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High-capacity information storage using
peptide-encapsulated hydrogels for
long-term data preservation
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Peptide-based data storage offers a promising solution to the escalating digital data crisis.

A key challenge is maintaining peptide stability over time after encoding information in amino

acid sequences. Here, we present a simple and effective method to preserve peptides using a
hydrogel composed of poly(N-isopropylacrylamide) and chitosan that forms a semi-interpenetrating
polymer network. This hydrogel responds to temperature and pH stimuli to encapsulate and stabilize
peptides from solution. Its thermoresponsive behavior enables efficient peptide concentration
through repeated swelling and deswelling cycles. Strong electrostatic interactions between chitosan
and peptides result in an ultrahigh data density of 2.44 x 10" GB g~'. Accelerated aging tests under
thermal and enzymatic conditions demonstrate significantly enhanced peptide stability, with original
information fully recovered after 3.5 days at 70 °C, equivalent to over 600 years at 9.4 °C. This work
establishes a durable, high-capacity platform for long-term peptide data storage.

The exponential growth of data, driven by the rapid evolution of informa-
tion technology, has created significant challenges for data storage. Tradi-
tional storage media, such as hard drives and optical discs, are approaching
their physical capacity limits, making them increasingly inadequate for the
ever-growing demand for data storage'”. In this context, biological infor-
mation storage technologies, particularly DNA and peptide-based storage,
have emerged as highly promising alternatives’™.

DNA and peptides, as natural biopolymers, offer several unique
advantages for information storage. DNA, with its high storage density and
long-term stability, has been extensively studied for its potential to store vast
amounts of data in a compact form™. Similarly, peptides, composed of
amino acids linked by peptide bonds, provide a versatile platform for data
encoding due to their structural diversity and ease of synthesis. The ability to
encode information in the sequence of amino acids allows for high-density
data storage, with the potential to store exabytes of data in just a few grams of
material”’. Moreover, peptides are inherently biodegradable and bio-
compatible, reducing the environmental impact compared to traditional
storage media'’.

Despite their advantages, peptide molecules are highly susceptible to
degradation from environmental factors such as proteases, heat, moisture,
and oxygen, which can lead to the loss of stored information'""*. Current
preservation methods, including freezing, dehydration, and the use of salt

ion buffer solutions, can extend the lifespan of peptides from several months
to a few years. However, these methods are often costly, prone to con-
tamination, and offer limited protection periods'*'. As a result, the devel-
opment of more robust and long-term preservation strategies for peptide-
based information storage remains a critical area of research. Recent
advancements in peptide preservation are still in its early stages, with rela-
tively few reports. For instance, Zheng et al.” proposed an innovative
approach involving the fusion of mirror-image proteins onto plastic films,
which significantly improved the stability of stored information. However,
challenges such as long-term, high-density preservation and flexible, secure
access to the stored data remain unresolved. These limitations highlight the
need for advanced preservation techniques that can ensure the integrity of
peptide-based information over extended periods.

Hydrogels, with their three-dimensional network structure, have
emerged as a promising medium for the long-term preservation of peptide-
based information'®"*. The unique properties of hydrogels, such as their
high-water absorption capacity and ability to minimize direct contact
between peptides and harmful environmental factors, make them ideal for
protecting peptides from degradation'*”’. Additionally, stimuli-responsive
hydrogels, which can respond to environmental changes such as tempera-
ture, pH, light, or specific chemicals, offer the potential for controlled release
and retrieval of stored information’*’. By embedding peptide-based

"Institute of Nanochemistry and Nanobiology, School of Environmental and Chemical Engineering, Shanghai University, Shanghai, China. ?Institute of Translational

Medicine, Shanghai University, Shanghai, China. *School of Medicine, Shanghai University, Shanghai, China.

xydeng@shu.edu.cn; hhu66@shu.edu.cn

e-mail: dongxin@shu.edu.cn;

Communications Materials | (2025)6:183


http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-025-00915-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-025-00915-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43246-025-00915-y&domain=pdf
http://orcid.org/0000-0001-5148-3987
http://orcid.org/0000-0001-5148-3987
http://orcid.org/0000-0001-5148-3987
http://orcid.org/0000-0001-5148-3987
http://orcid.org/0000-0001-5148-3987
http://orcid.org/0000-0002-3449-4868
http://orcid.org/0000-0002-3449-4868
http://orcid.org/0000-0002-3449-4868
http://orcid.org/0000-0002-3449-4868
http://orcid.org/0000-0002-3449-4868
http://orcid.org/0000-0003-3709-0655
http://orcid.org/0000-0003-3709-0655
http://orcid.org/0000-0003-3709-0655
http://orcid.org/0000-0003-3709-0655
http://orcid.org/0000-0003-3709-0655
http://orcid.org/0000-0001-6967-7050
http://orcid.org/0000-0001-6967-7050
http://orcid.org/0000-0001-6967-7050
http://orcid.org/0000-0001-6967-7050
http://orcid.org/0000-0001-6967-7050
http://orcid.org/0000-0003-0577-3021
http://orcid.org/0000-0003-0577-3021
http://orcid.org/0000-0003-0577-3021
http://orcid.org/0000-0003-0577-3021
http://orcid.org/0000-0003-0577-3021
mailto:dongxin@shu.edu.cn
mailto:xydeng@shu.edu.cn
mailto:hhu66@shu.edu.cn
www.nature.com/commsmat

https://doi.org/10.1038/s43246-025-00915-y

Article

information storage media within such hydrogels, it is possible to achieve
both high-density storage and long-term preservation, while also enabling
flexible and secure access to the data”™.

