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Abstract

DNA storage offers a multitude of advantages in various applications, including data
storage and anti-counterfeiting technology. However, the susceptibility of bare DNA
to environmental influences poses a substantial challenge to its practical utility. In this
study, | address this challenge by developing a novel approach that combines DNA
integration within an acrylamide polymer network with concurrent substrate
modification. This dual strategy enables the covalent binding of DNA to paper
substrates, thereby significantly bolstering its resilience. My experimental findings
demonstrate the remarkable stability of DNA under high-humidity conditions, with
over 99% of the DNA retaining its integrity. This innovative methodology not only
enhances the stability and longevity of DNA anti-counterfeiting information but also
ensures its resilience in adverse environmental conditions, such as exposure to
moisture. These advancements hold immense promise for the broader adoption and
effectiveness of DNA-based anti-counterfeiting technologies, further reinforcing the
viability of DNA storage solutions in real-world applications.
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Introduction

Counterfeiting is a global problem affecting various sectors, from pharmaceuticals to
luxury goods. Traditional methods of product authentication often fall short in the face
of advanced counterfeiters. DNA-based anti-counterfeiting is an emerging field with
great potential due to the inherent stability and uniqueness of DNA(1,2). DNA-based
anti-counterfeiting relies on the unique properties of DNA molecules to establish
secure and tamper-resistant authentication systems. The fundamental principle
involves embedding specific DNA sequences into products or documents, which can
then be used as markers for authentication (3). DNA-based anti-counterfeiting
leverages the inherent properties of DNA to provide a highly secure, adaptable, and
reliable method for verifying product or document authenticity (4). Its uniqueness,
tamper resistance, and versatility make it an invaluable tool in the ongoing battle
against counterfeit goods and fraudulent activities.

Given the inherent hydrophilic properties of DNA, the task of securely anchoring it to
the surface of objects presents a formidable challenge, particularly when | consider
the need for this DNA to remain stable under harsh environmental conditions such as
elevated temperatures and high humidity levels (5,6). The susceptibility of DNA to
degradation and its sensitivity to environmental factors have compelled us to seek
innovative approaches to ensure its longevity and reliability as a storage medium for
anti-counterfeiting information (7,8, Figure 1).
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Figure 1. Raw DNA is not robust to environment factors.

To address this challenge, | have adopted a pioneering strategy utilizing a polymer
hydrogel network. This approach involves the modification of DNA through the
incorporation of acrylamide, a key step that facilitates the subsequent polymerization
process (9,10). By introducing acrylamide monomers and initiating polymerization, |
achieve the formation of a robust, covalently bonded polymer structure that
effectively encapsulates the DNA. This polymer encapsulation not only acts as a
protective shield against environmental threats but also ensures the long-term
stability and integrity of the DNA information (11,12).



Our experimental findings offer compelling evidence of the efficacy of this method.
The encapsulated DNA within the covalent polymer network exhibits remarkable
resilience, maintaining its structural integrity and anti-counterfeiting information even
when exposed to extreme conditions. This enhanced stability has the potential to
revolutionize anti-counterfeiting measures across various industries.

The versatility and adaptability of this approach make it exceptionally promising for
practical applications. Whether used to authenticate pharmaceuticals, secure high-
value documents, or protect consumer goods, this method exhibits remarkable
potential to safeguard against counterfeiting while upholding the integrity of DNA-
encoded information. Further research and refinement of this technique hold the
promise of advancing the field of anti-counterfeiting technology, offering both
businesses and consumers a reliable means of verifying product authenticity and
mitigating the risks associated with counterfeit goods.

Materials and Methods:

DNA Synthesis | synthesized a 60-base pair DNA sequence with the following
sequence:GAGTGGGCCTGGTTTAGACTTGCACCAGAATTGCACTGAATAAATTAC
CAACTGCCCGQG at Sangon Corporation in Shanghai. Acrydite modification was
introduced at the 5' terminus of the DNA strand. The primer is dissolved in water to
100nM.

Surface Preparation: The surface treatment of paper with a 1% TMSPMA (3-
(Trimethoxysilyl)propyl methacrylate) silane solution is conducted to introduce
acrylamide functional groups onto the hydroxyl-rich surface of paper, enabling
subsequent covalent bonding with acrylamide-based polymers. This process
enhances the substrate's compatibility with various biomolecules and polymer
networks. A 1% TMSPMA solution is prepared by diluting TMSPMA reagent in
dimethyl sulfoxide (DMSQO). This creates a stable solution that can be readily applied
to the paper substrate. The paper substrate is cleaned and dried to ensure an
uncontaminated surface for the subsequent treatment (13). The 1% TMSPMA silane
solution is uniformly sprayed or applied onto the dry paper surface. This application
results in the attachment of TMSPMA molecules to the hydroxyl groups present on
the paper's surface (14). After applying the TMSPMA solution, the treated paper is
allowed to stand to facilitate the evaporation of the solvent. This step ensures the
formation of a stable, modified surface. The modified paper surface now contains
introduced acrylamide groups, which can be further activated or used as anchor
points for subsequent reactions with acrylamide-based materials.

