
communicationsmaterials Article
A Nature Portfolio journal

https://doi.org/10.1038/s43246-025-00850-y

Properties governing dry-state stability of
RNA in amorphous sugar formulations
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Formulation with non-crystalline amorphous solids, is a common strategy employed in nature for
organisms to protect themselves from desiccation. These organisms typically accumulate high levels of
disaccharides, such as trehalose, to achieve these amorphous states. These strategies have previously
been co-opted for the stabilization of protein-based therapeutics, however, the applicability of amorphous
sugars in the stabilization of RNA has not been fully explored. Here, we show that disaccharides improve
stability of dry RNA up to a threshold, past which degradation occurs. This degradation is correlated with
the water mass of dry samples as well as the dynamics of solid-state crystallization. Reducing water
content and accelerating the transition from an amorphous to crystalline state increases RNA protection.
Our results demonstrate that amorphous sugars are a cost-effective and efficient means of stabilizing
RNA in a dry state outside of the cold-chain. Furthermore, we identify material properties of these dry
materials that modulate the stability of embedded RNA.

In recent years, RNA-based therapeutics have demonstrated their impor-
tance inmodernmedicine, offering several benefits over traditional vaccines
and therapies1. However, a major drawback of RNA-based therapeutics is
the inherent instability of RNA, requiring sub-zero storage temperatures
and a reliable cold-chain2. Improving storage methodologies of RNA to
allow for long-term refrigerated, room temperature storage, or even pre-
servation under elevated temperatures would address one of the largest
drawbacks tomRNA-based therapeutics and increase ease of distribution in
developed, developing, and remote parts of the world.

RNA can undergo several different reactions in the hydrated state,
rendering it non-functional3. These reactions include oxidation, causing a
variety of modifications to nucleotide bases which can disrupt translation4,
and hydrolysis, in which the hydroxyl group on the 2′ carbon of ribose
undergoes a hydrolysis reaction with backbone phosphate, resulting in
cleavage of theRNAstrand5,6.Of these twoprocesses, self-hydrolysis ismore
common in the absence of free radicals, due to the hydrolysis reaction being
catalyzed by water5,7. Importantly, intrinsic RNA features such as length3

and secondary structure6 can influence the rate of degradation of a given
RNA strand. Given RNA’s reactivity with water, one potential solution to
long-term RNA preservation is storage in the dry state7–10. Dry state storage
has been used to preserve sensitive biomolecules, such as proteins, for
extended periods outside of the cold-chain11–13. Typically, preserving sen-
sitive proteins in the dry state has been achieved by using protectants that
stabilize biomolecules and prevent unfolding/aggregation in the dry
state11,14–16. However, the direct loss of water does not damage nucleotides,
but provides stabilization even without the use of protectants17,18. For

example, Marrone and Ballantyne observed that hydrated DNA was com-
pletely degraded after 33 h at 65 °C, while dry DNA was still intact after
700 h at 65 °C18.

In addition to any basal stability of dry RNA, further improving sta-
bility would be a boon for long-term storage and transport. Such technol-
ogies exist, such as Biomatrica’s RNAstable® and Imagene’s RNAshell®, but
are proprietary chemical formulations and/or require access to advanced
equipment7–10. In nature, some organisms that survive extreme drying, or
desiccation, are capable of preserving RNA for years or even decades in the
dry state, requiring this RNA for recovery after rehydration19–25. From these
studies, it is clear that intact RNA is needed for some desiccation-tolerant
organisms to recover from the dry state. By adopting strategies employed by
these organisms, it may be possible to improve the stability of dry RNA
products using non-toxic, readily available compounds.

A seemingly universal strategy for mitigating the deleterious effects of
desiccation is the accumulation of protectant cosolutes, which stabilize and
prevent damage to sensitive biomolecules during drying26–29. These protec-
tants are diverse28,30, but two of the most common and well-studied pro-
tectants are the non-reducing disaccharides trehalose31–36 and sucrose27,37,38.
These sugars are vital for desiccation survival in many organisms27,31–37, and
are also capable of stabilizing desiccation-sensitive proteins and membranes
during drying27,32,37–40. Due to these properties, these sugars are commonly
used to stabilize biomolecules during drying and freezing14,41,42.

Whereas the importance of disaccharides such as trehalose and sucrose
in desiccation tolerance is well accepted26,27,29,32, the efficacy of these two
protectants in stabilizing RNA is not well understood. Studies have reported
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that trehalose has a positive effect on RNA stability in the dry state, but these
studies only test one concentration of trehalose, without replication or sta-
tistical analysis43 or only quantify RNA recovery following extraction from
paper matrices44. Given previous work establishing the importance of dis-
accharides and RNA for desiccation survival in organismal systems, as well as
the established use of disaccharides as desiccation protectants, disaccharides
may be promising candidates for RNA stabilization in the dry state.

Wefind that both totalRNAandcodingRNAdegrade significantly less
when dry relative to when hydrated, and are further stabilized by trehalose
and sucrose in a concentration-dependent fashion, up to a point. We find
that the degradation of RNA at higher sugar concentrations is linked to not
only the water mass in samples, but also to the dynamics and properties of
solid-state crystallization. Our study demonstrates that sugar-based pro-
tection of RNA is a viable means for increasing short- as well as long-term
stability in the dry state, and that considering sugar concentration, water
content, and crystallization dynamics of the resulting formulations is
essential for maximizing RNA stability.