Among the various types of hydrogels, PNIPAM (Poly(N-iso-
propylacrylamide)) hydrogels have garnered significant attention due to
their unique thermos-responsive properties. PNIPAM hydrogels exhibit a
lower critical solution temperature (LCST) and volume phase transition
temperature (VPTT) of ~32 °C, below which they remain fully swollen.
Above this temperature, the polymer network transitions from hydrophilic
to hydrophobic, causing the hydrogel to release its absorbed water’* . This
property, combined with the ability to chemically modify PNIPAM through
copolymerization or the formation of semi-interpenetrating polymer net-
works (semi-IPN), enhances its functionality and makes it suitable for
multimodal applications”**. Chitosan (CS), a natural polysaccharide with a
pKa value of around 6.5, can be incorporated into PNIPAM hydrogels to
improve their affinity for negatively charged peptides™. At pH values
below 6.5, CS carries a positive charge, allowing it to bind electrostatically
with negatively charged peptides’”. This interaction not only increases the
peptide loading capacity of the hydrogel but also provides a mechanism for
controlled peptide release by adjusting the pH***. Importantly, the intro-
duction of CS does not affect the LCST of PNIPAM, enabling peptide
storage and retrieval at lower temperatures™. Furthermore, CS has been
shown to protect negatively charged proteins, suggesting its potential as a
protective agent for peptides within hydrogels™””.

Here, we investigate PNIPAM/CS semi-IPN hydrogels for peptide-
based information storage (Fig. 1). Textual data is encoded into peptide
sequences, which are absorbed by hydrogel at 20 °C under acidic conditions.
Swelling and dehydration cycles at 45 °C anchor peptides via electrostatic
interactions with protonated CS, enabling high-density storage. For retrie-
val, the hydrogel is immersed in an alkaline buffer, where CS deprotonates,
weakening peptide binding and allowing efficient extraction. Optimized pH
conditions, storage density calculations, and accelerated aging tests confirm
the hydrogel’s protective performance™. Mass spectrometry successfully
decodes peptides back into original information, demonstrating the sys-
tem’s feasibility. This approach combines the stability and flexibility of
hydrogels with chitosan’s protective properties, offering a promising solu-
tion for high-density, long-term data storage, addressing modern data
storage challenges.

Results and discussion

Peptide encoding and decoding

To fully harness the potential of peptide-based storage technology for big
data applications, we strategically selected eight amino acids for data
encoding. A key advantage of this selection is that peptides composed of
these amino acids exhibit an isoelectric point of ~3.5. This property ensures
that the peptides carry a negative charge in environments with a pH above
3.5, facilitating strong electrostatic interactions with positively charged
hydrogel networks. Furthermore, each amino acid encodes 3 bits of data,
significantly enhancing information storage density. While increasing the
variety of amino acids could theoretically boost storage capacity, we
balanced this consideration with the practical challenges of synthesis and
sequencing costs. This approach optimizes both storage efficiency and
experimental feasibility. Using our tailored encoding rules, we successfully
encoded the text “Welcome to Shanghai University” into 5 peptides com-
prising 85 amino acids, demonstrating the system’s effectiveness. (Supple-
mentary Fig. S3).

Preparation and characterization of PNIPAM/CS semi-IPN
hydrogels

We synthesized a series of PNIPAM/CS semi-IPN hydrogels with varying
CS concentrations to achieve high peptide loading capacity, stable pre-
servation, and precise control over peptide release via temperature and pH
adjustments. As shown in Fig. 2a, the IPN CS3 hydrogel beads exhibit
diameters of ~2 mm when dry and 5 mm when fully swollen. Notably,
unlike pure PNIPAM hydrogel, which turns transparent upon swelling at

25°C”, the PNIPAM/CS semi-IPN hydrogel retains a white appearance in
both dry and swollen states (see Supplementary Fig. S4 for details).

