than 90% functionality after
1 day at 60°C and >30% functionality after 3 days, whereas the
functionality of dried free HA was ~45% after 1 day and <10% after

A Hemagglutinin sandwich ELISA

3 days (Fig. 5, A and B). These results indicate that the dried gel-
encapsulated HA can withstand temperature spikes of 60°C for up
to 1 day without losing functionality, which could help mitigate the
harmful effects of abnormal temperature exposure during the dis-
tribution of vaccines (55). In the liquid formulation, gel-encapsulated
HA retained >70% functionality after 7-day storage at 37°C, while
the functionality of free HA in the liquid formulation dropped to
<10% over the same period of time (Fig. 5C). Thus, thermal stabi-
lization of HA was achieved without the need for solvent removal
and drying. Gel encapsulation (without drying) decreased the dif-
fusion coefficient of several biologics, including FITC-BSA (66 kDa)
and FITC-dextran (500 kDa), by several orders of magnitude
(Fig. 2D). Therefore, similarly to the dried samples, this decrease
in biologic mobility in nondried samples likely leads to less aggrega-
tion and reduced bioactivity loss.

Thermal stabilization of an adenovirus

Last, we stabilized Ad5 using gel encapsulation. Viral vectors, such
as Ad5, are central to gene therapy and applications using genome
editing techniques (i.e., CRISPR-Cas9) (56). In addition, recombi-
nant adenovirus vectors are becoming increasingly important for
use in vaccine development, especially for the recently developed mRNA
vaccines. For example, adenoviruses are used in the production of several
viral vector coronavirus disease 2019 (COVID-19) vaccines, including
areplication-deficient chimpanzee adenovirus vaccine vector
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Fig. 5. Thermal stabilization of recombinant influenza A H5N1 HA. (A) The functionality of HA in the samples was quantified with an enzyme-linked immunosorbent
assay (ELISA). After releasing HA from the samples using mannitol (100 mg ml™", pH 7.5; t =2 hours), HA test solutions were taken from the released supernatant and
added to a 96-well plate that was previously coated with a capture antibody. Next, a biotinylated detection antibody was bound to the immobilized HA. Last, streptavidin-
horseradish peroxidase (HRP) was bound to the immobilized biotin and a substrate (TMB) was added to catalyze a color reaction. To quantify the functionality of HA, the
optical density (450 nm) of the HA test solution was normalized to that of freshly prepared HA. (B) Gel-encapsulated and unencapsulated (free) HA samples (dried) were
stored at 60°C for up to 3 days. (C) Gel-encapsulated and free HA samples (nondried) were stored at 37°C for up to 7 days. Each plotted data point corresponds to an in-

dependent experiment. For each time point, the mean + SEM is shown.
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(ChAdOx1) for the Oxford-AstraZeneca COVID-19 vaccine (57)
and a modified recombinant Ad26 for the Johnson & Johnson
COVID-19 vaccine (58). Viruses such as Ad5 present a particular chal-
lenge for thermal stabilization because both protein conformation
and nucleic acid integrity must be preserved to retain viral infectiv-
ity and immunogenicity; even simple drying is a challenge (28).

Within the gels, Ad5 was protected from desiccation and rehy-
dration stresses. Moreover, after storage for 24 hours, gel-encapsulated
Ad5 outperformed free Ad5 at all tested temperatures (4° to 65°C;
Fig. 6, A and B). Furthermore, the infectivity of gel-encapsulated
Ad5 at 27°C remained stable over a 4-week period, within 2 logs of
infectivity, whereas free Ad5 lost >4 logs over the same time period
(Fig. 6C). When gel-encapsulated Ad5 was formulated in the liquid
state, the infectivity loss was reduced even further. After 4 weeks in
the liquid state at 27°C, gel-encapsulated Ad5 lost almost no infec-
tivity, while the infectivity of free Ad5 decreased by ~3 logs (Fig. 6D).
As a whole, these results suggest that gel encapsulation of viruses
could effectively prevent the loss of viral infectivity during storage
and transport.
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Safety of the gel components

Encouraged by the high levels of protection conferred to the biologics
by the reversible hydrogels, we investigated their suitability for clinical
use. After releasing the biologics using a simple sugar-containing solu-
tion, we envision that a liquid formulation could be administered to
the patients, containing both the released biologic and the dissolved
hydrogel components (PEG-APBA and PEG-GL macromers). There-
fore, the design of our material from safe and nontoxic components
is a key feature for future clinical use.