Results
The dry state provides protection to RNA
To assess the effects of air-drying on the integrity of RNA, we used two
different assays, RNA integrity number equivalent45 (RINe, Fig. 1a) quan-
tification andan in vitro translation assay (Fig. 1b),whichwevalidatedusing
hydrated total or coding RNA, respectively. For both RINe and the in vitro
translation assay, samples are normalized to fully intact RNA, proving the
highest observed RINe or fluorescence after translation. In general, RINe is
typically utilized as quality control for RNA extraction prior to downstream
RNAanalyses, such as RT-qPCR and transcriptomics. RINe analysis results
in a number between 1 and 10, where 10 is fully intact RNA and 1 is
completely degradedRNA, based on the sizes of ribosomal subunits present
on the gel45 (Fig. 1a). In general, a RINe >7 is suitable for downstream
applications, while RNA of a lower RINe is typically too degraded45. In
contrast, the in vitro fluorescence assay is a direct measure of the amount of
protein product being produced from RNA present, and is a more direct
measure of mRNA function in contrast to RINe. All raw RINe and fluor-
escence measurements can be found in File S1. As expected, both hydrated
total and coding RNAdegrade as time and temperature increase (Fig. 1c, d).
Conditions known to accelerate RNA degradation (such as modulating pH
and Mg2+ concentration3,5) likewise result in increased degradation in our
assays (Supplementary Fig. 1).

After determining that the two assays mentioned above can reliably
measure the integrity and translatability of total and coding RNA, we next
determined the effects of vacuumdesiccation on total and coding RNA (See
Methods, Fig. 2a). Neither total nor coding RNA show significant degra-
dation when compared to control RNA (freshly thawed from −80 °C,
Fig. 2b, d −23 °C Day 0). This demonstrates that the process of drying via
vacuum centrifugation does not perturb RNA integrity or translatability in
the short term, aligning with previous work regarding RNA stability during
vacuum drying7,9.

Given the stability of RNA during drying, we wondered if the removal
of water is sufficient to keep RNA stable long-term in the dry state. We
performed time courses similar to experimentsonhydratedRNA(Fig. 1c, d)
to determine if RNA in the dry state exhibited increased stability. Both dry
total RNA (Fig. 2b) and dry coding RNA (Fig. 2d) exhibit no significant
degradation at 23 °C even after 7 days. To simulate aging, we also tested dry
RNA stored at 37 and 60 °C. At 37 °C, both total and coding RNA show
significant decreases in integrity or translatability during the time course
(Fig. 2b, d−37 °C). As expected, the 60 °C time course exhibited the largest
degree of degradation, with both types of RNA exhibiting the highest
degradation at each time point tested relative to other temperatures
(Fig. 2b, d −60 °C).

When compared to hydrated RNA under the same conditions
(Fig. 1b, d), dryRNAexhibits a significant increase in stability at several time
points and temperatures (Fig. 2c, e). These results reinforce that drying via
vacuum centrifugation is not in and of itself damaging to RNA and that the
dry state has a long-term stabilizing effect on both total RNA integrity and
coding RNA translatability relative to hydrated conditions.

Trehalose and sucrose enhance inherent RNA stability in the
dry state
Given that in vitro, RNA still degrades over time in the dry state (Fig. 2b, d),
we hypothesize that the protectants trehalose and sucrose may further
improve the stability of dry RNA. In order to achieve sufficient degradation
in shorter time periods, 60 °C for 24 h were selected as a time and tem-
perature point, which results in moderate degradation of dry RNA
(Fig. 2b, d). No effect on RNA stability is observed for either sugar in the
hydrated state (Supplementary Fig. 2a–d), implying that these sugars are not
protective to hydrated RNA, and that both sugars are free of any RNase
contamination as only RNA translation is affected by high sugar con-
centration (Supplementary Fig. 3a–d).

Fig. 1 | Degradation of hydrated total RNA and
coding RNA. RNA was analyzed using RNA
integrity number (a) and in vitro translation (b)
assays. Degradation over a 7-day time course at 23,
37, and 60 °C for hydrated total (c) and coding (d).
****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05
analyzed using Tukey’s multiple comparisons test
following two-way ANOVA. All error bars are
standard deviation. Total RNA is represented as red,
coding RNA as blue. Created in BioRender.
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We observe that both sugars provide significant protection to both dry
total and coding RNA, with protection increasing with sugar concentration
up to 1 g/L (Fig. 3—No Sugar to 1 g/L). Past 1 g/L, RNA degradation begins
to increase for most trials, demonstrating a non-monotonic trend in pro-
tection (Fig. 3—1 to 293 g/L). The degradation past 1 g/L is more pro-
nounced in the sucrose trials, with much larger drops in protection than in

trehalose trials (Fig. 3a, c) and degradation reaching near hydrated levels
(Fig. 1b, d). Coding RNA and trehalose is an exception to this trend, exhi-
biting an immediate loss in protection past 1 g/L, but then building up to
high levels of protection with higher trehalose concentration (Fig. 3d). It
should be noted that mixtures containing protectant disaccharides have
previously been shown to also display non-monotonic trends for protein