To investigate the thermoresponsive behavior of the PNIPAM/CS
semi-IPN hydrogels, we measured the VPTT using differential scanning
calorimetry (DSC). As depicted in Fig. 2b, the VPTT of pure PNIPAM is
30.24 °C, slightly below its typical LCST of 32 °C. For semi-IPN hydrogels
with increasing CS content (IPN CS1, IPN CS2, and IPN CS3), the VPTTs
are 30.92 °C, 29.57 °C, and 29.26 °C, respectively. This minimal variation
suggests that the CS network, acting as a secondary structure without
reacting with NIPAM (N-Isopropylacrylamide), preserves the thermo-
responsive properties of PNIPAM***. The equilibrium swelling ratio (ESR)
further characterizes the hydrogels’ thermoresponsive behavior. As illu-
strated in Fig. 2¢, IPN CS1, IPN CS2, and IPN CS3 exhibit reduced swelling
ratios below their respective VPTTs, attributed to the semi-IPN structure
limiting hydrogel microsphere swelling”. Higher CS content results in
smaller and more numerous pores (Fig. 2d), further decreasing the swelling
ratio". Figure 2e, f demonstrate the hydrogels’ swelling and deswelling
kinetics at 20 °C and 45 °C, respectively. At 20 °C, the hydrogels absorb
significant water within 4-6h, while at 45 °C, they rapidly release most
absorbed water in under 10 min. Notably, the PNIPAM-only hydrogel
exhibits a higher residual swelling ratio compared to semi-IPN samples at
45 °C (Fig. 2f). This is likely due to the formation of a dense skin layer on
the hydrogel surface upon collapse, which impedes water diffusion from the
core”. In contrast, the incorporation of hydrophilic linear CS chains
in the semi-IPN structure facilitates internal water transport, resulting
in more efficient dehydration and a lower final swelling ratio”. Based
on these findings, we established optimal operational parameters: 4h of
peptide absorption at 20 °C and 10 min of release at 45 °C, as summarized
in Fig. 2g.

High peptide loading capacity and peptide recovery of PNIPAM/
CS semi-IPN hydrogels

Figure 3a illustrates the peptide absorption/desorption mechanism of the
PNIPAMY/CS semi-IPN hydrogel. To enable precise peptide quantification,
we established a standard peptide concentration curve (Supplementary
Fig. S5). We first determined the optimal pH for peptide absorption and
desorption, as shown in Fig. 3b, c. The IPN CS3 hydrogel achieved max-
imum peptide loading at pH 5, where electrostatic interactions between
peptides and the hydrogel are strongest. For peptide release, an elution
buffer with pH 9.5 proved most effective, while incomplete release occurred
between pH 7 and 8.5. This behavior is linked to chitosan’s pKa (~6.5),
requiring a higher pH for complete deprotonation and efficient peptide
desorption*. Consequently, we selected pH 5 for absorption and pH 9.5 for
release to optimize peptide loading and desorption. Zeta potential mea-
surements at these pH values (Fig. 3d) confirmed that peptides and the
hydrogel carry opposite charges at pH 5, while at pH 9.5, chitosan’s
deprotonation minimizes electrostatic interactions, facilitating peptide
release.

We also examined the impact of CS content on peptide loading
capacity. As shown in Fig. 3e, the IPN CS3 hydrogel exhibited the highest
loading capacity, while pure PNIPAM had the lowest, indicating that higher
CS content enhances peptide loading. This is attributed to the increased zeta
potential of the hydrogel with higher CS content (Fig. 3d), reflecting a
stronger positive surface charge and enhanced electrostatic attraction to
negatively charged peptides”. Once the hydrogel reaches saturation, pep-
tides can be efficiently released using a pH > 9.5 elution buffer (Fig. 3f). At
high pH, deprotonation of chitosan’s amine groups disrupts CS-peptide
complexes, enabling rapid peptide release.

To examine whether dynamic swelling and deswelling cycles improve
adsorption efficiency, we compared two loading strategies: (1) four cycles of
thermal swelling/deswelling and (2) static immersion for an equivalent total
duration (16 h 40 min). As shown in Fig. 3g, cyclic loading significantly
increased peptide uptake. This improvement likely stems from two syner-
gistic effects: repeated swelling disrupts local equilibrium and promotes
continuous diffusion into the hydrogel matrix, while deswelling compresses
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Fig. 1 | A flowchart depicting the overall process of storing peptides in PNIPAM/CS semi-IPN hydrogels. Created in BioRender. C, X. (2025) https://BioRender.com/

ylpe53r.

the network and enhances peptide retention via electrostatic attraction with
CS chains.

Taken together, these results demonstrate that the PNIPAM/CS semi-
IPN hydrogel enables rapid, efficient, and reversible peptide loading and
release. Its dynamic adsorption behavior, combined with favorable ther-
moresponsive properties, makes it a promising candidate for high-efficiency
bioinformation storage.

Figure 4a shows the swelling ratio changes of the IPN CS3 hydrogel
over time during multiple peptide absorption cycles. As depicted in
Fig. 4b, the time required for the IPN CS3 hydrogel to fully absorb a

constant volume (0.034 mL) of peptide solution increases from 4 h to
5.27 h, while the deswelling time at 45 °C remains constant at 10 min. A
similar trend was observed by Fei et al” in TRFG hydrogels, who
attributed this behavior to the formation of complexes between proto-
nated amine groups of HPEI (polyethyleneimine) and negatively charged
DNA molecules, reducing the availability of protonated functional
groups due to charge compensation. In contrast, Wu et al.** suggested
that hydrogel reswelling kinetics are slower than initial swelling kinetics.
To clarify this, we measured the swelling time of the IPN CS3 hydrogel in
DI water and found no increase in swelling duration (Supplementary
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Fig. 2 | Preparation and characterization of PNIPAM/CS semi-IPN hydrogels.
a Fully dried and fully expanded states of IPN CS3 hydrogel. The scale bar represents
10 mm. b DSC thermograms showing VPTT of pure PNIPAM and PNIPAM/CS
semi-IPN hydrogels with varying CS content. ¢ Equilibrium swelling ratio of
hydrogels measured after 2 days in DI water at 20 °Cand 1 h at 45 °C. d SEM images
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of hydrogel cross-sections. The scale bar represents 50 um. e, f Swelling kinetics of
hydrogels at 20 °C and deswelling kinetics at 45 °C. g A complete suction and dis-
charge water cycle: swelling at 20 °C and deswelling at 45 °C. Error bars represent
mean * standard deviation (SD).