We found that the hydrogel components were nontoxic in vivo
up to 200 mg kg ™' in Sprague-Dawley rats (fig. S7). Furthermore,
clinical chemistry and hematology blood analysis showed that, at
supratherapeutic levels of the hydrogel components, there were no
changes to white cell number or platelet number (i.e., no acute in-
flammatory response; figs. S8 and S9). In addition, no changes in
the organs were observed when grossly compared to vehicle controls.
As expected with PEG molecules with M,, < 60,000 g mol ™},
renal clearance of the gel components still occurred (fig. S7) (59).
These results suggest that an average human male (average weight
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Fig. 6. Thermal stabilization of Ad5 expressing enhanced green fluorescent protein (GFP). (A) The viral titers of Ad5 in the samples were quantified with a standard
flow cytometric assay. After releasing Ad5 from the samples using mannitol (100 mg ml™, pH 7.5; t = 2 hours), Ad5 test solutions were taken from the released supernatant
and incubated with human embryonic kidney (HEK)-293T cells for 48 hours (multiplicity of infection = 10). The amount of GFP* cells was determined using a flow cytometer
and expressed as geometric mean fluorescence intensity per unit volume (gMFI mI™"). The log (gMFI) change of the Ad5 test solutions was compared to that of freshly
prepared Ad5. (B) Gel-encapsulated and unencapsulated (free) Ad5 samples (dried) were stored at a range of temperatures (4° to 65°C) for 24 hours. (C) Gel-encapsulated
and free Ad5 samples (dried) were stored at 27°C for up to 4 weeks. (D) Gel-encapsulated and free Ad5 samples (nondried) were stored at 27°C for up to 4 weeks. Each
plotted data point corresponds to an independent experiment. For each time point, the mean + SEM is shown.
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of 88.8 kg) could tolerate up to 17.8 g and an average human female
(average weight of 76.4 kg) could tolerate up to 14.9 g of the hydro-
gel components with one shot. Therefore, because we anticipate that
much less than 1 g of hydrogel would be required to stabilize most
biologics, the reversible hydrogels could be used as safe and easy-
to-use off-the-shelf excipients for many potential pharmaceutical
applications, including the thermal stabilization of biologics.

DISCUSSION

There is a pressing need to improve the thermal stability of biologics,
including vaccines, to reduce the economic costs and health risks
associated to the cold chain. In this work, we demonstrated that
reversible hydrogels are suitable for the long-term thermal stabiliza-
tion of biologics, up to 65°C. Protection was broad, covering multiple
classes of biologics, including model and clinical diagnostic enzymes,
protein-based vaccines, and whole viruses, with sizes ranging from
10 to 100 nm. Our data point toward a generalized protection
mechanism for the thermal stabilization of diverse biologics using
direct encapsulation in reversible hydrogels. We attributed protec-
tion to the formation of polymer networks around the biologics, which
restricted their mobility and physically prevented them from inter-
acting with each other, reducing aggregation and bioactivity loss after
exposure to heat.

The platform has the potential to be a very user-friendly solution
for the thermal stabilization of biologics. The rapid release enabled
by the reversible hydrogel design allows facile recovery of the bioactive
cargo. Furthermore, the reversible cross-linking will facilitate process-
ing, as the hydrogels are moldable and self-healing. Another advantage
of our platform is that protection was achieved using both dried and
nondried formulations, which would reduce the amount of formu-
lation work required to translate the platform as an off-the-shelf
excipient in the biotechnology industry for the thermal stabilization
of biologics. The technology is not limited by the gel volume or the
biologic loading; we successfully encapsulated, thermally stabilized,
and recovered functional biologics at therapeutically relevant con-
centrations (gel loading of 40 mg ml™'; 10 mg ml ™" after release) and
volumes (0.5 ml of gels; 2 ml after release).

Nevertheless, limitations remain for the platform. Preliminary
toxicology data suggest that the gel components are safe for in vivo
use; however, one of the gel components could be found to be un-
suitable for clinical translation. As the stabilization mechanism is
generalized, this limitation could be overcome by another reversible
cross-linking chemistry (or by physical cross-linking) or a different
polymer backbone. We envision that the platform will be used in
combination with other approaches, as an extra layer of protection
or as part of a toolbox to improve the thermal stability of biologics.
We anticipate that the ability to protect biologics from thermal stress
with reversible hydrogels offers a useful and complementary approach
to mitigate the costs and risks associated with reliance on a continuous
cold chain for biologic transport and storage.

MATERIALS AND METHODS

Materials

Four-arm PEG-NH,HCI (M, =~ 10,000 g mol ™) was purchased from
JenKem Technology USA. Regenerated cellulose dialysis tubing [1 kDa
molecular weight cutoff (MWCO)] was purchased from Spectrum
Labs. Methanol (MeOH), triethylamine, 2-formylphenylboronic
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acid, sodium borohydride (NaBH4), p-(+)-gluconic acid 3-lactone
(GL), 2,2-dihydroxyindane-1,3-dione (ninhydrin), deuterated water
(D;0), sodium dihydrogen phosphate (monobasic; NaH,POy,), sodium
hydrogen phosphate (dibasic; Na,HPO,) B-gal from Aspergillus oryzae
(catalog no. G5160), ALP from bovine intestinal mucosa (catalog
no. P7640), microsomal LAP from porcine kidney (catalog no. L5006),
trehalose, mannitol, glucose, ortho-nitrophenyl-B-galactopyranoside
(oNPG), 1-leucine-para-nitroanilide (LLpN), polysorbate 20 (Tween 20),
BSA, 3,3',5,5'-tetramethylbenzidine (TMB), 30% (w/w) hydrogen
peroxide solution in H,O (H,0,), citric acid, sulfuric acid (H,SO,),
FITC, albumin-FITC conjugate (FITC-BSA), FITC-dextran (M, ~
500 kDa), and SYPRO Orange Protein Gel Stain (SYPRO Orange)
were purchased from Sigma-Aldrich. Para-nitrophenyl phosphate
disodium salt (pNPP), phosphate-buffered saline (PBS), and tris-
buffered saline (TBS) were purchased from Thermo Fisher Scientific.
Gyrase (catalog no. TG2000G) and Top1 (catalog no. TG2005HRC)
were received from TopoGEN Inc. Recombinant influenza A H5N1
HA (catalog no. FR-59) was received from the International Reagent
Resource. Ad5 expressing enhanced green fluorescent protein (GFP)
(catalog no. 1060) was purchased from Vector Biolabs. Human embryonic
kidney (HEK)-293 cells were purchased from the American Type
Culture Collection (HEK-293T; catalog no. CRL-3216) and from
Thermo Fisher Scientific (HEK-293A; catalog no. R70507).