Fig. 2 |RNAdegradation over time in the dry state.
Drying regime used to dry RNA (a) and 7-day time
course of dry total (b, P < 0.0001 for both interaction
and main effects) and coding (d, P < 0.0001 for both
interaction and main effects) RNA at 23, 37, and
60 °C. Comparison between hydrated 7-day time
courses (Fig. 1c, d) and desiccated 7-day time course
(c, e) for total and coding RNA. ****P < 0.0001,
***P < 0.001, **P < 0.01, *P < 0.05 analyzed using
Tukey’s multiple comparisons test following two-
way ANOVA or Welch’s unpaired t-test with cor-
rection for multiple comparisons (c, e). All error
bars are standard deviation. Total RNA is repre-
sented as red, coding RNA as blue. Created in
BioRender.

Fig. 3 | Dry RNA degradation with varying con-
centrations of disaccharides. Protection of dry total
RNA (red) with sucrose (a) and trehalose (b). Pro-
tection of coding RNA (blue) with sucrose (c) and
trehalose (d). ****P < 0.0001, ***P < 0.001,
**P < 0.01, *P < 0.05 analyzed using Tukey’s mul-
tiple comparisons test following one-way ANOVA.
ANOVA P < 0.0001 for all trials. All error bars are
standard deviation. Total RNA is represented as red,
coding RNA as blue.
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stabilization13,46,47. Extending ourmeasurements to quantify the degradation
rate of RNA in different formulations, we find similar results with dry
samples stored at 37 °C for 3 weeks, albeit with less degradation at higher
sugar concentrations (Supplementary Fig. 4). In addition, we observe
similar sugar protection with a smaller (330 bp) RNA (Supplemen-
tary Fig. 5a, b), suggesting that RNA size may not play a role in governing
RNA-sugar stability.

Combined, these data demonstrate that trehalose and sucrose confer
protection to total and coding RNA in a dry state, but at higher con-
centrations, these protective effects can be counteracted by an emergent
perturbing effect that is different between the two sugars. These results also
indicate that while offering similar protection at optimal concentrations,
trehalose outperforms sucrose at high concentrations as a desiccation
protectant for both total and coding RNA under the conditions used here
(Supplementary Fig. 2e, f).

Retained water correlates with RNA degradation for most
samples
After determining that trehalose and sucrose are capable of protecting both
total RNA and coding RNA, we sought to investigate possible mechanisms
underlying why low levels of disaccharides are protective to dry RNA, but
become detrimental at higher concentrations. We performed differential
scanning calorimetry experiments to analyze the glassy properties of dry
sucrose at higher concentrations (Supplementary Fig. 6), which have been
linked to dry state stability47,48. We find that while the glass transition
temperature did vary with sugar concentration (Supplementary Fig. 6a), it
exhibited a non-significant correlation with RNA degradation (Supple-
mentary Fig. 6c), while glass former fragility exhibited no change with
concentration or relationship to RNA degradation (Supplemen-
tary Fig. 6b, d). Given both disaccharides’ ability to retain water during
drying47 as well as water’s role in facilitating RNA degradation5 we next
wished to determine if water is related to the observed pattern of protection
and degradation.

To explore the role of water in the degradation of RNA in the dry state,
we quantified the stability of dry total RNA with varying drying times after
24 h at 60 °C (Fig. 4a). Unsurprisingly, we find that reducing drying time-
s, and thus increasing residual water, results in increasing degradation
for total RNA, indicating that residual water in the dry state can promote
RNA degradation. We find similar results for dry RNA held at 60 °C
at varying relative humidities, with higher humidities resulting in
increasing RNA degradation in the dry state (Supplementary Fig. 7a, b).
Unsurprisingly, we also observe an increase in coordinated water in
the hydrated state as sugar concentration increases (Supplementary
Fig. 8c–f), correlating strongly with degradation in the dry state (Supple-
mentary Fig. 9).

After validating that residual water can cause degradation, we next
analyzed the water content present in dry sugar samples using Karl–Fischer
Coulometry (Supplementary Fig. 7c–f). Sample sizes were scaled up by a
factor of 10, RNAexcluded, anddrying time increased to 24 h (seeMethods)
to allow for a wider concentration of sugars to be tested (Supplementary
Fig. 10). We found no differences in the percent water between sugars with
RNA dried in 7 uL for 3 h and sugar alone dried in 70 uL for 24 h (Sup-
plementary Fig. 11), indicating that these two drying regimes are equivalent
in terms of percent water retained.

Unsurprisingly, we find that watermass exhibits a negative correlation
with degradation for all trials (Fig. 4b–d and Supplementary Fig. 12) except
for coding RNA and trehalose (Fig. 4e), suggesting a relationship between
water mass and RNA degradation. This relationship is also present for 7 uL
samples (Supplementary Fig. 13). However, since percent water is similar
between samples (Supplementary Figs. 7, 10, 11), we hypothesize that if
increased water mass is a driver of RNA instability, there must be some
mechanism that promotes differential interactionsbetweenRNAandexcess
water (Supplementary Fig. 14) in the dry state and causes the differences in
RNAdegradation observed between dry trehalose and sucrose at high sugar
concentrations (Fig. 3—293 g/L).

