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ABSTRACT: Controlling the structure and activity of nucleic acids dramatically expands their potential for application in thera-
peutics, biosensing, nanotechnology and biocomputing. Several methods have been developed to impart responsiveness of DNA 
and RNA to small-molecule and light-based stimuli.  However, heat-triggered control of nucleic acids has remained largely unex-
plored, leaving a significant gap in responsive nucleic acid technology. Moreover, current technologies have been limited to natural 
nucleic acids and are often incompatible with polymerase-generated sequences. Here we show that glyoxal, a well-characterized 
compound that covalently attaches to the Watson-Crick-Franklin face of several nucleobases, addresses these limitations by ther-
moreversibly modulating the structure and activity of virtually any nucleic acid scaffold. Using a variety of DNA and RNA con-
structs, we demonstrate that glyoxal modification is easily installed and potently disrupts nucleic acid structure and function. We 
also characterize the kinetics of decaging and show that activity can be restored via tunable thermal removal of glyoxal adducts 
under a variety of conditions. We further illustrate the versatility of this approach by reversibly caging a 2’-O-methylated RNA 
aptamer as well as synthetic threose nucleic acid (TNA) and peptide nucleic acid (PNA) scaffolds. Glyoxal caging can also be used 
to reversibly disrupt enzyme-nucleic acid interactions, and we show that caging of guide RNA allows for tunable and reversible 
control over CRISPR-Cas9 activity. We also demonstrate glyoxal caging as an effective method for enhancing PCR specificity, and  
we cage a biostable antisense oligonucleotide for time-release activation and titration of gene expression in living cells. Together, 
glyoxalation is a straightforward and scarless method for imparting reversible thermal responsiveness to theoretically any nucleic 
acid architecture, addressing a significant need in synthetic biology and offering a versatile new tool for constructing programmable 
nucleic acid components in medicine, nanotechnology and biocomputing.

  Introduction 
   Nucleic acids are highly versatile and dynamic biomole-
cules, exhibiting large data storage capacity and a high degree 
of structural complexity, in turn endowing them with diverse 
molecular recognition and catalytic activities. These attractive 
properties explain their ubiquitous presence in Nature and 
warrant investigation of nucleic acids as programmable syn-
thetic components in biomedicine, nanotechnology and bio-
computing.1-4 Just as Nature engages temporal and spatial 
regulation to control gene expression, achieving tunable and 
predictable control over the structure and activity of nucleic 
acid constructs in vitro is vital toward their use in synthetic 
biology and biotechnology applications. 
    Several approaches have been explored to impart stimuli-
responsive properties to nucleic acids and facilitate external 
control over their structure and function. Early methods to 
achieve chemically-triggered activation of nucleic acids  in-
corporated trichloroethyl5 or 4-nitrobenzyl6 groups during 
solid-phase oligonucleotide synthesis. Resulting adducts pre-
vent duplex formation and higher-order assembly, and can be 
subsequently removed by reducing agents, including 
zinc/acetic acid mixtures or sodium thiosulfate. Photoreversi-
ble blocking strategies have also been developed.7-14 Similar to 
these previous methods, “photocaged” nucleobase derivatives 
are incorporated into oligonucleotide synthesis workflows, and 
can be uncaged with UV light to restore nucleic acid function. 

While effective, these protecting groups must be incorporated 
during oligonucleotide synthesis and are thus only applicable 
to relatively short strands. Moreover, the difficulty and cost of 
synthesizing these modified phosphoramidite monomers can 
be limiting, and thus it is essential to have information about 
the key residues to be caged in order to mask the activity of 
the sequence. More recent “cloaking” methods employ acyla-
tion of 2’ hydroxyls in RNA with either an azide-containing or 
o-nitroveratryl photoreactive reagent, which are then respec-
tively removed by triphosphine-mediated Staudinger reduction 
or light-triggered decaging.15-16 While these methods allow 
caging of both chemically and enzymatically synthesized tran-
scripts, these acylation reagents can only be applied to RNA, 
and no comparable methods are available for other nucleic 
acid scaffolds. Additionally, achieving full reactivation of 
cloaked RNA constructs can be challenging,15-16 and UV re-
moval of adducts in particular can both impart structural 
changes to certain nucleobases17 and further require special-
ized and costly instrumentation.  
   In contrast to chemical or light-driven approaches, we envi-
sioned that temperature could offer a straightforward external 
stimulus for controlling the caging of nucleic acids.  Heat is 
relatively easy to introduce in a variety of settings, and a num-
ber of laboratory instruments that precisely control tempera-
ture are both commonplace and economical. Despite these 
advantages, heat-sensitive caging of nucleic acids remains  



 

 

Figure 1. Glyoxal reactivity with nucleobases. a) Glyoxal forms bis-
hemiaminal adducts (*) on guanine (G), adenosine (A), and cytidine (C) 
nucleobases. b) Glyoxal decaging occurs upon addition of heat under mild 
alkaline conditions. 