Fig. S6), supporting Fei et al’s explanation®. This indicates that PNI-
PAM/CS semi-IPN hydrogels are reusable.

To determine the minimum peptide concentration required for
saturation, we evaluated the peptide loading capacity of the IPN CS3
hydrogel after 10 absorption cycles in solutions of varying concentrations.
As shown in Fig. 4c, the hydrogel did not reach saturation at peptide con-
centrations of 100 and 200 ug mL ™" but achieved saturation at 300 ug mL™"
or higher, indicating that 300 pg mL™" is the threshold concentration for
saturation.

We then calculated the information storage density of the peptide-
PNIPAM/CS semi-IPN hydrogel system (Fig. 4d). For the IPN CS3
hydrogel, the peptide concentration in the elution solution (0.3 mL) was
107 ugmL™", and the weight of a single hydrogel bead was 0.0023 g (Sup-
plementary Fig. S7), yielding a peptide loading density of 0.014 g g~. Given
the average weight of the eight amino acids (=2.0 x 107 g), 1 g of IPN CS3

hydrogel contains ~7 x 10" amino acids. With each amino acid encoding 3
bits of data, the storage capacity of 1g of hydrogel is ~2.1 x 10*° bits,
equivalent to 2.44 x 10" GB g™". This density is roughly three times higher
than that of the current best DNA-based encapsulation technology (Layer-
by-Layer)". These results highlight the significant competitive advantage of
the peptide-PNIPAM/CS semi-IPN hydrogel system in terms of informa-
tion storage density.

To further evaluate the practical robustness of this system, we next
examined how common charged species may influence peptide loading and
stability in the IPN CS3 hydrogel (Fig. 4¢). We introduced bovine serum
albumin (BSA), heparin sodium (HS), and sodium chloride (NaCl) into the
system. BSA is a negatively charged, amphiphilic protein with multiple
binding sites®, while HS is a highly sulfated polysaccharide bearing dense
negative charges and is commonly used as a model polyanion®’. The peptide
concentration was maintained at 1 mgmL™" in all conditions. In the
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Fig. 3 | Mechanism of peptide absorption and desorption cycles in PNIPAM/CS
semi-IPN hydrogels. a Schematic of peptide absorption in PNIPAM/CS semi-IPN
hydrogel via swelling/deswelling in peptide solution, followed by release using
elution buffer (pH >9.5). Created in BioRender. C, X. (2025) https://BioRender.com/
143dk1k b Effect of initial solution pH on peptide absorption. Note: sum of con-
centration reflects peptide decrease in the initial absorption solution. ¢ Effect of
elution buffer pH on the peptide desorption. Note: sum of concentration reflects
peptide concentration in released buffer from IPN CS3 hydrogel after deswelling.
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d Zeta potential analysis of peptides and hydrogels in buffers at pH 5 and 9.5.

e Peptide loading capacity in hydrogel, reflected by decrease in peptide concentra-
tion in the initial absorption solution after multiple absorption cycles. f Change in
peptide concentration in released solution after deswelling at 45 °C in multiple
cycles. g Comparison of peptide loading efficiency between dynamic swelling/des-
welling cycles and static immersion. “ns” indicates no significant difference; “*”

(p <0.05) and “**” (p < 0.01) indicate statistically significant differences. Error bars
represent mean + standard deviation (SD).

presence of 0.9% NaCl, peptide uptake into the IPN CS3 hydrogel was
reduced to 16.5 pg mL ™', suggesting that ionic shielding from high con-
centrations of monovalent ions (Na" and CI') effectively disrupted electro-
static interactions between the peptide and the hydrogel network, thereby
preventing retention™. In contrast, the addition of BSA or HS (each at
1 mgmL™") led to peptide loadings of 84.2 and 50.0 pg mL™", respectively.
These results indicate that although both species compete for electrostatic
binding sites within the hydrogel, the degree of interference differs. Inter-
estingly, after a 7-day exposure under simulated ambient conditions (30 °C,
50% humidity, 21% oxygen, no light shielding), the presence of these
charged species did not significantly affect the relative stability of the
encapsulated peptide. This suggests that once encapsulated, peptides remain
well protected against environmental degradation, even in the presence of
other charged molecules.

These results demonstrate that certain small charged molecules can
compete with peptides for binding to the hydrogel, leading to reduced

loading efficiency. Fortunately, they did not compromise the stability of the
stored peptides. To mitigate this issue, peptide-loaded hydrogels can be
stored in centrifuge tubes to minimize contact with interfering substances.
This simple, low-cost approach provides an effective way to maintain
peptide loading capacity and preserve data integrity.