Disaccharide crystallization dynamics mirror differences in RNA
integrity at high sugar concentrations
To understand how the same mass of water in a sucrose versus trehalose
sample might be differentially accessing RNA, we wanted to further
investigate the physical nature of our resulting sugar matrices. One possible
mechanism that could promote water–RNA interactions is the crystal-
lization of the disaccharides, since crystalline trehalose and sucrose are
known to exhibit differences in the distribution of water across their
matrices49–51 and form different amorphous/crystalline domains at similar
water content51.

In order to determine if our samples were undergoing crystallization,
we performed X-ray diffractometry on 293 g/L dry samples after 24 h at
60 °C.We find that both sugars exhibit sharp, defined peaks, indications of
crystallinity (Fig. 5a, b). Importantly, peak positions suggest that trehalose
exists in the dihydrate form52,53 while sucrose exists in the anhydrous form54.

After observing that our samples were indeed crystalline, we wished to
gain insights into howquickly crystallizationwas occurring at 60 °C, and the
rate at which crystals formed. To achieve this, we utilized DSC to monitor
heat flow during an isothermal hold at 60 °C. Both sugars exhibit a spon-
taneous exothermic peak, albeit at different times and of different sizes,
indicating that our samples are initially amorphous (non-crystalline), and as
they age in the dry state, undergo solid-state crystallization at different
rates(Fig. 5c)55. Trehalose crystallizes rapidly (Fig. 5c and Supplementary
Table 1), while sucrose crystallizes more slowly (Fig. 5c and Supplementary
Table 2).

Importantly, faster crystallization dynamics (as observed with treha-
lose) are known to result in more homogenous dispersal of impurities
relative to slow dynamics (as observedwith sucrose)56. These results suggest
that while the total mass of water in trehalose and sucrose samples are
indistinguishable, differences in water distribution, as a result of different
crystallization dynamics, drive differences in RNA protection.

Discussion
While the chemistry and molecular behavior of RNA is well studied in the
hydrated state, less is known about RNA behavior in the dry state. For-
tunately, a significant amount of research into solid-state reaction kinetics
has been performed on DNA, providing general insights into nucleic acids
in the dry state18,57. Relevant to RNA is the notion that hydrolysis reactions
can still occur in the dry state18, utilizing residual water remaining after
drying, and have been shown to occur in dryDNA, albeit at lower rates than
hydrated samples18. This alignswell with the differences in degradation seen
between hydrated and dry RNA in our study, where the removal of the
majority of water decreases degradation but does not halt it altogether.
However, one surprising result is the similarities between the degradation of
total (Figs. 1c, 2b) and coding (Figs. 1d, 2d) RNA. Given what is known
about the effect of length3 and secondary structure6 onRNAdegradation,we
were surprised to see such similar degradation between a longer, highly
structured RNA (rRNA quantified in the RIN assay, Fig. 1a) and a shorter,
most-likely less structured RNA (RNA encoding for eGFP, Fig. 1b). Since
RNA length increases the chance of self-hydrolysis along the RNA strand3,
while secondary structuremakes an RNA less prone to this reaction6, it may
be possible that these two factors “cancel-out”, resulting in similar degra-
dation for total and coding RNA. Of course, it is also likely that the two
assays exhibit differences in the sensitivity of RNA degradation, and they
cannot truly be compared directly to one another.

While we do observe significant protection by just drying RNA
(Fig. 2c, e), additional time or increased temperature can still result in RNA
degradation (Fig. 2b, d). The simple addition of trehalose or sucrose can
significantly improve dry state stability (Fig. 3), allowing for dry RNA tonot
only be stable at room temperature, but at elevated temperatures. This
increased stability in elevated temperatures would be beneficial for the
storage and transport of RNA, especially in underdeveloped regions.
However, we do observe significant decreases in RNA protection past 1 g/L
of sugar. The decrease in protectionpast 1 g/L correlateswithwatermass for
most samples (Fig. 4), suggesting excess water could play a role in
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degradation. However, this excess water should be evenly dispersed across
the sugar matrix, indicating that another mechanismmust allow for excess
water to interact with RNA. Performing DSC analysis on dry sucrose
samples shows only a weak correlation between protection and glass tran-
sition temperature (Supplementary Fig. 6c) with glass transition tempera-
ture, although glass transition temperature does vary with sugar
concentration (Supplementary Fig. 6a) despite maintaining similar water
content. In contrast, we observe no relationship between sugar concentra-
tion and glass former fragility (Supplementary Fig. 6b) or between protec-
tion and glass former fragility (Supplementary Fig. 6d). Importantly, all
sucrose glass transitions were below 0 °C (Supplementary Fig. 6a), and all
experiments occurred well above this temperature. It is known that tem-
peratures above a material's glass transition can favor an amorphous-to-
crystal solid-state transition58, which provides a mechanism that may allow
water to interact with entrapped RNA.

Crystallization is well understood to be capable of excluding impurities
from a growing crystalline matrix59,60, providing a hypothetical mechanism
by which RNA and increased residual water are brought into proximity,
thereby accelerating degradation. Importantly, it is known that the rate of
crystallization can affect the expulsion of impurities from the growing
crystal, with faster crystallization leading to more impurities being trapped

within crystals56. The “quick” crystallization of trehalose when compared to
sucrose may result in more RNA and water entrapped within the matrix,
while the “slow” crystallization of sucrosemay result in the greater exclusion
of RNA and water (Fig. 5d). This would result in greater water–RNA
interactions, explaining the near hydrated levels of degradation observed
with high levels of sucrose (Fig. 3a, c).