Analytical techniques

Nuclear magnetic resonance

"H 1D nuclear magnetic resonance (NMR) spectra were acquired
on Bruker Avance IIT 400 (Bruker BioSpin GmbH). The residual
undeuterated solvent peak (4.70 parts per million for D,O) was used
for reference. The relative integration is reported as the number of
protons (H), and the following abbreviations were used to denote
multiplicities: s = singlet, d = doublet, t = triplet, m = multiplet, and
br = broad.

Plate reader

Absorbance measurements were acquired with a Hidex Sense micro-
plate reader (Hidex; Turku, Finland) using clear 96-well tissue cul-
ture plates (flat bottom).

Flow cytometer

The quantification of GFP* cells was done using a CytoFLEX flow
cytometer (Beckman Coulter Life Sciences, Indianapolis, IN, USA).
Size exclusion chromatography-multiangle light scattering
Size exclusion chromatography-multiangle light scattering (SEC-MALS)
measurements were performed using a DAWN HELEOS II MALS
detector (Wyatt Technology, Santa Barbara, CA, USA) coupled to
an Infinity IT 1260 high-performance liquid chromatography system
(Agilent Technologies, USA). For separation, a Superdex 200 Inc.
10/300 column (GE Healthcare, UK) was used with PBS as the mo-
bile phase. Flow rates of either 0.5 or 0.75 ml min™" were applied.
Data were collected and analyzed in ASTRA software (Wyatt Tech-
nology, Santa Barbara, CA, USA).

Confocal microscope

Fluorescence recovery after photobleaching (FRAP) experiments
were performed on a Leica TCS SP8 STED confocal microscope
(Leica Microsystems, Heerbrug, Switzerland) using a x63 magnifi-
cation oil immersion objective [numerical aperture (NA) = 1.40].
Real-time polymerase chain reaction

The thermal shift assay was performed using an Applied Biosystems
StepOnePlus real-time polymerase chain reaction (PCR) system
(Thermo Fisher Scientific AG, Basel, Switzerland).
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Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed by using a
TGA/DSC 3+ thermogravimetric analyzer (Mettler Toledo, Greifensee,
Switzerland) to study the residual moisture content of the gels be-
fore and after vacuum drying. Samples were exposed first to dry N,
for 10 min at 25°C, and then heated to 120°C (10°C min™"!) and held
for 1 hour, before being cooled back to 25°C.

Rheometer

Rheometric characterization was performed using a strain-controlled
shear rheometer (MCR 502; Anton-Paar, Zofingen, Switzerland)
equipped with a Peltier stage to control the temperature. Silicone oil
was applied to the samples to prevent drying, and the experiments
were performed at 25°C unless stated otherwise. The measurements
were performed using a 20-mm parallel plate geometry with a gap
of 0.5 mm. Motor adjustments were performed before each experi-
ment. The samples were prepared at least 1 hour before each exper-
iment to allow complete gelation. The samples were loaded by placing
them directly on the Peltier plate and lowering the geometry to the
desired gap. After loading, the samples were then equilibrated to the
set temperature for at least 15 min (y = 0.1%; @ = 1 rad s V). Strain
sweep (SS) experiments were performed at @ = 1 rad s~ fory = 0.001
to 1000%. Frequency sweep (FS) experiments were performed at
¥ = 1% (within the linear viscoelastic regime as determined from SS
experiments) for ® = 100 to 0.01 rad s, Stress relaxation experiments
were performed by holding the samples at Y = 10% and measuring
the relaxation modulus G(f) every 0.25 s for a total duration of 1 hour.
Step strain recovery experiments were performed at ® = 1 rad s™' by
alternating periods of high strain (y = 100%) and low strain (y = 1%)
for multiple cycles.