Long-term preservation and data recovery of peptides in PNI-
PAM/CS semi-IPN hydrogels

We further evaluated the long-term protection and storage stability of
peptides encapsulated within the IPN CS3 hydrogel by subjecting both free
and encapsulated peptides to enzymatic and high-temperature accelerated
aging tests (Fig. 5a, b). As shown in Fig. 5a, the enzymatic degradation rates
of the five peptides varied, with peptide b exhibiting the slowest degradation.
Encapsulated peptides demonstrated significantly reduced degradation
rates compared to free peptides. After 12 h of enzymatic treatment, free
peptides (excluding peptide b) retained less than 1% of their original mass,
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Fig. 4 | The absorption and desorption capabilities of peptides by PNIPAM/CS
semi-IPN hydrogels. a Swelling ratio changes of IPN CS3 hydrogel over time for
different peptide absorption cycles. b Swelling time required for complete absorp-
tion of 0.034 mL initial peptide solution (pH 5) in different absorption cycles.

¢ Maximum peptide loading capacity of IPN CS3 hydrogel in initial peptide solu-
tions of varying concentrations. Note: sum of concentration reflects peptide decrease
in the initial absorption solution. Different letters above the bars indicate statistically
significant differences. (one-way ANOVA, LSD test, p < 0.05). d Data storage

density of peptide-PNIPAM/CS semi-IPN hydrogel systems, with light blue back-
ground indicating DNA encapsulation system for comparison. e Impact of com-
petitive charged species (BSA, HS, and NaCl) on peptide loading (light pink
background) and stability (light blue background) in IPN CS3 hydrogels. stability
was assessed after 7-day exposure under simulated ambient conditions (30 °C, 50%
humidity, 21% oxygen, no light shielding). Note: sum of concentration reflects
peptide concentration in released buffer from IPN CS3 hydrogel after deswelling.
Error bars represent mean + standard deviation (SD).

while encapsulated peptides retained 16% to 42%. For peptide b, the residual
amounts were 18% for free peptides and 46% for encapsulated peptides.
Similarly, Fig. 5b illustrates the thermal degradation kinetics of mixed
peptides at 60°C, 65°C, and 70°C. Encapsulated peptides exhibited
markedly slower thermal degradation, retaining 12% to 55% of their original
mass after 14 days, compared to only 1% to 3% for free peptides. These
results confirm that the IPN CS3 hydrogel effectively shields peptides from
both enzymatic and thermal degradation.

To maximize the protective properties of the hydrogel for peptides, we
aim to leverage the enhanced protective capabilities provided by CS within
the hydrogel matrix. By comparing the protective performance of PNI-
PAMY/CS semi-IPN hydrogels with varying CS content (Fig. 5¢, d), we found
that pure PNIPAM hydrogel, lacking CS, offered the least protection.
Increasing CS content significantly improved protective performance,
peaking at a relative CS content of approximately 2. This aligns with findings
by Masuoka et al.”’, who reported that CS protects fibroblast growth factor-2
(FGF-2) from thermal and proteolytic degradation through complex for-
mation involving electrostatic interactions and hydrogen bonding. Collado-
Gonzélez et al.” further demonstrated that CS stabilizes negatively charged
protein nanoparticles via molecular entanglement and bridging. These
mechanisms support our hypothesis that positively charged CS provides
additional protection for encapsulated peptides.

Using a first-order kinetic model and the Arrhenius equation™, we
calculated the activation energy for peptide decay in the IPN CS3 hydrogel
as 1459kJ mol" (Supplementary Fig. S8 and Fig. S9). Building on the
Accelerated Stability Assessment Program (ASAP) applied by Waterman
et al’' to evaluate peptide stability, we simulated the long-term decay
behavior of encapsulated peptides. The results, shown in Fig. 5e, reveal a

strong temperature dependence on peptide half-life. At 20 °C, encapsulated
peptides have a half-life of approximately 62 years (green triangle),
extending to about 600 years at 9.4 °C (blue circle). While this does not
match the >500-year stability reported for some systems at room
temperature®>”, it surpasses the half-life of DNA encapsulated in silica at
9.4 °C (~500 years) reported by Grass et al.”.

To further evaluate the long-term applicability of our storage
system under practical conditions, we conducted additional environ-
mental exposure experiments simulating realistic conditions (30 °C,
50% relative humidity, 21% oxygen, and no light shielding). Peptide
concentrations were monitored at 0, 7, 15, and 30 days. The experi-
mental degradation curve of the encapsulated peptides closely matched
the modeled degradation curve predicted by the Arrhenius equation
and first-order kinetics (Fig. 5f). Correlation analysis (Fig. 5g)
between the two curves yielded an R? of 0.988 and a slope (k) of 1.080,
indicating a high level of consistency with a slight systematic deviation.
These findings underscore the exceptional potential of our peptide-
PNIPAM/CS semi-IPN hydrogel system for long-term information
storage.