Additionally, trehalose and sucrose are known to incorporate different
amounts of water into their crystalline matrices. XRD data (Fig. 5a, b)
indicate that trehalose crystallized into its common dihydrate form53, while
sucrose crystallized into its common anhydrous form61. It is known that
crystalline trehalose can adsorbwater in order to satisfy the amount ofwater
required to form the dihydrate62–64. Given this, it’s also possible that the
formation of trehalose dihydrate is sequesteringwater away fromentrapped
RNA, while the slower formation of anhydrous sucrose is expelling water
and RNA forcing the two to interact (Fig. 5d). Additionally, trehalose and
sucrose crystal growth can be slowed at reduced temperatures61,64, possibly
explaining the lack of degradation seen at higher sugar concentrations
during 3week degradation experiments at 37 °C (Supplementary Fig. 4), but
similar protection.

While we have some evidence for the possible mechanisms by which
high sugar concentrations result in RNA degradation, the mechanism by

Fig. 4 | Effect of drying time on dry total RNA
degradation and retained water of sugarmixtures.
Twenty-four-hour 60 °C trials of dry total RNA
degradation at varying drying times (a). Retained
water of 70 uL buffer with varying concentrations of
sucrose (b) or trehalose (c) compared to total RNA
degradation. Retained water of 70 uL buffer with
varying concentrations of sucrose (d) or trehalose
(e) compared to coding RNA degradation. All sugar
concentrations from left to right are 5, 10, 50, 100,
and 293 g/L. ****P < 0.0001, ***P < 0.001,
**P < 0.01, *P < 0.05 analyzed using Tukey’s mul-
tiple comparisons test following one-way ANOVA
(a). R2 and P values are Pearson correlations, and
lines of best fit are simple linear regressions with
95% confidence intervals (b–e). One-way ANOVA
P < 0.0001. Correlations for 7 uL samples can be
found in S11. All error bars are standard deviation.
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which RNA is stabilized by these disaccharides is less clear. Importantly, we
find optimal sugar protection at 1mg/mL for both total (Fig. 3a, b) and
coding (Fig. 3c, d) RNA, as well as smaller 330 bp RNA (Supplementary
Fig. 5a, b). In addition, optimal sugar protection shifts depending on RNA
concentration (Supplementary Fig. 5c, d), suggesting that a certain amount
of sugar per nucleotide is important for protection, irrespective of RNA size.
It may be possible that disaccharides are replacing the water around RNA
during drying, preventing possible hydrolysis reactions (Fig. 6). Indeed, the
optimal sugar concentration for ourmixtures yields a nucleotide:sugar ratio
of 1:7.3, similar to the amount of watermolecules that hydrate an individual
nucleotide (4–7 water molecules depending on nucleotide and base
pairing)65,66.Notonly iswater replacement an already establishedhypothesis
for the protection of other biomolecules in thedesiccation tolerancefield67,68,
it is also known that disaccharides can replace hydrating water around
nucleotides in solution, destabilizing secondary structure and lowering
melting temperatures69,70. Overall, our study largely agrees with the sig-
nificant amount of previous work done on protein stabilization in amor-
phous glasses, with protection potentially being caused by sugars displacing
residual water around RNA, a well established theory for sugar-based dry
protein protection67,68 and degradation being caused by unwanted crystal-
lizationwith differing dynamics between the two sugars, again aligningwith
previous hypotheses addressing trehalose’s properties that make it a
superior protectant51.

This study reinforces that dry storage of RNA is viable formaintaining
RNA integrity outside of the cold-chain, at ambient or even elevated tem-
peratures. Furthermore, while RNA is stabilized by the removal of water,
known desiccation protectants, trehalose and sucrose, provide further dry-
state stabilization and longevity at elevated temperatures, and a 1:7

nucleotide:sugar ratio offers the most robust protection. We find that
crystallization of these disaccharides appears to be detrimental to RNA
stability in the dry state, but reducing disaccharide concentration to mini-
mize excess water and avoiding crystallization can greatly reduce this
degradation. Thesefindingsmay provide additional avenues for the delivery
and storage of RNA-based therapeutics, which could be particularly bene-
ficial in remote and developing parts of the world as well as in austere
conditions. However, it is important to note that RNA stabilization is just
one factor in the preservation of RNA therapeutics, and the stabilization of
the delivery vehicle is equally important. While both disaccharides have
been shown to stabilize dry membranes39,71, further experiments will be
needed to determine the capability of trehalose and sucrose in stabilizing
RNA and a delivery vehicle in a linked system before dry-state stabilization
of RNA therapeutics can be achieved.

Methods
Total RNA
Human total RNA from K-562 leukemia cell lines was purchased from
Invitrogen (AM7832) and used for all total RNA experiments.

