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Abstract

Reversible immobilization of DNA and RNA is of great interest to researchers who seek to 

manipulate DNA or RNA in applications such as microarrays, DNA hydrogels and gene 

therapeutics. However, there is no existing system that can rapidly capture and release intact 

nucleic acids. To meet this unmet need, we develop a functional hydrogel for rapid DNA/RNA 

capture and release based on the reversible photo-cycloaddition of psoralen and pyrimidines. The 

functional hydrogel can be easily fabricated through copolymerization of acrylamide with the 

synthesized allylated psoralen. The psoralen-functionalized hydrogel exhibits effective capture and 

release of nucleic acids spanning a wide length range in a rapid fashion: > 90 % of the capture 

process is completed within 1 min; ~100 % of the release process is completed within 2 min. We 

observe no deleterious effects on the hybridization to the captured targets.

Reversible capture scaffold for DNA and RNA

Polyacrylamide gel is modified with psoralen through copolymerization of acrylamide with 

allylated psoralen to form an efficient DNA/RNA capture scaffold. The reversible photo-

cycloaddition of psoralen and pyramidine allows DNA/RNA capture in 1 min and DNA/RNA 

release in 2 min under UV irradiation of distinct wavelengths. The capture and release applies to a 

wide length range of DNA/RNA and is compatible with hybridization.
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Beyond encoding genetic information, nucleic acids are now widely exploited as functional 

materials. Oligonucleotide probes capture complementary strands, or detect proteins and 

other biomolecules in the form of aptamers or ribozymes.[1] In chemical engineering, 

sequence-specific nucleic acids are being explored as building blocks for fabrication of 

functional hydrogels.[2] In synthetic biology, RNA ribozymes and DNA toe-holds constitute 

the basis of genetic circuits.[3] Most of these applications require nucleic acids to be robustly 

immobilized, and for applications where oligonucleotide probes or nucleic acid targets are to 

be reused, reversible immobilization is often desired.

Covalent bonds between an amine or sulfhydryl groups and their reactive groups (and some 

strong non-covalent bonds such as biotin-streptavidin binding) are often harnessed for 

immobilization of nucleic acids.[1e–1g, 4] But the linking chemistry requires chemical 

modifications to the nucleic acids prior to immobilization, which is inconvenient or even 

inapplicable to some experiments where the target nucleic acids are in small quantity,[5] or 

are prone to degradation or contamination.[6] Moreover, most of these immobilization assays 

are irreversible under normal conditions,[7] thus not suited for applications where the nucleic 

acids are to be recovered for subsequent analysis or efficiently delivered as gene 

therapeutics.[8] Recent studies on the azobenzene-based photoisomerization provide an 

alternative strategy for nucleic acid capture.[9] Because the capture of the nucleic acid is 

realized through electrostatic interaction with the photo-responsive complex, the 

immobilization is reversible.[10] But the capture/release process usually requires 10 to 20 

min to complete, which is irrelevant for high-speed operations that take place on the order of 

seconds to minutes, such as microfluidic reactions and fast biological processes.[3a] 

Moreover, the release of high-molecular-mass targets is not effective in such systems, 

presumably due to the increased multivalency and the increased kinetic stability for those 

targets.[10b] The large size and the non-neutral charge of the supramolecular complex also 

limit the compatibility of this system with the gel electrophoresis which is widely used in 

nucleic-acid research. As such, a novel system is needed to realize rapid capture and release 

of nucleic acids.

Herein we report a functional hydrogel to rapidly capture and release DNA or RNA targets 

based on the reversible photo-cycloaddition reaction of psoralen and pyrimidines (Figure 1). 

The psoralen-functionalized polyacrylamide gel was prepared through copolymerization of 

allylated psoralen, synthesized via an NHS ester-amine reaction, with acrylamide. The 

psoralen-functionalized polyacrylamide gel exhibits effective photo-responsive capture and 

subsequent release of DNA or RNA spanning a wide length range (80 to 500 bp) in a rapid 

fashion: > 90 % of the capture reactions can be completed within 1 min; ~100 % of the 

release reactions can be completed within 2 min. We observe no deleterious effects on the 

hybridization to the captured targets.