Experimental design

Synthesis of four-arm PEG-APBA

The synthesis of four-arm PEG-APBA was performed according to
a published procedure with some modifications (40). Four-arm PEG-
NH,HCI (2.0 g, 0.2 mmol; M, = 10,000 g molfl) was dissolved in
anhydrous MeOH (10 ml) in a round-bottom flask equipped
with a stir bar. Subsequently, triethylamine (0.5 ml, 3.6 mmol) and
2-formylphenylboronic acid (180 mg, 1.2 mmol) were added to the
reaction, which was left to proceed for 72 hours under argon gas at
room temperature. Next, NaBH, (90 mg, 2.4 mmol) was added por-
tion wise after cooling the reaction on ice to 4°C and the reaction
was left to proceed for 12 hours at room temperature. Last, MeOH
was evaporated and the remaining product was dissolved in dH,O. The
pH of the aqueous solution was balanced to 7 (using 1 M HCI), dia-
lyzed against dH,O for 72 hours (1 kDa MWCO), filtered (0.2 pm),
and then lyophilized to yield a white powder. 'H (400 MHz, D,0):
87.4t07.1 (m, 16 H), 4.0 (s, 8 H), 3.6 (m, 892 H), and 3.0 (t, 8 H).
The degree of functionalization determined from "H NMR was ~85%
(theoretical M, = 10,480 g mol”’; fig. S10).

Synthesis of four-arm PEG-GL

The synthesis of four-arm PEG-GL was performed according to a
published procedure with some modifications (40). Four-arm
PEG-NH,HCI (2.0 g, 0.2 mmol; M, = 10,000 g mol™!) was dissolved
in anhydrous MeOH (50 ml) in a round-bottom flask equipped with
a stir bar. Next, triethylamine (1.0 ml, 7.2 mmol) and p-(+)-gluconic
acid §-lactone (285 mg, 1.6 mmol) were added to the PEG mixture.
After allowing the reaction to proceed for 72 hours at room tem-
perature, the extent of the reaction was monitored by performing a
ninhydrin test to detect the presence of free amines (blue, unreacted
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amines still present; yellow/colorless, amines successfully coupled).
Additional triethylamine (1.0 ml, 7.2 mmol) and p-(+)-gluconic
acid §-lactone (285 mg, 1.6 mmol) were added if free amines per-
sisted, and the reaction was left to proceed for another 24 to 72 hours
at room temperature. Last, MeOH was evaporated and the remain-
ing product was dissolved in dH,O. The pH of the aqueous solution
was balanced to 7 (using 1 M NaOH), dialyzed against dH,O for
72 hours (1 kDa MWCO), filtered (0.2 mm), and then lyophilized to
yield a white powder. "H (400 MHz, D,0): 8 4.3 (d, 4 H), 4.0 (t, 4 H),
and 3.6 (m, 924 H). The degree of functionalization determined
from "H NMR was ~85% (theoretical M, = 10,713 g mol ; fig. S11).
Formation of reversible networks and gel encapsulation

of biologics

The following biologic stock solutions were used for gel encapsula-
tion: B-gal [40 mg ml'in 0.1 M phosphate buffer (pH 7.5)], ALP
[160 mg ml ™! in TBS (pH 7.5)], LAP (4.6 mg ml™}, as received from
Sigma-Aldrich), gyrase (~80 U ul™, as received from TopoGEN
Inc.), Topl (~200 U ul™’, as received from TopoGEN Inc.), recom-
binant influenza A H5N1 HA (1 mg ml™’, as received from the
International Reagent Resource), and Ad5 expressing enhanced
GFP [1.2 x 10° plaque-forming units (PFU) ml™, as received from
Vector Biolabs]. In addition, stock solutions of trehalose, PEG-APBA,
and PEG-GL were prepared for each biologic formulation in
their respective buffers (0.1 M phosphate buffer for §-gal, LAP, and
HA; TBS for ALP; molecular biology-grade dH,O for gyrase and
Topl; and PBS for Ad5). Hydrogel networks were formed by mix-
ing equivalent volumes of PEG-APBA and PEG-GL stock solutions
and replacing the balance volume in each gel formulation with the
respective volumes of biologic stock solution (B-gal, ALP, LAP,
gyrase, Topl, HA, or Ad5), trehalose stock solution (such that the
mass of trehalose = 2.5x mass of biologic in the final gel), and the
corresponding buffer. After mixing, gelation occurred within 10 s.
The final polymer content in the gels was 5% (w/w) for ALP, 7% (w/w)
for Ad5, 7.5% (w/w) for B-gal, 10% (w/w) for LAP and HA, and 11.7% (w/w)
for gyrase and Topl. The final volume of the gels was 4 ul for
gyrase and Topl1, 20 pl for ALP and HA, and 40 pl for B-gal, LAP,
and Ad5. The final biologic concentrations in the gels were 5 mg ml™!
for B-gal, 27 m ml ! for ALP, 0.2875 mg ml ! for LAP, 20 U ul_l for
gyrase, 50 U ul™" for Top1, 0.05 mg ml™* for HA, and 3.0 x 10° PFU ml™*
for Ad5. Unless otherwise stated, samples (both gel-encapsulated and
unencapsulated) were subsequently dehydrated under vacuum
(25 mbar) for 2 hours at room temperature to remove residual
moisture (fig. S3A). In the case of gyrase and Topl, samples were
dehydrated under vacuum (250 mbar) overnight at room tempera-
ture. Unless otherwise stated, samples were prepared in 2 ml of
poly(propylene) reaction tubes (art. no. 623201, Greiner Bio-One).
Samples were then stored at the test temperature for the indicated
period of time before release and analysis. In the case of B-gal
(50°C), ALP (65°C), LAP (50°C), HA (37 and 60°C), and Ad5
(40 and 65°C), samples were stored in a universal convection oven
(UN 30, Memmert GmbH). In the case of gyrase (27°C), Top1 (27°C),
and Ad5 (27°C), samples were stored at room temperature on a
bench. In the case of Ad5 (4°C), samples were stored in a fridge.
Triggered network dissolution and release