To demonstrate the accessibility of information stored in synthetic
peptides after prolonged thermal treatment, peptides encapsulated in the
IPN CS3 hydrogel and aged at 70 °C for 3.5 days (degraded by one half-life)
were separated using liquid chromatography (LC) and fragmented to
generate MS/MS (tandem mass spectrometry) spectra. This process allowed
for the reconstruction of amino acid sequences based on the mass differ-
ences between fragment ions (Fig. 6a-f). Previous studies by Ng et al.” and
Zhang and Zhu™ have successfully applied this method to sequence
information-storing peptides. Using the predefined mapping rules
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Fig. 5 | Degradation kinetics of peptide storage in PNIPAM/CS semi-IPN
hydrogels. a Enzymatic hydrolysis kinetics of pure peptide powder and peptides
encapsulated in PNIPAM/CS semi-IPN hydrogels, with 5 peptide codes encoding
“Welcome to Shanghai University”. b Thermal degradation kinetics of pure peptide
powder and peptides encapsulated in PNIPAM/CS semi-IPN hydrogels.

¢ Remaining peptide quantity in PNIPAM/CS semi-IPN hydrogels with varying CS
content after 12 h of enzymatic hydrolysis. Different letters above the bars indicate
statistically significant differences. (one-way ANOVA, LSD test, p < 0.05).

d Remaining peptide quantity in PNIPAM/CS semi-IPN hydrogels with varying CS
content after 3.5 d at 70 °C. Different letters above the bars indicate statistically

significant differences. (one-way ANOVA, LSD test, p < 0.05). e Half-life of
peptide stored in IPN CS3 hydrogel extrapolated according to the Arrhenius
Equation. f Experimental and modeled degradation curves of peptides encapsulated
in IPN CS3 hydrogels under environmental exposure (30 °C, 50% humidity, 21%
oxygen, no light shielding) over 0, 7, 15, and 30 days. The modeled curve was
generated based on the Arrhenius equation and a first-order kinetic model.

g Correlation analysis between experimental and modeled peptide degradation
curves. Ce and C,o denote peptide concentrations at day 0 for the experimental and
modeled curves, respectively, with the same notation for other time points. Error
bars represent mean * standard deviation (SD).

(Supplementary Fig. S1), the obtained peptide sequences were converted
into binary codes and subsequently decoded into the original data. The
results confirmed that the sequences of all five peptides were accurately
retrieved, enabling the complete reconstruction of the original message
(Fig. 6g): “Welcome to Shanghai University”. By successfully recovering
data from peptides degraded by one half-life and considering the stability
data presented in Fig. 5e, we conclude that digital information can be stably
preserved in the IPN CS3 hydrogel for up to 600 years under conditions such
as those in Zurich (9.4 °C). This highlights the system’s potential for ultra-
long-term data storage.

Limitations and future directions of peptide-based data storage
Selective retrieval of specific peptide sequences remains challenging in
peptide-based molecular storage. Our current system uses bulk pH-

triggered release, limiting addressability. To address this, we propose using
flow cytometry to sort hydrogel microspheres by size or fluorescence,
enabling high-throughput, multiplexed, and non-destructive retrieval of
specific data fragments™.

On the decoding side, MS/MS has demonstrated effectiveness for short
peptide sequencing but faces scalability limitations. These stem from its
reliance on predefined peptide databases, relatively low throughput, and the
inability to amplify peptides like DNA via PCR (Polymerase Chain Reac-
tion), which hampers the detection of low-abundance sequences. These
factors collectively constrain the scalability and sensitivity of peptide
decoding. Nanopore peptide sequencing offers a promising alternative. It
enables direct, single-molecule, amplification-free decoding with high
sensitivity and single-amino acid resolution. Unlike MS/MS, nanopore
approaches could provide real-time, database-independent access to
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Fig. 6 | Peptide sequencing and data recovery from encoded peptides in PNIPAM/CS semi-IPN hydrogels. MS/MS spectra of peptide a—e. f Amino acid sequences of
peptide a—e, with index sequences in black and information sequences highlighted in blue. g Raw data represented in red font, derived from peptide sequencing analysis.

peptide information, potentially unlocking the scalability needed for large
peptide data archives™ ™.

Compared to the more mature DNA data storage systems, peptide-
based storage currently faces challenges in synthesis cost and read/write
throughput. However, peptides offer significant advantages in terms of high
storage density, long-term stability, and flexible chemical encoding. With
ongoing advancements in peptide synthesis and emerging sequencing
technologies such as nanopore peptide sequencing, these limitations are
expected to be overcome. Consequently, peptide-based storage holds great
potential to become a valuable complement in the molecular data storage
landscape, enabling more efficient and scalable information storage solu-
tions in the future.

Conclusion

We present a groundbreaking and efficient long-term preservation strategy
for peptide-based information storage media, leveraging a thermally and
pH-responsive PNIPAM/CS semi-IPN hydrogel to encapsulate and protect
peptides. This innovative approach achieves an ultrahigh information
density of 2.44 x 10'° GB g ', surpassing the current best DNA encapsula-
tion technology (Layer-by-Layer) by a factor of three. Through accelerated
aging experiments under high-temperature and enzymatic conditions, we
demonstrate that the PNIPAM/CS semi-IPN hydrogel significantly
enhances peptide stability, offering robust protection against degradation.
Remarkably, we successfully recovered the original information from pep-
tides stored in the hydrogel after accelerated aging at 70 °C for 3.5 days,
equivalent to a stable preservation period of 600 years at 9.4 °C. These results
underscore the exceptional potential of PNIPAM/CS semi-IPN hydrogels as
a durable and high-capacity platform for long-term peptide-based

information storage. Our findings represent a transformative advancement
toward developing a peptide-based storage system that could outperform
conventional silicon-based materials, paving the way for next-generation
data storage solutions.