Coding RNA production
DH10b E. coli transformed with pET28a:GFP (Addgene #60733) were
grown for 16 h at 37 °C in Luria-Bertani (LB) broth at 250RPM in a shaking
incubator. After 16 h of growth, plasmid DNA was extracted using com-
mercial plasmid miniprep kits (QIAprep Spin Miniprep Kit − 27104).
pET28a:GFP was linearized with an overnight restriction digest utilizing
BamHI-HF (NEB) at 37 °C.DNAwas then cleaned and concentrated using
ZymoOligo Clean and Concentrator (D4060), and eluted in 9 uL nuclease-

Fig. 5 | Crystallization dynamics of sugar mix-
tures. XRD of aged (24 h, 60 °C) sucrose (a) and
trehalose (b) in triplicate. Sucrose peaks (a) align
with reported XRD spectra of anhydrous sucrose54,
and trehalose (b) exhibit peaks (near 16 and 24 2θ)
indicative of the dihydrate form52,53. Heat flow of
293 g/L of dry sucrose (left) and trehalose (right)
during 24 h isothermal holds at 60 °C (c). Thermo-
grams have been expanded for better detail of crys-
tallization peaks. Each line represents one replicate.
Full thermograms can be found and analyses can be
found in Supplementary Fig. 15 and Supplementary
Tables 1, 2.
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free water. Linear DNA concentration and purity was quantified on a
ThermoScientificNanoDropOne.Linearized plasmidwas then transcribed
to coding RNA utilizing an Invitrogen MEGAscript T7 transcription kit
(AM1334), with a reaction time of 4 h. After transcription, RNA was pur-
ified with an Invitrogen MEGAclear transcription clean-up kit (AM1908),
and eluted in Invitrogen’s The RNA Storage Solution, pH 6.5 (TRss,
AM7001) utilizing the second elution method described in theMEGAclear
clean-up kit, producing an RNA encoding for eGFP (720 bp). RNA quan-
tification and purity was then determined using a Thermo Scientific
NanoDrop One. Samples were diluted to 1000 ng/uL (1mg/mL) with the
addition of TRss. After quantification, RNAwas stored at−80 °C until use.

Assessment of total RNA integrity
RNA integrity number equivalent (RINe) was determined using an Agilent
4200 Tapestation, utilizing Agilent high-sensitivity RNA screentape (5067-
5579). Total RNA (at 1mg/mL) was first diluted in nuclease-free water to
reach the required functional range of the instrument (1–25 ng/uL) before
analysis. About 2 uL of dilute RNA was mixed with 1 uL high-sensitivity
screentape buffer and prepared according to themanufacturer’s protocol. A
high-sensitivity ladder was prepared in an identical manner, with 2 uL of
ladder mixed with 1 uL of high-sensitivity buffer before analysis. An initial
RINe was taken for each total RNA sample before the experiment began,
and then compared to the experimental trials.

Quantification of coding-RNA translatability
In vitro translation was performed utilizing Promega’s Rabbit Reticulocyte
Lysate system (L4960). Reaction size was scaled down by 50%, for a total
reaction volume of 25 uL. About 7 uL of coding RNA at a concentration of
142 ng/uL (1 ug) was combined with 0.5 uL premixed amino acid solution
and 17.5 uL rabbit reticulocyte lysate, mixed gently, and incubated at 30 °C
for 90min. After 90min, 20 uL from each reaction was added to individual
wells of a black384-wellmicroplate (Greiner, 781900), spun at 900 rpm(174
rcf) for 3min before the fluorescence of each well was measured using a
Tecan CytoSpark plate reader. Each experiment included a control trans-
lation with no added RNA, which was used for background subtraction. All
translation experimental trials were paired to identical frozen controls.

Desiccation of RNA
Here, we opted to use vacuum drying instead of lyophilization or spray-
drying, due to the low cost, ease of operation, and more widespread avail-
ability of vacuum desiccators compared to the aforementioned techniques.
For drying, 1 uL (1 ug/uL) of RNA in “the RNA storage solution”, pH 6.5,
was diluted to a total volume of 7 uL with nuclease-free water before being
placed into a Savant Speedvac SC110 concentrator. Vacuum was achieved
using aThermoScientificOFP400vacuumpump. Sampleswere spununder

vacuum with no heating for 3 h to achieve desiccation. For rehydration,
sampleswere either rehydrated in 100 uLnuclease-freewater (for total RNA
samples) or 7 uLnuclease-freewater (for codingRNAsamples) and allowed
to sit for 1 h, before being utilized in their respective assays. During drying,
all samplesweredriedwith a consistent volume in the vacuumconcentrator,
33 tubes with 7 uL of solution. For experiments that utilized less than this
number, additional tubes with nuclease-free water were added for con-
sistency in drying rates.

Heating of RNA
Hydrated samples were stored to minimize evaporation. For 60 °C experi-
ments, hydrated samples were stored in a BioRad C1000 thermocycler for
their respective time points. For the 37 and 23 °Chydrated samples, samples
were stored in sealed chambers half-filled with water to maintain humidity
(RH >95%) and placed in incubators at 37 or 23 °C. For dry samples, all
samples were stored in a desiccation chamber with Drierite (RH <15%),
before being placed in incubators at their respective temperatures for the
indicated time.