of encapsulated biologics

After storage with (or without) gel encapsulation, the biologics were
released (solubilized) by immersing the samples in a release buffer
[100 mg ml™! of mannitol (pH 7.5)] under agitation at room tem-
perature (2 hours for B-gal, ALP, LAP, and HA; 45 min for gyrase
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and Topl; and 15 min for Ad5). The final concentrations of the bi-
ologics in the supernatant were 100 ug ml™" for B-gal, 270 ug ml™"
for ALP, 5.75 ug ml™* for LAP, 2 U ul! for gyrase, 12.5 U ul™* for
Topl, 0.5 ug ml™" for HA, and 3.0 x 10’ PFU ml™! for Ad5. The
bioactivity of the biologics in each sample was quantified and nor-
malized to a freshly prepared solution at the same concentration
(storage: —20° or —80°C) to compare the control (free) and treat-
ment groups (gel-encapsulated). The equilibrium binding constant,
Keqp» between PEG-APBA and the releasing sugars (mannitol,
fructose, and glucose) was taken from a previous study (37).

B-Gal activity assay

B-Gal activity was measured using oNPG according to the manufac-
turer’s protocol (Sigma-Aldrich). Briefly, room temperature oNPG
[16 mM in 0.1 M phosphate buffer (pH 7.5)] was mixed 2:1 with the
B-gal test solution in a 96-well plate (0NPG:B-gal test solution; 100 ul:50 pul).
B-Gal catalyzes the hydrolysis of oONPG to release ortho-nitrophenol,
a chromogenic substrate with maximal absorbance at 420 nm.
Absorbance at 420 nm was measured every 60 s for 10 min, and the
mean slope of the resultant curve was recorded. To calculate the
activity of B-gal, the mean slope of the B-gal test solution was nor-
malized to that of freshly prepared B-gal solution (100 ug ml™).
ALP activity assay

ALP activity was measured using pNPP according to the manufac-
turer’s protocol (Thermo Fisher Scientific). Briefly, room tempera-
ture pNPP was mixed 1:1 with the ALP test solution in a 96-well
plate (p)NPP:ALP test solution; 50 ul:50 ul). ALP catalyzes the hy-
drolysis of pNPP to release para-nitrophenol, a chromogenic sub-
strate with maximal absorbance at 405 nm. Absorbance at 405 nm
was measured every 60 s for 10 min, and the mean slope of the re-
sultant curve was recorded. To calculate the activity of ALP, the
mean slope of the ALP test solution was normalized to that of fresh-
ly prepared ALP solution (270 ug ml™").

LAP activity assay

LAP activity was measured using LLpN according to the manufacturer’s
protocol (Sigma-Aldrich). Briefly, room temperature LLpN [1.6 mM
in 0.1 M phosphate buffer with 6.6% (v/v) MeOH (pH 7.5)] was mixed
1:1 with the LAP test solution in a 96-well plate (LLpN:LAP test solu-
tion; 100 pl:100 ul). LAP catalyzes the hydrolysis of LLpN to release
para-nitroanilide, a chromogenic substrate with maximal absorbance
at 405 nm. Absorbance at 405 nm was measured every 60 s for 10 min,
and the mean slope of the resultant curve was recorded. To calculate
the activity of LAP, the mean slope of the LAP test solution was
normalized to that of freshly prepared LAP solution (5.75 ug ml™).
Gyrase activity assay

Gyrase activity (TopoGEN Inc.) was measured by supercoiling of
relaxed pHOT-1 DNA, following the manufacturer’s protocol. Briefly,
1 ul of gyrase test solution, 4 pl of 5x gyrase “assay” buffer (TopoGEN
Inc.), and 250 ng of relaxed pHOT-1 DNA (TopoGEN Inc.) were
combined in molecular biology-grade dH,O at a final assay volume
of 20 ul and incubated at 37°C for 60 min. After incubation, 4 ul of
5x loading “stop” buffer (TopoGEN Inc.) was added and mixed by
vortex. The reaction products were separated on a 1% tris-borate
EDTA (TBE)/agarose gel [no ethidium bromide (EtBr)] and stained
with EtBr, and the bands were imaged. Enzyme activity was quanti-
fied by measuring the intensity of the supercoiled pHOT-1 bands by
densitometry using Image] (fig. S12).