Methods

Materials

NIPAM and CS (with a deacetylation degree of 90% and an average
molecular weight of 2.0 x 10°) were purchased from Shanghai Maclin
Biochemical Technology Co., Ltd. (China). Both NIPAM and CS were
purified prior to use, and the detailed purification procedures are provided
in Supplementary Note S1. Potassium persulfate (KPS), N, N, N, N'-tet-
ramethyl ethylenediamine (TEMED), N, N'-methylenebisacrylamide
(MBA), acetic acid (HAc), bovine serum albumin (BSA), heparin sodium
(HS) and sodium hydroxide (NaOH) were of analytical grade and also
obtained from Shanghai Maclin Biochemical Technology Co., Ltd. (China).
The peptide concentration was determined using the Pierce Quantitative
Fluorometric Peptide Assay Kit (Thermo Fisher Scientific, USA).

Peptides coding and synthesis
The encoding and decoding methods are illustrated in Supplementary
Fig. S1, and the peptide design is detailed in Supplementary Note S2. To
facilitate the conversion between peptide codes and digital information, a
custom program was developed using R, as shown in Supplementary Fig. S2
and Notes S3 and S4.

The peptides were synthesized by Synpeptide Co., Ltd. (China) via the
solid-phase peptide synthesis method. After synthesis, the peptides were
solubilized in a 0.1 M NaHCO; solution. The pH of the solution was
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Table 1 | Feed composition of hydrogels

Samples CS(g) NIPAM(g) 1% MBA(g) TEMED(mL) KPS(g)
HAc
(mL)
PNIPAM 0 9.04 100 0.1 0.2 0.14
IPN CS1 1 9.04 100 0.1 0.2 0.14
IPNCS2 2 9.04 100 0.1 0.2 0.14
IPNCS3 3 9.04 100 0.1 0.2 0.14

adjusted as needed using either a 1% (v: v) HAc solution or a 0.1 M NaOH
solution.

Synthesis of Semi-IPN hydrogels

PNIPAM/CS semi-IPN hydrogels were synthesized via free radical poly-
merization, using MBA as the cross-linker and KPS/TEMED as the redox-
initiator pair at 20 °C”. Briefly, NIPAM was dissolved in a 1% (v: v) HAc
solution containing varying amounts of CS in a three-necked round-bottom
flask. The mixture was deoxygenated by purging with nitrogen for 20 min
and then cooled to 4 °C for several hours. Under continuous nitrogen flow
and at low temperature, freshly prepared TEMED (5 vol%) and KPS (10 wt
%) solutions, pre-cooled to 4 °C, were sequentially added to the mixture with
continuous stirring for 20 s. The resulting mixture was quickly transferred
into a mold and placed in a nitrogen-purged desiccator for low-temperature
polymerization at 20 °C for 24 h, yielding small spherical hydrogels with an
approximate diameter of 3 mm. The semi-IPN hydrogels were thoroughly
washed by immersion in DI water for 3 days, with periodic water change,
and subsequently dried at 60 °C. The sample codes and feed composition are
summarized in Table 1.

Characterization of Semi-IPN hydrogels

The interior morphology of the lyophilized fully swollen semi-IPN hydro-
gels was characterized using SEM (Thermo Scientific Quattro ESEM, USA).
Before the SEM observation, the samples were sputter-coated with platinum
to improve their conductivity.

The VPTT of both the pure PNIPAM hydrogel and the semi-IPN
hydrogels was determined by DSC (DSC TA570, TA Instruments). Fully
swollen hydrogel samples (~10 mg) were sealed in aluminum hermetic
pans, equilibrated at 10 °C, and then heated to 60 °C at a rate of 2 °C min~".
The swelling ratio (SR) and equilibrium swelling ratio (ESR) of the
hydrogels in DI water were measured using a gravimetric method. The SR
and ESR were calculated using the following equations:

Wy — Wa

SR = o 1)

W, — Wy

where w, is the wet weight of the hydrogel, w, is the dry weight of the
hydrogel, and w, represents the weight of the hydrogel at equilibrium.

The zeta potential of the hydrogels was measured by preparing a
suspension of pulverized hydrogel and analyzing it using a Particle Size and
Zeta Potential Analyzer (Zeta Sizer 3000 HSA, UK). Similarly, the zeta
potential of the peptides was determined by analyzing a peptide solution
with the same instrument.