This study assesses psoralen as a means to reversibly capture oligonucleotides. Psoralens are 

a class of planar, three-ring heterocyclic compounds that can form covalent bonds via 
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cycloaddition reactions with pyrimidine bases of the nucleic acids (primarily thymine or 

uracil) upon irradiation by long-wavelength UV (320 – 410 nm).[11] The photo-

cycloaddition of a psoralen molecule to the pyrimidine base can occur at the furan side (the 

4′, 5′ double bond) or the pyrone side (the 3, 4 double bond) of the psoralen, resulting in 

three possible products (furan-side monoadduct, pyrone-side monoadduct, and diadduct).[12] 

Under irradiation by short-wavelength UV (240 – 313 nm), the photo-cycloaddition 

proceeds in the reverse direction, leading to the dissociation of the adducts.[13] This 

reversible, photo-activated reaction offers an ideal platform for nucleic acid capture. We 

selected polyacrylamide gels as scaffolds due to the wide range of applications for the 

material ranging from gel electrophoresis to gene therapy.[14] However, the chemical 

inertness of the polyacrylamide gel creates a barrier to chemically incorporating psoralen 

functional groups to the gel matrix.[15]

To chemically incorporate psoralen functional groups into the gel matrix, we utilize allylated 

psoralen. The allylated psoralen is copolymerized with the polyacrylamide gel.[14c,16] 

Allylated psoralen was synthesized using an NHS ester-amine reaction between the NHS 

ester-conjugated psoralen derivative, succinimidyl-[4-(psoralen-8-yloxy)]butyrate (SPB), 

and allylamine (Supporting Information, Scheme S1). The reaction proceeded in DMSO for 

12 h at room temperature. The resulting allylated psoralen, N-allyl-4-((7-oxo-7H-furo[3,2-

g]chromen-9-yl)oxy)butanamide, was purified and characterized by 1D 1H NMR, 2D 
1H-13C HSQC (heteronuclear single quantum correlation) NMR and mass spectrometry 

(Supporting Information, Figure S1, S2). The synthesized allylated psoralen was 

subsequently added as the comonomer to the polyacrylamide gel precursor containing 

acrylamide and N,N′-methylenebisacrylamide to produce the psoralen-modified 

polyacrylamide gel (Experimental details in the Supporting Information).

To examine the oligonucleotide-capture performance of the system, a target DNA molecule, 

100-bp double-stranded DNA (dsDNA) (sequence information in the Supporting 

Information, Table S1), was introduced into the gel through electrophoresis and irradiated 

with long-wavelength (> 350 nm) UV light (Supporting Information, Figure S3). The 

uncaptured targets were separated from the captured targets through a post-capture 

electrophoretic wash. A non-specific fluorescent stain, SYBRTM Gold, was utilized to 

visualize the target dsDNA (Figure 2a). The capture efficiency (η) is characterized by the 

ratio of the fluorescence intensity before and after the electrophoretic wash. We observe that 

η increases with the irradiation time in a logistic pattern and reaches distinct plateaus for 

different psoralen concentrations in the gel (Figure 2b). Given the fact that no intermediate 

products were reported for the reaction of psoralen and nucleobase,[11, 12] the steady-state 

approximation can be applied in the fitting to the kinetics data. Thus, the relationship of η 
and the UV irradiation time (t) can be described as: η = η0(1 − e−kt), where η0 is the 

maximum capture efficiency with the increase of the irradiation duration, and k is related to 

the reaction rate (Fitting results in the Supporting Information, Figure S4). For ease of 

discussion, we refer to η0 as the steady-state capture efficiency. The steady-state capture 

efficiency exhibits a strong positive correlation with the concentration of the psoralen 

(Spearman’s ρ = 1.0000, p < 0.001): η0 increases monotonically with the increase of the 

psoralen concentration before leveling off at the saturation concentration of about 1.5 mM 

(Figure 2c). We attribute the observed psoralen-concentration dependence of the steady-state 

Zhang et al. Page 3

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2019 February 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



capture efficiency to the combinatorial result of changes in the number of nucleobase-

reacting sites and pore structure of the gel as the molar ratio of acrylamide and allylated 

psoralen changes. We hypothesize that when psoralen concentration is below 1.5 mM, 

acrylamide prevails in the psoralen-modified polyacrylamide gel as the dominant monomer. 