Top1 activity assay

Topl1 activity (TopoGEN Inc.) was measured by relaxation of super-
coiled pHOT-1 DNA, following the manufacturer’s protocol. Briefly,
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1 ul of test solution, 2 ul of 10x Topl “reaction” buffer (TopoGEN
Inc.), and 125 ng of supercoiled pHOT-1 DNA (TopoGEN Inc.) were
combined in molecular biology-grade dH,O at a final assay volume
of 20 ul and incubated at 37°C for 30 min. After incubation, 4 ul of
5x loading stop buffer (TopoGEN Inc.) was added and mixed by
vortex. The reaction products were separated on a 1% TBE/agarose
gel (no EtBr) and stained with EtBr, and the bands were imaged.
Enzyme activity was quantified by measuring the intensity of the
relaxed pHOT-1 bands by densitometry using Image] (fig. S13).
HA quantification assay

The functionality of recombinant influenza A H5N1 HA was quan-
tified with a solid-phase sandwich H5N1 HA enzyme-linked immuno-
sorbent assay kit (Sino Biological Inc., catalog no. SEK002) according
to the manufacturer’s protocol (Fig. 5A). Briefly, 100 ul of capture
antibody (diluted to 0.5 ug ml™" with PBS) was added to each well in
a 96-well plate and incubated overnight at 4°C after sealing the
plate. After washing the plate three times with 300 ul of wash buffer
[0.05% Tween 20 in TBS (pH 7.2 to 7.4)], 300 ul of blocking buffer
(2% BSA in wash buffer) was added to each well and incubated for
1 hour at room temperature under agitation. After a washing step,
100 pl of the HA test solution (diluted 1:50 with 0.1% BSA in wash
buffer) was added to each well and the sealed plate was incubated
for 2 hours at room temperature under agitation. After another
washing step, 100 pl of the biotinylated detection antibody (diluted
to 1.5 ug ml ™" with 0.5% BSA in wash buffer) was added to each well
and the sealed plate was incubated for 1 hour at room temperature
under agitation. After another wash, 100 ul of horseradish peroxi-
dase (HRP)-conjugated streptavidin (diluted 1:2000 with 0.5% BSA
in wash buffer) was added to each well and the sealed plate was in-
cubated for 1 hour at room temperature under agitation. After a final
washing step, 200 pl of substrate solution [TMB (0.1 mg ml™") and
0.0024% H,0, in 0.05 M Na,HPO, and 0.025 M citric acid buffer
(pH 5.5)] was added to each well and the sealed plate was covered in
foil and incubated for 20 min at room temperature under agitation.
Last, 50 pl of stop solution (2 M H,SO,) was added to each well and
mixed thoroughly with the pipette. The optical density at 450 nm of
each well was immediately determined using a microplate reader.
For all experiments, a seven-point standard curve using twofold se-
rial dilutions with a high standard of 5 ng ml™" was made (fig. S14).
AdS5 quantification assays

Two different assays were used to quantify the viral titers of Ad5
expressing enhanced GFP. For the dried samples, a standard flow
cytometric assay was used to determine the viral titers by transduc-
tion efficiency. The assay was performed using 80 to 90% confluent
HEK-293T cells. Briefly, 60 pl of the released Ad5 test solution was
mixed with 940 pl of growth medium [Gibco DMEM (Dulbecco’s
modified Eagle’s medium) High Glucose, containing penicillin
(100 U/ml), streptomycin (100 ug ml™), L-glutamine (292 ug ml™,
and 10% fetal bovine serum (FBS); Thermo Fisher Scientific] and
added dropwise to a single well of HEK-293T cells that had been
seeded in 12-well plates the previous day (20 to 50% confluent), re-
sulting in a multiplicity of infection (MOI) of 10 when Ad5 (3.0 x 108
PFU ml ') was encapsulated in the samples. Fresh positive controls
were prepared on the day of infection by diluting the master virus
stock (1.2 x 10° PFU ml™!) with growth medium to a final concen-
tration of 1.8 x 10° PFU ml ™", resulting in MOI = 10 when 1 ml was
added to a single well. Dilutions were prepared in growth medium
for MOI = 3 and MOI = 1 controls. In addition, several wells were
left uninfected as negative controls. After incubating at 37°C with
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5% CO, for 48 hours, GFP expression was determined by flow cy-
tometry. For this, the cells were washed with sterile PBS, trypsinized,
and resuspended into a 96-well plate with growth medium. After
performing a live/dead stain using the Zombie NIR dye (BioLegend),
the cells were washed with a fluorescence-activated cell sorting buf-
fer and analyzed in a flow cytometer. Data analysis was performed
using Flow]Jo 10.7.2 software. For the gating strategy, single and live
cells were preselected, followed by the selection of a GFP" gate using
the uninfected wells (fig. S15). Using this gating strategy, the amount
of GFP* cells was determined and expressed as geometric mean fluo-
rescence intensity per unit volume (gMFI ml™) (fig. S16). For the
nondried samples, a standard plaque-forming assay was used to de-
termine the viral titers. The assay was performed using 90 to 100%
confluent HEK-293A cells seeded in six-well plates. Briefly, the Ad5
test solution was serially diluted from 107 to 1075, and 100 ul from
each dilution was mixed directly with the cells in the wells. On the
next day, 5% SeaPlaque agarose gel (Lonza Group) was mixed 1:3
with complete medium [Gibco DMEM, containing 10% FBS, penicillin
(200 U ml™), streptomycin (200 pg ml™), and 2 mM L-glutamine;
Thermo Fisher Scientific]. The cell monolayers were overlaid with
3 ml of the agarose gel mixture and kept at 25°C for 15 min for the
gel to solidify. After incubating at 37°C with 5% CO, for 7 days, the
plaques were counted, and the titers were calculated and expressed as
plaque-forming units per unit volume (PFU ml™) (fig. S17).
Aggregation of B-gal