largely unexplored. To address this need, we recognized that 
glyoxal could serve as an effective thermoresponsive caging 
group. Glyoxal reacts readily with nitrogen groups on the 
Watson-Crick-Franklin face of nucleobases to produce stable 
bis-hemiaminal adducts, and this reaction has been demon-
strated in both RNA and DNA. Guanosine addition is typically 
the most stable and rapidly formed product, but longer reac-
tion times (>30 min) and higher glyoxal concentrations (>0.1 
M) can also lead to reaction of adenosine and cytidine (Figure 
1a).18-22 Adduct formation directly interferes with base pairing, 
and thus denatures overall secondary structure in nucleic ac-
ids. Attesting to the convenience and efficacy of this reaction, 
glyoxal has been utilized for several decades in electrophore-
sis analysis and structural probing of large RNAs,23-24 and 
glyoxal can be used as a potent cell and tissue fixative prior to 
immunohistochemical staining.25 Kethoxal, a chemical deriva-
tive of glyoxal, has also found broad utility for high-
throughput mapping of RNA secondary structure.26 
     Key to use of glyoxal as a nucleic acid caging reagent is the 
ability to reverse adduct formation and restore base pairing. 
Fortuitously, glyoxal can be easily deprotected through a 
combination of heat and mild alkaline conditions (Figure 
1b).27 Taken together, the previous applications of glyoxal 
highlight several unique properties that we recognized could 
be leveraged for thermoresponsive caging: (1) glyoxalation is 
sufficient to disrupt strong nucleic acid secondary structure, 
(2) both installation and removal of glyoxal adducts proceed 
under mild reaction conditions, (3) glyoxal reactivity towards 
nucleobases rather than backbone moieties suggests a general 
approach to cage a variety of different nucleic acid scaffolds 
including xenonucleic acids (XNAs), (4) glyoxal caging can 
be performed on both synthetic and naturally occurring nucle-
ic acids, and (5) the reagent itself is both economical and 
commercially available.  
    Herein we explore the use of glyoxal for thermoresponsive 
control over nucleic acid structure and function. We show that 
glyoxal can effectively cage a wide range of natural and syn-
thetic nucleic acid polymers, providing control over multiple 
functions including small-molecule binding, catalysis, anti-
sense hybridization, interactions with proteins, and gene ex-
pression modulation in cells. Glyoxal caging is efficient and 
fully thermoresponsive, enabling reduction of function to un-
detectable levels and full reactivation. Moreover, restoration  

 

Figure 2. Glyoxal caging and decaging of a DNA substrate. a) Caging 
kinetics were monitored for a FAM-labeled DNA substrate at 50 ºC using 
20% denaturing PAGE. Mean values (n = 2) represent normalized per-
centages versus band intensity at t = 60 min with S.D. error bars. b) Esti-
mated decaging yield at 95 ºC, pH 7.5 using 20% denaturing PAGE. Val-
ues represent mean (n = 2) normalized percentages versus band intensity 
of an untreated DNA control. Error bars denote S.D.  

Table 1.  Half-life for glyoxal decaging with varying pH and temperature. 

 pH 6.5 pH 7.0 pH 7.5 pH 8.0 

95 ºC 1.4 ± 0.34 
min 

1.1 ± 0.24 
min < 1 min << 1 min 

70 ºC 52 ± 7.7 min 14 ± 2.7 min 11 ± 2.4 min 3.8 ± 1.6 min 

50 ºC 14 ± 1.8 h 8.0 ± 1.7 h 4.6 ± 1.1 h 3.1 ± 0.70 h 

37 ºC 14 ± 4.2 d 6.6 ± 1.4 d 3.0 ± 0.5 d 2.0 ± 0.33 d 

A fully caged DNA strand was subjected to varying pH values and tem-
peratures, and decaging was monitored by 20% denaturing PAGE and 
quantified using densitometry (Figs S1-S4). Numbers denote calculated 
mean t1/2 values (n = 2) with 95% confidence intervals. Values at pH 7.5 
and 8.0 for 95 ºC were not calculated due to very short observed decaging 
times. 

of function is tunable by temperature, pH, incubation time, 
and degree of caging. Together, this research addresses a sig-
nificant gap in nucleic acid technology by providing a simple 
and effective way to impart thermoresponsive control over 
both chemically synthesized and enzymatically generated nu-
cleic acids. Additionally, glyoxal caging is applicable in virtu-
ally any nucleic acid scaffold, offering a versatile  methodolo-
gy for designing and implementing stimuli-responsive bio-
materials with user-defined chemical architectures. 