Thus, increasing psoralen concentrations in gel precursor leads to an increase of the 

nucleobase-reacting sites in the polyacrylamide gel, corresponding to the enhanced capture 

capacity. When psoralen concentration is above 1.5 mM, the addition of allylated psoralen 

starts to disrupt the structure of the gel, resulting in a reduction in pore number. The 

structure change induced by comonomers in polymerization was also reported for the 

copolymer of acrylamide with sodium allylsulfonate and sodium acrylate.[17] The decrease 

of the pore number counteracts the increase of the psoralen density, and hence maintains the 

saturated level of the nucleobase-reacting sites in the polyacrylamide gel, corresponding to 

the saturation of the capture capacity at higher psoralen concentrations. The observed 

reaction rate constant k does not reveal a similarly strong correlation (Spearman’s ρ = 

−0.6071, p = 0.1667) to the psoralen concentration (Figure 2d), suggesting that the psoralen 

concentration does not critically affect the capture kinetics of the system.

To investigate the applicable range of the capture system, we expanded the target pool by 

incorporating double-stranded RNA (dsRNA) of varied lengths (80 to 500 bp) to the capture 

experiments. All targets were captured (Figure 3), and the capture kinetics follows the same 

exponential pattern η = η0(1 − e−kt) regardless of the length and the sequence (Supporting 

Information, Figure S5). We observe that the time required to achieve the maximum capture 

efficiency remains ~90 s with all the DNA and RNA targets when psoralen concentration is 

3 mM. This time scale is probably related to the reaction kinetics of photo-cycloaddition of 

psoralen and pyrimidines. We further observe that the capture performance depends on the 

target. Despite similar uridine percentages across the targets, longer dsRNA exhibit higher 

maximum capture efficiency: η0 is 0.433, 0.619, 0.849 and 0.933 for dsRNA of 80, 150, 300 

and 500 bp. We attribute this length-dependence of η0 to steric effect, where longer targets 

have a higher chance of proximally accessing psoralen with pyrimidines. We also performed 

capture experiments with single-stranded DNA and single-stranded RNA. The results exhibit 

similar capture kinetics and lower capture efficiencies for single-stranded targets 

(Supporting Information, Figure S6, Table S2). We attribute the lower capture efficiency for 

single-stranded targets to a lack of intercalation. Taken together, the psoralen-modified 

polyacrylamide gels exhibit successful capture for DNA and RNA of a wide length range in 

both duplex and single-stranded form. Moreover, we observe no deleterious effects of the 

UV-induced photo-capture (< 90 s, > 350 nm of irradiation) on hybridization to the captured 

oligonucleotides (Supporting Information, Figure S7, S8), in agreement with studies on 

other psoralen derivatives where furan-side monoadducts were included in synthesized 

oligonucleotides to facilitate hybridization or to study kinetics of hybridization reactions.
[12b, 18]

After assessing the oligonucleotide-capture characteristics of psoralen-modified 

polyacrylamide gels, we next sought to assess the photo-release behavior of the captured 

targets. We evaluated release of 150-, 300- and 500-bp dsRNA. To release the captured 

dsRNA, the gels were irradiated by short-wavelength UV light (< 325 nm) for various time 

intervals, and visualized using SYBRTM Gold stain (Supporting Information, Figure S9, 
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S10). Electrophoretic wash was implemented following UV irradiation to remove the 

released dsRNA. To characterize the photo-release performance, we calculated the relative 

fluorescence intensity of the captured dsRNA measured before and after the < 325 nm UV 

irradiation. The relative fluorescence intensity decreases upon the < 325 nm irradiation and 

reaches the minimum after ~2 min for all the dsRNA targets (Figure 4; Supporting 

Information, Table S3). The maximum target-release level, characterized by the relative 

released fluorescence intensity, is about 0.663 (n = 4, SD = 0.066) for 500-bp dsRNA, 0.756 

(n = 4, SD = 0.042) for 300-bp dsRNA, and 0.857 (n = 4, SD = 0.039) for 150-bp dsRNA. 