Peptide capacity and peptide recovery of hydrogels

The peptide concentration was determined using a standard curve gener-
ated from a series of peptide solution dilutions (0, 3.125, 6.25, 12.5, 25, 50,
100 pg mL™"). Subsequently, the synthesized hydrogels were used to absorb
0.3mL of the initial peptide solution at 20 °C. The temperature of the
hydrogels beads was then increased to 45 °C in an incubator for ~10 min to
release the absorbed water. The peptide concentrations in both the initial

solution and the released water were quantified using a multifunctional
microplate reader (SpectraMax iD3, USA). Absorption cycles were repeated
until no significant changes in peptide concentrations were observed in the
original solution. To facilitate peptide release, the peptide-loaded hydrogels
were immersed in 0.3 ml of elution buffer with pH values ranging from 7 to
10. By alternating the temperature between 20° and 45 °C, the elution buffer
was absorbed and released multiple times to ensure complete peptide
recovery. The peptide concentration in the elution buffer released from the
hydrogels was then determined using the multifunctional microplate reader.

Accelerated aging of peptides

Enzymatic accelerated aging: The enzymatic accelerated aging of peptides
was performed as follows: A peptide solution with a concentration of
2 mg mL " was prepared and mixed with human serum at a 4:1 ratio (v: v).
The mixture was incubated at 37 °C for varying durations (0, 1, 2, 4, 8, and
12 h). Ateach time point, 50 pL of ethanol was added to 50 uL of the mixture
to terminate the reaction. The mixture was centrifuged at 10,000 rpm for
10 min, and the supernatant was collected for high-performance liquid
chromatography (HPLC) analysis at a detection wavelength of 220 nm. The
remaining peptide amount was quantified by comparing the peak areas at
each time point to that at 0 h.

For peptides encapsulated within hydrogels, a solution of 400 pL
human serum and 100 uL DI water was prepared. Then, 200 uL of this
solution was mixed with the hydrogel and incubated for the specified
durations. After incubation, the serum was removed, and the hydrogel was
rinsed twice with DI water. The released peptides were analyzed
using HPLC.

Thermal accelerated aging: Thermal accelerated aging experiments
were conducted based on the methodologies reported by Grass et al.”.
Accelerated aging tests were performed in ovens set at three temperatures:
60 °C, 65 °C, and 70 °C. Freeze-dried peptide powders and peptide-loaded
hydrogels were placed in open Eppendorf tubes, which were then sealed
within glass containers. To simulate typical indoor storage conditions, all
experiments were conducted in the presence of 21% oxygen and without
light shielding. Additionally, a saturated NaBr solution was placed in each
container to maintain a relative humidity of approximately 50%.

Kinetic analysis: The first-order rate constant (k) for the degradation of
peptides encapsulated within hydrogels was determined at the three tem-
peratures using the exponential decay formula:

C=Cpe™ 3)

Where, C is the peptide concentration at time ¢, C, is the initial peptide
concentration, k is the first-order rate constant, and e is Euler’s number
(~2.71828).

The rate constants were further analyzed using the Arrhenius equation
to calculate the activation energy (E,) for peptide degradation:

k = Aef (4)

Where A is the pre-exponential factor, R is the ideal gas constant (8.314]
(mol K)™"), T'is the absolute temperature in Kelvin, and e is Euler’s number.

Using the activation energy (E,) and the pre-exponential factor (A), the
half-life of the peptides encapsulated in the hydrogels was calculated for
various temperatures by integrating Eqs. (3) and (4).

sequencing analysis

The peptide mixtures were separated using a Thermo Vanquish UPLC
system equipped with a C18 column (Waters ACQUITY UPLC Peptide
BEH C18 Column, 2.1 x 100 mm, 1.7 um particle size, 130 A pore size). The
mobile phases consisted of (A) 0.1% formic acid in water and (B) 0.1%
formic acid in acetonitrile. The flow rate was set to 0.35 mL min ", and the
column temperature was maintained at 40 °C. The gradient program was as
follows: 5% B from 0 to 1 min, a linear increase from 5% B to 95% B from 1 to
12 min, and 95% B held for 1 min.
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MS/MS analysis was performed using Q-Exactive Plus Orbitrap mass
spectrometer (Thermo Fisher Scientific, San Jose, CA) in positive ion mode.
The electrospray ionization (ESI) parameters were set as follows: spray
voltage at +3800 V, capillary temperature at 320 °C, and auxiliary gas heater
temperature at 300 °C. Data-dependent acquisition (DDA) mode was used
for MS/MS data collection. The MS1 scan range was set to m1/z400-2000 Da
with a resolution of 70,000, and MS/MS spectra were acquired with a
minimum mass of 70 Da and a resolution of 17,500. High-energy collision
dissociation (HCD) at 20 eV was employed for peptide fragmentation.

The MS/MS spectra were analyzed for sequence identification using
Thermo Proteome Discoverer 2.5 software. A custom FASTA file was used
as the search database. The error thresholds were set to <10 ppm for pre-
cursor ions and <0.2 Da for fragment ions, with no enzyme digestion spe-
cified. Peptide-spectrum matches (PSM) were further processed and
visualized using Origin software.

Reproducibility and data presentation
All experiments were performed with at least three independent replicates.
Data are presented as mean + standard deviation (SD). To verify reprodu-
cibility, key experiments were repeated using at least two separate batches of
hydrogels or peptides, which showed consistent results across batches.

To improve figure clarity, error bars were omitted in Figs. 2e, f, and 3b,
¢, e, f. Corresponding SD values are available in the Supplementary
Tables S1-S3.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Code availability
The custom code used in this study is included in the Supplementary
Note S3 and Note S4.
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