 

 

Figure 3. Glyoxal caging imparts thermoresponsive fluorogenic activity in the broccoli RNA aptamer. a) Schematic of the fluorogenic broccoli RNA ap-
tamer. Glyoxal caging reversibly denatures and cages the aptamer, preventing fluorescent signal generation. b) 20% denaturing PAGE analysis of untreated, 
caged, and decaged RNA aptamers. c) Quantified fluorescence enhancement of untreated, caged, and decaged broccoli aptamers. Bars represent mean and 
S.D. from triplicate binding reactions. Unpaired t-test was performed between untreated and decaged samples. “ns” indicates no significant difference. d) 
Fluorescence enhancement reactions visualized with a typhoon gel imager.  e) Minimally caged broccoli was combined with DFHBI and incubated at vari-
ous temperatures for increasing times. Reactions in 384-well plates are visualized using a Typhoon gel imager. Heat map values represent fluorescent inten-
sity generated using the acquisition software (FI = fluorescent intensity). f) Quantified fluorescence plotted against temperature and incubation time. Values 
represent mean and S.D. of 2 independent trials.  

Results and Discussion 
Characterizing glyoxal caging and decaging kinetics. We 
first sought to estimate glycation kinetics in a simple DNA 
sequence (Figure 2a). Using previously established reaction 
conditions (1.3 M glyoxal in 50:50 DMSO:H2O, 50 ºC)28-29 we 
monitored molecular weight of our test strand using 20% de-
naturing PAGE and observed apparent full caging in as little 
as 30-40 minutes with an approximate t1/2 of ~9 minutes (Fig-
ure 2a).  We were next interested in defining conditions for 
removing these glyoxal groups, so we first exposed a fully 
caged strand to standard deprotection conditions (phosphate 
buffered saline pH 7.5, 70 °C)29 and again monitored molecu-
lar weight shifts as a function of time. As shown in Figure 2b, 
we observed rapid removal of these groups with apparent full 
decaging in 30 minutes (t1/2 ~11 minutes). We next explored 
the effect of both pH and temperature parameters in a larger 
screen and estimated decaging half-life across these conditions 

(Table 1, Figures S1-S4). In these experiments, we observed 
that decaging rates were positively correlated to both pH and 
temperature. Excitingly, this provides a tunable deprotection 
rate in a variety of assay conditions and highlights the poten-
tial of glyoxal caging for constructing programmable nucleic 
acid-based clocks, thermometers, and pH responsive elements 
in nanodevices and biological circuits.30-37 We also assessed 
room temperature stability of glyoxal adducts and observed 
minimal decaging over several days, indicating that glycation 
is stable in practical laboratory conditions until deprotection is 
triggered by elevated temperatures at the desired time (Figure 
S5). Although these PAGE experiments provide only a quali-
tative analysis our model DNA strand, they also illustrate a 
general kinetic framework of glyoxal caging and decaging.  
Together, these results demonstrated that glyoxal cage instal-
lation and removal were thermoreversible and tunable, and we 
turned to testing modulation of a wide range of functional 
nucleic acids. 



 

Thermoreversible modulation of a fluorogenic RNA ap-
tamer. As an initial target to functionally test our method, we 
selected the “broccoli” aptamer, a well-characterized fluoro-
genic RNA that binds the small molecule chromophore 3,5-
difluoro-4-hydroxybenzylidene imidazolinone (DFHBI) to 
produce a fluorescent signal (Figure 3a).38 We hypothesized 
that only partial caging would be sufficient to disrupt RNA 
folding and fluorogenic activity, so we first subjected the ap-
tamer to increasing caging times and functionally tested the 
fluorescence. We observed that only ~5 minutes of caging 
time reduced activity by > 98%, with complete loss of fluores-
cence at 10 minutes (Figure S6). While additional reaction 
times produced proportional increases in molecular weight 
corresponding to further glyoxalation (Figure S6a), these al-
terations provided no added functional benefit. Interestingly, 
we also noted that increased glycation resulted in proportional 
losses in SYBR Gold staining intensity, further highlighting 
potent disruption of nucleic acid and small molecule interac-
tions. We utilized our minimal caging time (10 minutes) and 
subjected these constructs to rapid decaging conditions at 95 
ºC, pH 7.5 with increasing reaction times (Figure S7). As ex-
pected, we observed a quick rise in signal from 0-2 minutes, 
and achieved complete restoration of fluorogenic activity after 
2 minutes of decaging. We also observed a rapid drop in fluo-
rescence enhancement with extended incubation times, which 
is likely due to base-mediated RNA hydrolysis at high temper-
atures, consistent with previously observed degradation of 
riboswitches in similar buffer conditions at extended heating 
times.39 Using our optimized conditions (10 minutes glyoxal 
caging, 2 minutes decaging at 95 ºC, pH 7.5)  we demonstrat-
ed both a full masking and complete restoration of broccoli 
fluorescence enhancement using glyoxal caging (Figures 3b-
d). Together, these data demonstrate that glyoxalation is a 
rapid, potent, and fully reversible method to inhibit small mol-
ecule binding in aptamers, and is comparable to current caging 
methods which achieve similar modulation of activity.15-16    
    Given the simple fluorescent readout of the broccoli system 
along with our previous characterizations showing tunable 
thermal decaging kinetics, we next tested our ability to depro-
tect glyoxal adducts in situ for use as a one-pot molecular 
“thermometer” or “clock”. We combined minimally caged  
broccoli (10 minutes) with all necessary fluorogenic compo-
nents (2 µM DFHBI, 40 mM HEPES, 100 mM KCl, 1 mM 
MgCl2, pH 7.4), and then exposed these mixtures to a range of 
temperatures for increasing times. As shown in Figures 3e-f, 
we observed a highly predictable and proportional fluorogenic 
response to both of these variables, with optimal temporal 
linearity between ~80 ºC and ~85 ºC, and the most proportion-
al thermal response following 60 minute incubation times. 
Overall, these results highlight the applicability of glyoxal-
caged fluorogenic aptamers in designing molecular compo-
nents in synthetic biology, including nucleic acid-based ther-
mometers and timers. Further, these conditions are generaliza-
ble and can yield predictable changes in activity, allowing 
users to adjust the speed and intensity of responses by altering 
temperature, aptamer caging time, and/or buffer pH.  
     Reversible caging of a DNAzyme catalyst. Encouraged 
by these results, we next sought to control the activity of a 
catalytic nucleic acid and chose a DNAzyme to demonstrate 
the versatility of our method across different nucleic acid 
backbones. Specifically, we employed the 10-23 DNAzyme 
which hybridizes to a ssDNA target and cleaves at an internal 
ribonucleotide (Figure 4a).40 We first assessed caging kinetics  