DNA quantification: The DNA was quantified using Qubit ssDNA BR Assay. For
more accurate data, | use Quantitative Polymerase Chain Reaction (QPCR). DNA
quantification using quantitative Polymerase Chain Reaction (qPCR) was carried out
as follows. A standard curve was generated using a series of known DNA
concentrations. qPCR was performed using DNA-specific primers, and the Cq
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(quantification cycle) values of the samples were compared to the standard curve to
determine the DNA concentration. The gPCR reactions were conducted on the
Applied Biosystems QuantStudio instrument using Vazyme SYBR qPCR Master Mix.

DNA Immobilization: The synthesized DNA is attached to the modified surface
using a linker molecule or functional groups. Polyacrylamide gel was prepared using
the following procedure. Acrylamide and N,N'-methylenebisacrylamide (Bis) were
employed as monomers and cross-linking agent, respectively. Stock solutions of
acrylamide (40% w/v) and Bis (2% w/v) were prepared in deionized water. To
fabricate a 10% gel, the following components were combined: 3 mL of 40%
acrylamide, 0.3 mL of 2% Bis, 4.7 mL of deionized water, 0.5 mL of 10% ammonium
persulfate (APS), and 5 uL of N,N,N',N'-tetramethylethylenediamine (TEMED) (15).
This mixture served as the resolving gel matrix. To introduce the 100nM modified
DNA into the gel, the desired volume of the 100nM DNA solution was incorporated
into the gel mixture, ensuring a uniform distribution.

Results
Assessment of DNA Stability on Paper as a Storage Medium

To investigate the viability of paper as a storage medium for DNA, | immersed paper
samples in a 1TnM DNA solution and subsequently air-dried them. These treated
paper samples were then subjected to three distinct environmental conditions for a
duration of 3 days: normal ambient conditions, direct exposure to sunlight, and
exposure to rainy and humid conditions. After the exposure period, | recovered the
paper samples and performed DNA quantification to evaluate the extent of DNA
preservation (Figure 2).

Attach DNA Expose to Light and DNA quantification
to Paper humidity

Figure 2. The experiment setups and process.



The results yielded striking insights into the stability of DNA when stored on paper.
Exposure to direct sunlight resulted in a significant 20% loss of DNA integrity.
However, the most remarkable finding emerged from the rainy and humid
environment, where an astounding 99% degradation of DNA was observed. These
outcomes underscore the inherent instability of direct DNA storage on paper and
emphasize its susceptibility to the influence of environmental factors (Figure 3).
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Figure 3. The DNA loss greatly during first 3 days of environmental exposure.

This investigation highlights the critical importance of considering environmental
conditions when choosing DNA storage methods and emphasizes the need for more
robust and protective storage strategies to mitigate the adverse effects of
environmental exposure on DNA integrity.

Incorporation of Acrylamide-Modified DNA Primers into the Hydrogel Network

I had suspicions that standalone DNA might not remain stable in aqueous
environments when bound to a substrate. | conjectured that by immobilizing DNA
within a hydrogel network, | could leverage the crosslinked polymer structure to
enhance the stability of DNA storage. This approach utilizes a large molecular
network of crosslinked polymers to bolster the integrity of DNA, providing a promising
avenue for more stable DNA storage. | combined a precise proportion of acrylamide
monomers, bisacrylamide, and modified DNA within our experimental setup (Figure
4). Under the catalytic influence of TEMED (N,N,N',N'-Tetramethylethylenediamine)
and APS (Ammonium Persulfate), this concoction underwent polymerization,
resulting in the formation of a transparent DNA hydrogel (Figure 5). Initially, |
employed a high-concentration gel (10%) to encapsulate acrylamide-modified DNA
primers, resulting in a solid-state hydrogel. To assess the long-term stability of DNA
within this network, the hydrogel was subjected to extended periods of heating and
immersion in various environmental conditions.
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Figure 4. Schematic Workflow of DNA Integration into Hydrogel Network.

Figure 5. Picture of DNA hydrogel.

After meticulous analysis, it was found that the DNA content within the 10% hydrogel
exhibited no significant change even after prolonged exposure to these conditions.
Quantitative measurements confirmed that the DNA content remained virtually
unchanged, with less than a 10% variation over time. This exceptional stability
underscores the resilience of DNA within the polymer network, suggesting that the
covalent bonds formed during the polymerization process are highly effective in
preserving DNA integrity (Figure 6, Left Panel).