The aggregation of B-gal was assessed using SEC-MALS, which
combines MALS with SEC. The SEC separates polymer/protein
molecules according to their hydrodynamic radius. Basic physical
equations connect the molar mass with scattered light intensity
(measured by MALS) and concentration [measured by ultraviolet and
differential refractive index (dRI)]. Thus, SEC-MALS can determine
both the molecular weight and the size of the polymer/protein molecules.
In this work, the following samples were prepared and analyzed using
SEC-MALS: the unencapsulated (free) f-gal samples (nondried and
dried, unstressed and stressed for 1 week at 50°C; fig. S5), the released
gel components (PEG-APBA and PEG-GL without B-gal; fig. S6A),
and the released gel-encapsulated p-gal samples (nondried and dried,
unstressed and stressed for 1 week at 50°C; fig. S6, B to D). Unless
stated otherwise, the concentration of B-gal in the samples was 5 mg
ml~}, the total PEG content in the gels was 7.5% (w/w), the samples
were dried under vacuum (25 mbar, 2 hours), and the gel-encapsu-
lated B-gal was released using mannitol (100 mg ml™, 2 hours). In
the free B-gal samples (nondried and unstressed; fig. S5A), the -gal
main peak was identified at 12.2 ml, corresponding to the B-gal
monomer (M, = 121 kDa). The B-gal main peak could no longer be
identified in the nondried, free B-gal samples that had been stressed
for 1 week at 50°C, as the sample was heavily degraded. Instead, aggre-
gate peaks were identified at 7, 11.3, 13, and 14.6 ml (M, > 2000 kDa)
(fig. S5B). Therefore, to quantify the extent of aggregation in the
free B-gal samples, the overall amount of aggregates in the samples
was compared to the overall calculated sample mass. In the sample
containing the gel components alone (PEG-APBA and PEG-GL;
fig. S6A), the PEG monomer and dimer peaks were identified at
13.8 ml (M, = 9.6 kDa) and at 11.8 ml (M,, = 19.8 kDa), respectively.
In the mixed samples (fig. S6, B to D), the PEG gel components and
the B-gal monomer coelute because they have a similar hydrody-
namic radius (although their M), values are different by a factor of 6).
Therefore, it was not possible to quantify the extent of aggregation
in the gel-encapsulated B-gal samples. However, because the peak
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corresponding to the B-gal aggregates was still identified at 7 ml
(M, > 2000 kDa), a qualitative assessment of B-gal aggregation
could still be made for the gel-encapsulated samples.

Fluorescence recovery after photobleaching

PEG-APBA/GL gels [10% (w/w); 0.1 M phosphate buffer (pH 7.5)]
were loaded with either FITC, FITC-BSA, or FITC-dextran
(1 mg ml™") (M, ~ 500 kDa). The loaded gels were transferred to
the imaging chambers (Lab-Tek II four-well chamber slides with
#1.5 German borosilicate cover glass; Thermo Fisher Scientific) and
equilibrated overnight at room temperature. Recovery curves were
taken with a Leica TCS SP8 STED confocal microscope using the
FRAP booster option, a x63 magnification oil immersion objective
(NA = 1.40), and a 488-nm argon laser for excitation. Three different
regions of interest (ROIs) were selected for each sample: a bleached
area (ROI 1; 20 pm diameter), a fluorescent background area (ROI 2),
and a nonfluorescent background area (ROI 3). All areas were moni-
tored by 30 prebleach image scans (1-s interval; 1% laser power).
ROI 1 was bleached by 10 image scans (1-s interval; 100% laser power).
The fluorescence recovery in all areas was monitored by 450 post-
bleach image scans (5-s interval; 1% laser power) (fig. S18). Image]
and the EasyFRAP-web tool were used for quantitative analysis of
the FRAP measurements (60). Briefly, fluorescence intensity was
normalized using the full-scale method, and last curve fitting was
performed using the double term exponential equation to deter-
mine the mobile fraction, Mg, and the half-maximal recovery time,
t1/2. Last, the diffusion coefficient for the molecules within the gels,
Dygel, was calculated according to Dy = 0.224 7 t1/2, where r is the
radius of the bleached spot (10 um) (table S1) (61).