 

Figure 4. Reversible control of the RNA-cleaving 10-23 DNAzyme. a) 
Schematic of the 10-23 DNAzyme-mediated cleavage of the target strand 
following hybridization.  Glyoxal reversibly inhibits hybridization and 
catalytic activity. b) 20% denaturing PAGE analysis of untreated, caged, 
and decaged 10-23 DNAzyme. c,d) Functional activity of untreated, 
caged, and decaged 10-23 DNAzyme was monitored as percent target 
strand cleavage (n = 2) using 12% denaturing PAGE and quantified using 
band densitometry. Values represent mean and S.D. of 2 independent 
trials. Unpaired t-test was performed between untreated and decaged 
samples. “ns” indicates no significant difference.  

of the 10-23 strand, observing expected increases in apparent 
size by denaturing PAGE (Figure S8a). We then tested the 
functional activity of increasingly caged DNAzyme samples 
and saw that target cleavage was significantly reduced after 20 
minutes of caging, and completely ablated after 1 hour (Figure 
S8b,c). As expected, this structural shift was also reversible, 
and when we employed rapid decaging conditions (95 °C, pH 
7.5) we observed restoration of the original size after 10 
minutes (Figure S9). Using these parameters (20 minutes cag-
ing, 10 minutes decaging), we then demonstrated full reversi-
bility of DNAzyme activity (Figures 4b-d). Untreated 10-23 
DNAzyme cleaved ~45% of the target strand, whereas caged 
DNAzyme had no detectable activity. However, this activity 
was restored upon thermal decaging and displayed ~41% tar-
get cleavage with no significant difference compared to un-
treated DNAzyme. These results demonstrate that glyoxal 
caging is applicable to DNA substrates and can reversibly 
modulate catalytic cleavage activity. Moreover, we achieve 
comparable performance to alternative caging methods that 
require significantly more expensive reagents.15-16, 41-42  
     Glyoxal caging enables thermoreversible control of 
modified nucleic acids. After demonstrating reversible con-
trol of RNA and DNA constructs, we next sought to explore 
glyoxal caging of non-native XNA nucleic acid scaffolds. To 
test this, we first selected the ARC259 RNA aptamer targeting 
vascular endothelial growth factor (VEGF) (Figure 5a).43 This 
particular aptamer was evolved using a fully 2′-O-methylated 
library and would enable us to not only assess disruption of 
aptamer-protein binding interactions, but also glyoxal caging 
on a heavily modified scaffold. We first verified that caging 
kinetics were similar with the ARC259 aptamer, and again 
saw a predictable rise in apparent molecular weight with in-
creasing glyoxal caging times (Figure S10a). Next, we utilized  



 

 

Figure 5. Glyoxal caging of a fully 2'-O-methylated RNA aptamer. a) 
Sequence and NUPACK44 fold analysis of 2′-O-methylated ARC259 RNA 
aptamer.  b) 20% PAGE analysis of untreated, caged and decaged 
ARC259 aptamer. c) Fluorescence polarization (FP) binding curves of 
untreated, caged, and decaged aptamer towards VEGF165. All values were 
normalized to a buffer blank and represent mean and S.D. of independent 
replicates (n = 3). 