Subsequently, | transitioned to a lower-concentration gel (2%) that maintained a
liquid state, allowing for easy application onto paper surfaces. Following the drying
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process, these paper-based hydrogels were subjected to extended periods of heating
and immersion to assess their stability. It was observed that a certain degree of DNA
loss occurred, with approximately 60% of the DNA content retained after this
challenging exposure (Figure 6, Right Panel).
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Figure 6: The DNA loss of DNA hydrogel in raw hydrogel (left) and sprayed on paper
(right).

While this retention rate signifies improved stability compared to direct DNA
exposure, it is worth noting that the connection between the paper substrate and the
hydrogel network primarily relies on hydrogen bonds. Consequently, in high-
temperature and high-humidity environments, these bonds can be compromised,
contributing to the observed DNA loss.

Establishing a Covalent Linkage Between Substrate and DNA Hydrogel
Network

In order to establish a robust and stable covalent linkage between the substrate
(paper) and the DNA hydrogel network, | employed 3-(Trimethoxysilyl)propyl
methacrylate (TMSPMA) modification. This approach aimed to introduce acrylamide
groups onto the hydroxyl moieties of the substrate, enabling subsequent covalent
attachment to the acrylamide network within the hydrogel. The covalent bonds
formed in this manner were expected to provide a highly stable connection for DNA
sequences (Figure 7).
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Figure 7. Schematic of DNA covalent anchoring to paper.

The procedure involved the following steps:

1.

TMSPMA Modification: A 1% TMSPMA solution in DMSO (dimethyl
sulfoxide) was sprayed onto the dry paper substrate. After allowing the
solvent to evaporate, the substrate surface was modified, introducing
acrylamide functional groups.

Monomer and Modified DNA Addition: Unpolymerized acrylamide
monomers and the previously modified DNA were applied to the modified
substrate surface. This allowed the incorporation of DNA sequences into the
acrylamide network.

Polymerization and Cross-Linking: Polymerization was initiated, leading to
the formation of covalent bonds between the substrate, the acrylamide
monomers, and the DNA, effectively establishing a covalent linkage.

Drying and Stability Testing: Following drying, the substrate with covalently
attached DNA was subjected to prolonged periods of heating and immersion
to evaluate DNA stability.

Upon analyzing the results, it was evident that the stability of DNA had significantly
improved. Over 95% of the DNA remained firmly attached to the substrate,
demonstrating the remarkable efficacy of this covalent network linkage approach
(Figure 8). These findings underscore the potential of covalent DNA linkage as a
highly efficient method for preserving DNA sequences within the substrate-hydrogel
system.
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Figure 8. Covalently anchoring DNA to the substrate helps maintain the high stability
of DNA information.

Conclusion and Discussion

The results of our study collectively emphasize the paramount importance of robust
DNA storage strategies and innovative surface modification techniques in ensuring
the stability and versatility of DNA-based applications. | investigated two pivotal
aspects: the incorporation of acrylamide-modified DNA primers into hydrogel
networks and the covalent modification of paper substrates with 3-
(Trimethoxysilyl)propyl methacrylate (TMSPMA). These findings contribute to the
broader understanding of DNA preservation and substrate functionality in various
biotechnological and diagnostic contexts.

Firstly, our exploration into hydrogel-based DNA storage unveiled remarkable
stability when DNA was covalently bonded within the polymer network. In the context
of hydrogel concentration, the use of a high-concentration hydrogel (10%)
demonstrated the ability to maintain DNA integrity even under harsh environmental
conditions. This observation highlights the efficacy of covalent bonds in preserving
DNA within the hydrogel matrix, underscoring the potential of hydrogel systems as
reliable DNA storage media.

Conversely, when transitioning to a lower-concentration hydrogel (2%) for paper-
based applications, | observed a degree of DNA loss. This outcome, while indicative
of some compromise in stability, still represented a significant improvement
compared to direct DNA exposure. The vulnerability of hydrogen bonds between the
paper substrate and the hydrogel network in high-temperature and high-humidity
environments contributed to this DNA loss. This underscores the importance of
considering environmental factors when utilizing hydrogel systems for DNA storage.
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Secondly, our study explored the covalent modification of paper substrates using
TMSPMA, resulting in the introduction of acrylamide functional groups. This
modification process demonstrated exceptional success, with over 95% of the DNA
remaining covalently attached to the substrate even after prolonged exposure. This
achievement highlights the effectiveness of TMSPMA modification in creating a
robust and stable connection between the substrate and the DNA hydrogel network,
offering a versatile platform for a range of biotechnological applications.

In conclusion, our findings underscore the potential of covalent DNA linkage within
hydrogel networks and the utility of TMSPMA modification in expanding the
functionality of paper substrates. These techniques hold promise for DNA-based
assays, biosensors, and other biotechnological applications, where stability and
compatibility with biomolecules are paramount. As | move forward, these insights will
continue to inform the development of advanced DNA storage and substrate
modification strategies, contributing to the ever-expanding landscape of DNA-centric
technologies.
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