We notice that the unreleased dsRNA level increases with the dsRNA length, in accordance 

with the relationship of the capture efficiency and target length for dsRNA (Figure 3). We 

hypothesize that in addition to the dissociation of psoralen-pyrimidine adducts at short-

wavelength UV (< 325 nm), there may exist concurrent reactions responsible for the capture 

of released targets. In fact, we observed a low level of dsRNA capture (η = ~20 %) in non-

modified polyacrylamide gels under irradiation of the full-spectrum UV (containing 

irradiation wavelengths spanning from 280 to 410 nm, Supporting Information, Table S4), 

but detected no capture under irradiation of > 350 nm UV (Figure S11), suggesting possible 

crosslinking of polyacrylamide gel and nucleic acids under short-wavelength UV irradiation 

(see further discussions in Supporting Information).

In summary, we designed a psoralen-functionalized polyacrylamide hydrogel that can 

capture nucleic acids in a rapid and reversible fashion. The psoralen-modified 

polyacrylamide gel can be easily fabricated through copolymerization of acrylamide with 

the synthesized allylated psoralen. The UV-activated cycloaddition of psoralen and 

nucleobases ensures the robust and controllable target capture. Using the functionalized 

hydrogel, we successfully captured and released DNA and RNA of a wide length range, with 

no observed deleterious effects on the hybridization to the captured oligonucleotides. 

Although polyacrylamide gel was used in this work as the capture scaffold, we envision that 

other hydrogels or materials, upon simple modifications, can be similarly employed for 

psoralen-based capture of nucleic acid targets to meet different application needs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of the capture and release of DNA or RNA via a psoralen-modified 

hydrogel. Conditions: (i) photopolymerization: 2,2-azobis[2-methyl-N-(2-hydroxyethyl) 

propionamide] (0.2 %(w/v)), UV irradiation (> 390 nm). (1) psoralen. (2) DNA or RNA: R = 

H for RNA; R = CH3 for DNA. (3) pyrone-side monoadduct. (4) furan-side monoadduct. (5) 

diadduct. hν1: > 350 nm; hν2: < 325 nm.
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Figure 2. 
Photo-capture performance of the psoralen-modified polyacrylamide gel for 100-bp double-

stranded DNA (dsDNA). a) Representative fluorescence images indicating the capture 

capacity of the psoralen-modified gel. DNA targets were visualized using SYBRTM Gold 

stain after photo-capture. The fluorescence images at indicated UV irradiation durations 

were taken after electrophoretic wash. Psoralen concentration in the ‘+’ experiments is 3 

mM. Target loading: 40 ng/well. Stain: 2x SYBRTM Gold. Ex: 488 nm. Em: 520 nm BP 40 

nm. Experimental conditions were the same for all the following experiments unless 

otherwise specified. b) Capture efficiency (η) measured at various UV irradiation durations 

for different psoralen concentrations. n = 3 for each data point; error bars: standard 

deviation. c) The steady-state capture efficiency (η0) versus the psoralen concentration. d) 
The reaction rate constant (k) versus the psoralen concentration.
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Figure 3. 
Photo-capture performance of the psoralen-modified polyacrylamide gel for double-stranded 

RNA (dsRNA) with varied lengths. Psoralen concentration: 3 mM. The connecting curves 

are the exponential fitting to the experimental data (fitting results in Supporting 

Information). n = 3 for each data point; error bars: standard deviation.
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Figure 4. 
Photo-release of the captured dsRNA (150 to 500 bp) measured at varied UV (< 325 nm) 

irradiation time. The connecting curves are the fitting to the experimental data (fitting model 

and results in Supporting Information). Psoralen concentration: 3 mM. Photo-capture 

condition: 1 min irradiation by long-wavelength UV (> 350 nm). n = 4 for each data point. 

Error bars: standard deviation.
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