fluorescence polarization (FP) to monitor ARC259-VEGF 
binding. Unsurprisingly, untreated aptamer displayed high 
affinity towards the target protein, and increasing caging times 
proportionally decreased this interaction, with ~40 minutes 
glyoxal treatment resulting in full loss of aptamer binding 
(Figure S11). We were next interested in restoring this activi-
ty, so we then subjected minimally caged ARC259 (40 
minutes) to rapid decaging conditions (95 ºC, PBS pH 7.5) and 
observed a predicted drop in apparent molecular weight in 
20% denaturing PAGE with ~2-5 minutes decaging time (Fig-
ure S10b). Lastly, we compared the binding activity of un-
treated, caged, and decaged ARC259 in our FP assay (Figure 
5c), and observed nearly identical binding affinities between 
untreated and decaged aptamers (KD untreated = 3.27 ±0.59 
nM, KD decaged = 3.36 ±0.55 nM). Together, these results 
demonstrated the versatility of glyoxal caging towards chemi-
cally modified substrates, and further showed reversible con-
trol over protein-aptamer interactions. Additionally, to our 
knowledge, this is the first demonstration of post-synthetic 
caging of a 2’ modified RNA aptamer, which has not been 
possible with previous cloaking methods that target 2’OH 
groups.15-16  
   Encouraged by the versatility of our approach, we next 
wanted to apply glyoxal caging toward non-canonical xenonu-
cleic acid scaffolds. In particular, we targeted threose nucleic 
acid (TNA) and peptide nucleic acid (PNA). Compared to 
DNA or RNA, TNA is comprised of repeating threose sugars 
connected with alternating 2’ to 3’ phosphodiester bonds,45 
while PNA consists of amino ethyl glycine units to form a 
“peptide” rather than phosphodiester backbone (Figure 6a).46 
Due to their non-canonical chemical structures, both TNA and  

 

Figure 6. Glyoxal caging reversibly inactivates xenonucleic acid hybridi-
zation. a) Chemical structures of DNA/RNA alongside threose nucleic 
acid (TNA) and peptide nucleic acid (PNA) scaffolds. b) Heteroduplex 
formation between XNA strands and a DNA complement. Glyoxal caging 
reversibly inhibits duplex formation. c) 20% denaturing PAGE analysis of 
untreated, caged, and decaged TNA strands. d) MST binding curves of 
untreated, caged, and decaged TNA strands when challenged with increas-
ing amounts of DNA complement. Bars represent mean and S.E. from 
triplicate binding titration curves. e) 20% denaturing PAGE analysis of 
untreated, caged, and decaged PNA strands. f) MST binding curves of 
untreated, caged, and decaged PNA strands when challenged with increas-
ing amounts of DNA complement. Bars represent mean and S.E. from 
triplicate binding titration curves. 

PNA are nuclease-resistant and are promising antisense oligo-
nucleotide scaffolds. Additionally, these unique structural 
features are intriguing for demonstrating the flexibility of gly-
oxal caging with chemically modified substrates. As shown in 
Figure S12, we first assessed glyoxal caging kinetics with a 
model TNA oligonucleotide, and observed nearly identical 
kinetics compared to DNA. We next evaluated the effect of 
caging on hybridization between TNA and a DNA comple-
ment or scrambled oligonucleotide. We utilized microscale 
thermophoresis (MST) to measure duplex formation, as this 
method would preserve caging groups during analysis and has 
been previously demonstrated as a highly sensitive reporter of 
nucleic acid hybridization.47-48 We observed steady disruption 
of duplex formation with increasing caging times on our TNA 
strand, with ~40 minutes of glyoxal treatment resulting in full 
ablation of hybridization capacity (Figure S13). Using these 
minimal caging conditions (40 minutes), we then used our 
rapid decaging protocol (5 min at 95 ºC in PBS, pH 7.5) to 
remove glyoxal adducts from TNA, observing full restoration 
in duplex formation (Figure 6c,d). To apply these experiments 
towards PNA, we then synthesized the “Nielsen decamer” 
sequence as a model strand (Figure S14).49 Interestingly, when 
assessing glyoxal caging of PNA, we saw an unexpected drop 
in apparent molecular weight in 20% denaturing PAGE with 
increasing caging times (Figure S16a). While we were initially 
concerned about possible degradation or hydrolysis, we did 
confirm an increase in mass corresponding to the addition of 



 

two glyoxal caging groups (Figure S15). Additionally, this 
effect was also reversible, and when we subjected a fully gly-
oxalated PNA strand to thermal decaging conditions at 95 ºC, 
pH 7.5, an opposite electrophoretic shift was observed, sug-
gesting full removal of glyoxal groups (Figure S16b). Alt-
hough uncertain, we hypothesize that glyoxal adducts may 
impart transient negative charges to the strand through coop-
erative hydrogen bonding between hydroxyl adducts to pro-
duce an ionizable proton (Figure S17). In the case of PNA 
where the only anion present is a terminal glutamate residue 
(Figure S14a), these alterations may contribute more signifi-
cantly to electrophoretic shift than molecular weight changes. 
These analyses also yielded 3 visibly discrete bands, suggest-
ing that guanosine addition products may be the predominant 
species in PNA glyoxal caging. When we tested hybridization 
capacity of increasingly caged PNA, we observed highly po-
tent disruption following glyoxal treatment, observing a sig-
nificant drop between 5 and 10 minutes caging time, and only 
20 minutes required for full inhibition of duplex formation 
(Figure S18). Finally, we compared untreated, caged, and 
decaged PNA and again observed full restoration of duplex 
binding (Figure 6e,f). Together, our results show that glyoxal 
caging is a straightforward and robust method for reversibly 
modulating antisense interactions, and to our knowledge is the 
first demonstration of functional caging in non-canonical nu-
cleic acid substrates.  
   Glyoxal caging of nucleic acids reversibly modulates in-
teractions with enzymes. Based on our results thus far show-
ing reversible modulation of protein-nucleic acid interactions 
as well as the known molecular changes imparted by glyoxal 
addition on nucleobases, we were curious how caging would 
impact recognition by enzymes that interact with nucleic acid 
substrates (Table 2). RNase T1 is historically known to be 
affected by glyoxalation, which cleaves after both guanosine 
and inosine residues but is unable to digest caged guanosines, 
resulting in highly specific cleavage activity toward inosine.28-