Disaccharide preparation
Ten sugar stock solutions (0.01167, 0.05835, 0.1167, 0.5835, 1.167, 5.835,
11.67, 58.35, 116.7, and 342.3 g/L) were made for both trehalose and
sucrose utilizing Amsbio 1M trehalose solution (AMS.TS1M-100) or
Sigma-Aldrich BioUltra sucrose (84097) 1M stock solutions. About 6 uL
of each stock solution was mixed with 1 uL of 1 ug/uL RNA, for a total
volume of 7 uL, and sugar concentration of 0.01 g/uL, 0.05 g/L, 0.1 g/L,
0.5 g/L, 1 g/L, 5 g/L, 10 g/L, 50 g/L, 100 g/uL and 293 g/L, respectively.
Concentrations were chosen not only to test a variety of conditions, but
also to include concentrations exhibiting high levels of protection for
other biomolecules39, whole organisms35, as well as being physiologically
relevant72. Samples were then dried as previously described, and placed at
60 °C in a sealed glass desiccation chamber for 24 h. After 24 h, samples
were cooled to room temperature, and then total RNA samples were
rehydrated in 100 uL nuclease-free water, while coding RNA samples
were rehydrated in 7 uL nuclease-free water. Samples were then analyzed
in their respective assays.

Control of humidity
For experiments with varying humidity, dry RNA samples in open tubes
were placed in anESPECenvironmental test chamber (ModelBTL-433). To
prevent condensation forming on samples at higher humidities, the
chamber was preheated to 60 °C without humidity control (resulting in a
chamber humidity of 2–8%), and samples equilibrated for 30min before
humidifying at 60 °C. Samples were removed from the chamber after 24 h,
and analyzed as described above.

Fig. 6 | Schematic of the proposed mechanism of
protection via water replacement and degradation
due to water interaction caused by crystallization.
Larger red spheres represent disaccharides, smaller
blue spheres represent water, and red lines represent
RNA. Created in BioRender.
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Karl–Fischer coulometry
Karl–Fischer coulometry was performed using aMetrohmEco-coulometer
without a diaphragm utilizing HYDRANAL Coulomat-AG (34836). Gen-
erator current was set to 400mA and Ipol was set to 10 uA. Endpoint was set
to 50mV, and stop drift was 5 ug/min. All experiments were carried out at
25 °C with no extraction time. All experiments were blanked in triplicate
utilizing an equal volume of 50% methanol and 50% formamide prior to
experimental samples being analyzed.

About 7 uL samples were dried as described previously in preweighed
Eppendorf tubes. After drying, the dry mass of a sample was determined
before 150 uL of anhydrous 50% methanol and 50% formamide was added
to the sample. The sample was vortexed until completely dissolved, briefly
centrifuged, then drawn into a 250 uLHamilton Gastight syringe (1725TLL)
with a 4-inch 20-gauge needle. The syringe was then weighed, and the
sample was injected into the vessel of the coulometer. The empty syringe
was then weighed again, and the injected mass determined. For 70 uL
samples, the protocol was identical except samples were dried for 24 h and
resuspended in 200 uL of a solution which was 50% methanol and 50%
formamide.

X-ray diffractometry
The diffraction dataweremeasured for the samples at room temperature on
a Bruker D8 Venture Duo diffractometer equipped with a CMOS IµS Mo
and Cu sources, and a PHOTON detector. The data were measured using
theCuKα radiation.The ca. 0.33mmsamplesweremountedonaMiTeGen
micromount. The samples were centered, and the diffraction data were
measured in the 2q range, 4–70° at room temperature.

Mg2+

About 1.11, 11.1, 111, 1.11M MgCl2 in nuclease-free water solutions were
made by serially diluting a 2MMgCl2 in H2O solution. Then, 1 uL of 1 ug/
uL RNA was added to 9 uL of the respective MgCl2 solution for final
molarities of 1, 10, 100mM, and 1M. Samples were then placed at 37 °C as
previously described.At each timepoint, sampleswere removed, andMg2+
was removed utilizing a MEGAclear transcription clean-up kit. For total
RNA experiments, samples were then analyzed, while for coding RNA,
samples were concentrated as described previously using an Oligo Clean
and Concentrate kit, and then analyzed by translation.

pH
To determine the amount of acid or base to reach a given pH, varying
amounts of 1mMHClor1mMNaOHwasadded to Invitrogen’s ‘TheRNA
Storage Solution’, pH 6.5 (AM7001). This was determined on the milliliter
scale to achieve an accurate pH measurement, before being reduced by a
factor of 1000 for use on themicroliter scale. pH setupwas identical for both
coding and total RNA. pH 4–2:7 TRss:1 mMHCl, pH 5—3:5.5 TRss:1mM
HCl, pH 6—6:4 TRss:1mM HCl, pH 7—6:2 TRss:1 mM NaOH, pH 8—
8.2:3.2 TRss:1 mMNaOH, pH 9—7:3.2 TRss:1mMNaOH, 4:6 TRss:1mM
NaOH. At all pHs other than 10, NaCl was added to account for the
additional Na+ added by NaOH at pH 10. Samples were then placed at
37 °C for 1 day, 3 days, and 7 days.

After each respective time point, samples were removed from the heat
and quenched by being brought to 100 uL with Tris-HCl. Then, samples
were cleaned utilizing the Zymo Oligo Clean and Concentrate kit. For total
RNA, samples were eluted in 10 uL NFW, and then brought to 100 uL with
the addition of 90 uLNFW, before analysis. For coding RNA, samples were
concentrated after quenching using the Clean and Concentrate kit as
described in the concentration protocol.