Thermal shift assay

The fluorescent dye SYPRO Orange was used to monitor the protein-
unfolding transition of B-gal (62). SYPRO Orange binds nonspecifically
to hydrophobic surfaces, and water strongly quenches its fluorescence.
When a protein unfolds, the exposed hydrophobic surfaces bind the
dye, resulting in an increase in fluorescence by excluding water. The
thermal shift assay was conducted using a real-time PCR instrument
(Applied Biosystems, StepOnePlus), which provides accurate tem-
perature control and contains a charge-coupled device detector to
monitor the fluorescence in the wells. To perform the assay, gels were
formed [20 pl, 7.5% (w/w)] directly inside the wells of a 96-well PCR
plate by adding 7.5 ul of PEG-APBA [10% (w/w) in PBS], 7.5 pl of
PEG-GL [10% (w/w) in PBS], 2.5 ul of B-gal (40 mg ml™?),and 2.5 ul
of SYPRO Orange (8x dilution from 1000x stock). In the case of the
nonencapsulated samples, the volume of PEG-GL and PEG-APBA
was replaced with PBS. In both gel-encapsulated and unencapsulated
samples, the final concentration of B-gal was ~10 uM (5 mg ml™;
M, =~ 465,400 g mol ). After sealing, the plate was heated from 25° to
97°C with a heating rate of 0.3°C min ™! and the fluorescence intensity
of the samples was determined using the ROX dye filter (excitation/
emission maxima were at 586 and 621 nm, respectively). The melting
temperature, Ty, which occurs at the midpoint of the unfolding
transition, was determined by plotting the first derivative of the fluo-
rescence emission as a function of temperature (dF/dT) (Fig. 2E).
In vivo acute toxicity study

A non-GMP maximum tolerated dose study of the gel components
(following Animal Research: Reporting of In Vivo Experiments
guidelines) was performed by CARE Research LLC (Fort Collins,
CO, USA). The purpose of the study was to determine the acute
maximum tolerated dose for a single intraperitoneal injection of
the gel components (PEG-APBA, PEG-GL, and degraded gel) into
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Sprague-Dawley rats (Charles River Laboratories). All materials were
handled under aseptic conditions, and buffers used for reconstitution
were either purchased as sterile or autoclaved before use. The gel
components were not subjected to additional sterilization procedures.
The study design and animal usage were reviewed and approved by
the CARE Research Institutional Animal Care and Use Committee
(IACUC) for compliance with regulations before study initiation
(IACUC no. 1744). Animal welfare for this study was in compliance
with the U.S. Department of Agriculture’s Animal Welfare Act (9 CFR
Parts 1, 2, and 3), the Guide for the Care and Use of Laboratory Animals
(63), and CARE Research standard operating procedures. Fifty female
Sprague-Dawley rats were divided into 10 groups of 5 rats each and
were separated on the basis of table S2. In addition, two animals were
retained for replacement as deemed necessary by the study director.
Animals were placed randomly into cages upon arrival and assigned
groups in consecutive order. Predose body weights ranged from 250.1
to 302.1 g. Potential toxicity was evaluated by observing clinical signs
and body weight change (fig. S7A). Detailed clinical observations were
conducted after dose on day 1, then daily, and whenever an abnormal
observation was found. Body weights were recorded before dose on
day 1 and on days 2 and 6 (day of scheduled euthanasia) (fig. S7B).
Additional cage-side morbidity/mortality/general health observations
were conducted at least once daily. To obtain a more accurate eval-
uation of potential toxicity, a gross necropsy was performed on day 6
to collect organ weight data (fig. S7C) and terminal blood for clini-
cal chemistry (fig. S8) and hematology (fig. S9). Terminal blood
(abdominal vessel, maximum volume) was collected under anesthesia
(isoflurane inhalation) from all study animals and analyzed for
hematology (EDTA-containing tube) and chemistry (red-top tube).
Samples were sent to Colorado Histo-Prep and the Colorado State
University Diagnostic Laboratory on ice packs for analyses. Follow-
ing blood collection and exsanguination, animals from the vehicle
control group (group 1) and the high-dose groups for PEG-GL
(group 4), PEG-APBA (group 7), and degraded gel (group 10) were
subjected to a gross necropsy and organ weights were collected
(adrenals, kidneys, thymus, spleen, heart, and liver). Organs were
not saved. During the course of the study, one animal was found
dead, roughly 10 min after dose. Necropsy-confirmed death was
due to a dosing error. The animal was replaced with a replacement
animal at the discretion of the study director.

Statistical analysis

Statistical analysis was performed using Origin 2021 (OriginLab
Corporation). Unless otherwise noted, statistical significance for
single comparisons was determined by Student’s ¢ test; analysis of
variance (ANOVA) with a Bonferroni posttest was used for multi-
ple comparisons. For the in vivo acute toxicity study, the sample
size was determined using G*Power. Statistical power analysis sug-
gested that five rats per group were required to achieve statistical
significance in the proposed study using the desired end points. The
selected sample size achieves a statistical power (1 — B) of 0.8 with
an o (type 1 error) of 5%. Body weights were subjected to two-way
ANOVA, and all hematology and clinical chemistry results were
subjected to one-way ANOVA.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo0502

View/request a protocol for this paper from Bio-protocol.
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