29 We tested other enzymes starting with RNase H, which 
cleaves RNA substrates when hybridized to complementary 
DNA.50 We first incubated a target RNA strand with or with-
out glyoxal for 1 hour, followed by hybridization to a com-
plementary DNA strand and exposure to RNase H. Untreated 
heteroduplex was cleaved as expected, while caging of the 
ssRNA substrate prior to hybridization and digestion resulted 
in no detectable cleavage. Upon thermal decaging, full restora-
tion of cleavage activity was achieved (Figure S19). Given our 
previous “one pot” thermoreversible readout using the fluoro-
genic broccoli RNA aptamer (Figure 3e-f),  we were interested 
in recapitulating similar in situ decaging and cleavage using a 
thermostable RNase H.51 To test this, we combined caged 
ssRNA, complementary DNA, and thermostable RNase H in 
1X reaction buffer (50 mM Tris-HCl, 75 mM KCl, 3 mM 
MgCl2, 10 mM DTT, pH 8.3). Reactions were then separately 
heated to 95 °C for increasing time points, followed by one 
hour at 37 °C. As shown in Figure S20, we observed a steady 
and predictable increase in RNase H cleavage activity ap-
proaching 100% restoration over 10 minutes, indicative of 
proportional decaging of the target RNA strand with increased 
exposure to heat. These results were consistent with our previ-
ous “one pot” system measuring fluorogenic activity of the 
broccoli aptamer (Fig 3e-f), and we predict that both tempera-
ture and heat exposure time can be proportionally measured 
via RNase H cleavage and similarly leveraged towards con-
struction of biological “timers” and “thermometers.” 

   We next evaluated caging on the activity of RNase A, an 
endonuclease that cleaves single and double stranded RNA 
after cytidine and uridine nucleotides.52 However, glyoxal 
addition was not able to inhibit activity, and distinct cleavage 
sites were present for all untreated, caged, and decaged RNAs 
(Figure S21). Similar results were observed with nuclease P1, 
a broadly active endonuclease that hydrolyzes phosphodiester 
bonds in 3′ → 5′ direction,53 and glyoxal caging of ssDNA and 
ssRNA substrates still resulted in full digestion activity (Fig-
ure S22). We next tested DNase I, an endonuclease that pref-
erentially cleaves double-stranded DNA substrates after py-
rimidine nucleotides.54 Similar to our previous experiments, 
we first treated a target DNA strand with or without glyoxal 
followed by hybridization to a complementary DNA and ex-
posure to DNase I. As shown in Figure S23, glyoxal caging 
completely inhibited DNase I activity, and full cleavage of the 
target strand was observed upon thermal decaging. We ob-
served similar results with the restriction endonuclease EcoRI, 

Table 2.  Glyoxalation reversibly modulates activity in several enzymes. 

Name Type Target Inhibition? 

RNase T1 Endonuclease ssRNA after G 
residues 

Partial* 

RNase H Endonuclease RNA:DNA 
heteroduplexes 

Yes 

RNase A Endonuclease ssRNA, dsRNA No 

Nuclease P1 Endonuclease ssRNA, ssDNA No 

DNase I Endonuclease ssDNA, dsDNA 
(preferred) 

Yes 

EcoRI Endonuclease dsDNA at palin-
dromic sequence 
5’ GAATTC 3’ 

Yes 

RNase T Exonuclease 3’ exonuclease No 

Phosphodiesterase I Exonuclease 5’ exonuclease No 

*glyoxal reacts with G residues but not inosine sites, converting RNase T1 
into an inosine-specific endonuclease.28-29 

with glyoxal treatment reversibly modulating enzymatic 
cleavage of the target duplex (Figure S24). 
    Lastly, we were curious as to whether glyoxal interfered 
with exonuclease activity. We first tested RNase T, a 3’→ 5’ 
exonuclease active on both ssRNA and ssDNA targets.55-56 
Unfortunately, caging exerted no effect on RNase T activity, 
and full hydrolysis of DNA and RNA substrates was observed 
regardless of glyoxal caging (Figure S25). Similar results were 
obtained when testing snake venom phosphodiesterase I which 
hydrolyzes ssDNA and ssRNA in the opposite 5’ → 3’ direc-
tion,57 and glyoxal caging offered no protection toward enzy-
matic degradation of either DNA or RNA strand (Figure S26). 
While disappointing, these results are also somewhat unsur-
prising given that exonuclease sequence specificity is known 
to be broad and inherently promiscuous, and these enzymes 
interact primarily with the phosphate backbone irrespective of 
nucleobase or modification status.  
     As compiled in Table 2, it was apparent that glyoxal caging 
was most effective where nucleic acid secondary structure was 
required for substrate engagement and activity. In particular, 