Small RNA integrity
pET:28a:miniGFP2 construct was produced by Twist Biosciences (File S1)
DH5a E. coli transformed with pET28a:miniGFP2 were grown for 16 h at
37 °C in Luria-Bertani (LB) broth at 250 RPM in a shaking incubator. After
16 h of growth, plasmid DNA was extracted using commercial plasmid
miniprep kits (QIAprep Spin Miniprep Kit—27104). pET28a:GFP was

linearizedwith an overnight restriction digest utilizingXhoI (NEB) at 37 °C.
DNA was then cleaned and concentrated using Zymo Oligo Clean and
Concentrator (D4060), and eluted in 9 uL nuclease-free water. Linear DNA
concentration and purity was quantified on a Thermo Scientific NanoDrop
One. The linearized plasmid was then transcribed to coding RNA utilizing
an Invitrogen MEGAscript T7 transcription kit (AM1334), with a reaction
time of 16 hours. After transcription, RNA was purified with an Invitrogen
MEGAclear transcription clean-upkit (AM1908), and eluted in Invitrogen’s
The RNA Storage Solution, pH 6.5 (TRss, AM7001) utilizing the second
elution method described in the MEGAclear clean-up kit, producing a
coding RNA of 330 bp in length. RNA quantification and purity was then
determined using a Thermo Scientific NanoDrop One. Samples were
diluted to 1000 ng/uL (1mg/mL) with the addition of TRss. After quanti-
fication, RNA was stored at −80 °C until use.

Drying and degradation was achieved in an identical manner to pre-
viousRNA.ThisRNAwasunable to beused for an in vitro translation assay,
so RNA integrity was instead determined via the electropherogram pro-
duced by an Agilent Tapestation. RNA (at 1mg/mL) was first diluted in
nuclease-free water to reach the required functional range of the instrument
(1–25 ng/uL) before analysis. 2 uL of dilute RNAwasmixedwith 1 uL high-
sensitivity screentape buffer and prepared according to the manufacturer’s
protocol. A high-sensitivity ladder was prepared in an identical manner,
with2 uLof laddermixedwith1 uLofhigh-sensitivitybuffer before analysis.
All samples were normalized to the lower marker, before being exported as
raw electropherograms.

RNA stability was determined by taking the area under the peak at
~330 bp, and comparing it to the area under the curve at sizes below
~330 bp, up until the lower marker. This ratio was then used as an estimate
of RNA integrity, with a higher number being more intact (more RNA at
330 bp) and a lower number being less intact (more fragmented RNA of
smaller sizes). This was normalized to fully intact frozen RNA.

Differential scanning calorimetry (DSC)
All DSC experiments were performed on a DSC 2500 (TA instruments)
with an autoloader. For heat of melting experiments, RNA:sugar mixtures
were scaled up by a factor of four for a total volume of 28 uL. Hydrated
samples were pipetted into preweighed aluminumTzero pans, the samples'
mass determined, and then hermetically sealed. Samples were cooled at 1 °C
per minute to−40 °C, held for 20min to ensure thermal equilibrium, and
then heated at 1 °C per minute to 20 °C. The curve at 0 °C was then inte-
grated to determine the enthalpy of melting in J/g.

For isothermal crystallization experiments, 7 uL of the highest con-
centration RNA-sugar mixture (293 g/L of sugar) were dried using vacuum
centrifugation in preweighed aluminum Tzero pans. Sample mass was
determined, and then hermetically sealed samples were heated to 60 °C at a
10 °C per min until 60 °C, and held isothermally for 24 h. Due to the length
of time of each run, samples were dried separately. Total liquid volume was
kept consistent, as described under the desiccation protocol. For deter-
mining onset/endset times and enthalpy of crystallization, onset/endset
analysis were performed utilizing Trios software. Transition starts/ends
were adjusted to best follow the curve, and the onset/endset taken. Those
bounds were then used to determine the start and end of enthalpy
integration.

For dry state analyses, sample volumes were scaled to achieve ~10mg
of drymass after drying, anddrying timesmodulated to achieve~11%water
content after drying, verified by Karl–Fischer coulometry. After drying,
samples were loaded into Tzero pans, the samples' mass determined, and
then hermetically sealed. Runs consisted of a 30-min isothermal hold at
−40 °C, before a 2 °C/min ramp to 100 °C.Glass transitionwas selected, and
the Tg onset, midpoint, and offset were determined via TA instruments
Trios software, utilizing built-in onset and endset analysis. m-index was
then calculated utilizing equations 10 and 14 from ref. 73. Where m is the
alternative fragility parameter, Tg is the glass transition temperature onset,
Toff
g is the glass transition offset temperature,ΔETg

is the activation enthalpy
of structural relaxation at Tg, R is the gas constant, andΔEη is the activation
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enthalpy for viscosity. Constant is an empirical constant of 5 ± 0.5, and m
can be solved assuming ΔETg

and ΔEη are equivalent
73.

m ¼
ΔETg

ðln10ÞRTg
ð1Þ

constant ¼ ΔEη

R

� �
1
Tg

� 1

Toff
g

 !
ð2Þ
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