 

 

Figure 7. Thermal reactivation of CRISPR-Cas9 function. a) Schematic of reversible modulation of CRISPR-Cas9 cleavage. Glyoxal caging reversibly 
denatures and cages the sgRNA, preventing RNP complex formation and target cleavage. b) 20% denaturing PAGE analysis of untreated, caged, and 
decaged sgRNAs. c) Functional Cas9 target cleavage with untreated, caged, and decaged sgRNAs visualized by 1% agarose gel and d) quantified using 
densitometry. Bars represent mean and S.D. from 2 independent trials. Unpaired t-test was performed between untreated and decaged samples. “ns” indi-
cates no significant difference.  e) Caged sgRNAs were decaged at 37 ºC for increasing times and combined with Cas9 and dsDNA target followed by 1% 
agarose gel analysis and f) quantified using densitometry. Values represent mean and S.D. of 2 independent trials. 

RNase H, DNase I, and EcoRI all preferentially target duplex 
substrates, and glyoxal inhibition can be mechanistically at-
tributed toward preventing hybridization and subsequent 
presentation of preferred substrates. With the exception of  
RNase T1, all other enzymes tested appeared to have little 
sensitivity to glyoxal, as these likely prefer single stranded 
substrates and potentially act independent of nucleobase struc-
ture. Overall, our screen yielded distinct enzyme candidates 
that could be leveraged to produce detectable readouts, and 
further demonstrates the wider versatility of glyoxal caging 
towards thermoresponsive biodevice fabrication.   
   Thermal reactivation of CRISPR-Cas9 using glyoxal 
caged guide RNAs. Based on our survey of reversible enzyme 
disruption using glyoxal caged substrates, we hypothesized 
that we could likely modulate CRISPR-Cas9 activity. In this  
system, a single guide RNA (sgRNA) acts as both an aptamer 
towards Cas9 to bind the nuclease as well as a programmable 
sequence-specific probe to bring the ribonucleoprotein (RNP)  
complex to a desired genetic locus for cleavage (Figure 7a).58-

59 These platforms have proved to be revolutionary towards 
perturbing biological circuits and have great promise in human 
gene therapy. As such, there is great interest in exerting tuna-
ble external control over CRISPR-based systems. Similar to 
previously described nucleic acid caging approaches, existing 
attempts have primarily focused chemical or light-based acti-
vation of sgRNAs.60-62 However, heat activation of sgRNA 
again remains uninvestigated, and we predicted that glyoxal 
caging would provide a facile approach for imparting predict-
able thermal and temporal control. We envisioned that glyoxal 
cages would denature sgRNA secondary structure required for 
RNP complex formation while also strongly inhibiting base-
pairing at the DNA-gRNA interface, thus ablating Cas9 activi-
ty. We first determined the minimal degree of caging required 
for shutdown of Cas9 cleavage of a 720 bp dsDNA target con-
taining an enhanced green fluorescent protein (eGFP) coding 

region.63 In contrast to the steady drop in activity with increas-
ing caging times as seen in our previous experiments, we in-
terestingly saw minimal inhibition of activity over 30 minutes 
of glyoxal caging followed by a drastic drop in cleavage after 
~40 min–1 hour, and a full 2 hours of caging was necessary to 
completely shut down Cas9 activity (Figure S27). We hypoth-
esize that this higher resistance to caging may be due in part to 
the uridine-rich nucleotide sequence of CRISPR sgRNAs, as 
these bases are not known to react with glyoxal.18-22 Given our 
previous experiments with both broccoli and ARC259 RNA 
aptamers, it is also likely that partially caged sgRNAs are still 
functionally active with Cas9, which would explain mainte-
nance of cleavage activity despite observed sgRNA caging via 
PAGE (Figure S27a). In our studies we utilized a commercial-
ly available Cas9 enzyme from Streptococcus Pyogenes which 
is known to exhibit single-turnover kinetics,64 and so it is un-
likely that individual RNP complexes would cleave multiple 
DNA targets. However, we did employ a moderate excess (~6-
7-fold) of Cas9/sgRNA complex compared to DNA target, so 
these reaction conditions may have also contributed to our 
observed results. Glyoxal caging was nonetheless effective in 
completely inhibiting Cas9 cleavage, and so we next sought to 
thermally restore this activity. We first subjected caged sgR-
NAs to our rapid decaging conditions at 95 ºC, pH 7.5, and 
when we combined these with Cas9 enzyme and dsDNA tar-
get, full activity was restored with 2 min of decaging time 
(Figure S28). These data also reflected our caging observa-
tions in that Cas9 activity did not steadily increase with decag-
ing times but rather rapidly increased between 0.5-2 min. Ad-
ditionally, our results corroborate our earlier notion that par-
tially caged sgRNAs still promote Cas9 activity, as full cleav-
age was still observed from 2-10 min (Figure S28b) despite 
our PAGE shift analysis suggesting full decaging occurring at 
~ 5 mins (Figure S28a). Regardless, when compared to un-
treated sgRNA there was also no significant difference in Cas9 



 

cleavage activity when paired with a decaged sgRNA (Figure 
7b-d), overall demonstrating that glyoxal caging is a fully re-
versible method of controlling CRISPR-Cas9 function. 
   Given the practical use of CRISPR-Cas9 systems for in vivo 
gene editing applications, we were curious to see if we could 
replicate thermal reactivation of Cas9 activity under “physio-
logical” conditions. To explore this, we incubated caged sgR-
NA at 37 °C in PBS, pH 7.5 for increasing periods of time. We 
first assessed size shift by gel, which expectedly decreased 
over 2 days (Figure S29). We also tested each timepoint for 
functional Cas9 cleavage activity against an untreated sgRNA 
control, and we observed full restoration after 4 hours at 37 °C 
(Figure 7e,f). Together, these results demonstrate the feasibil-
ity of our approach for caging and thermally reactivating 
CRISPR-Cas9 systems for potential use in biological circuits, 
nanodevices, and in vivo applications. Additionally, in our 
proof-of-concept demonstration we used a standard DNA 
cleavage readout. However, this is only one application of this 
platform, and glyoxal caging can likely also be used in appli-
cations such as gene activation,65 gene interference,66 base 
editing,67 or prime editing,68 which rely on dead Cas9 fusions. 
In addition, designer systems have been developed that com-
bine guide RNA targeting with fully human effector protein 
components,69 and we envision the use of glyoxal caging as a 
useful and straightforward method for tuning activity in these 
systems. 
   Glyoxal treatment of DNA primers enhances PCR speci-
ficity. Polymerase chain reaction (PCR) is a widely adopted 
molecular biology technique and a powerful diagnostic meth-
od for quantifying gene expression70 and detecting genetic 
material.71 While highly sensitive and efficient, PCR is also 
prone to non-specific amplification of off-target DNA prod-
ucts. Many of these issues arise from undesired molecular 
interactions, including primer-dimer formation and non-
specific annealing within DNA templates, which primarily 
occur during lower-temperature steps in early PCR rounds.72 
To mitigate these effects, “hot start” PCR assays are often 
employed wherein DNA polymerase is inactivated with ap-
tamers and/or antibodies to prevent primer extension until high 
temperatures are reached.73-74 While this technique can reduce 
some PCR artifacts, hot start polymerases are also variably 
effective for primer-dimers and off-target products, and the 
added cost of these neutralizing biocomponents can be prohib-
itive for some applications. Alternatively, primers can be 
chemically modified with photoactivatable75 or thermolabile76 
adducts to provide similar improvements in PCR performance. 
Although these modifications are more effective for directly 
addressing issues with mis-priming, these methods also suffer 
from similar practical limitations described above, as they 
necessitate costly incorporation of chemical groups during 
solid-phase oligonucleotide synthesis and typically require 
extensive optimization. Conversely, glyoxalation is cost-
effective, tunable, and can be applied toward a variety of mod-
ified nucleic acid scaffolds, and hence may offer greater ap-
plicability in improving PCR performance. Because glyoxal 
adducts potently disrupt nucleic acid hybridization and are 
fully reversible using heat, we were interested to see if this 
method would prevent off-target primer interactions and im-
prove overall amplification specificity (Figure 8a).  
     As a model system, we amplified a ~653 bp segment of the 
β-actin gene (ACTB) using human total DNA and a standard 
Thermus aquaticus (Taq) polymerase, a combination which 

was found to be prone to both mis-priming and primer-
dimers.76 Additionally, a previous study attempted chemical 
modification of DNA primers and found this mildly improved 
PCR performance, and we were interested to see if glyoxalated 
primers would be better suited for addressing mis-priming 
issues in PCR (Figure 8a). We first attempted amplification 
using standard Taq PCR reagents, and while we observed the 
expected target band, we also experienced general “smearing” 
in reactions as well as the presence of an off-target amplifica-
tion product at ~400 bp. Additionally, in the absence of any 
DNA template, products arising from primer-dimer formation 
were identified at ~150 bp (Figure S30a). Given that antibody-
neutralized hot start Taq is commonly employed to mitigate 
these issues, we repeated this experiment using these materi-
als, and while we saw a slight reduction in the formation of 
off-target products, this ultimately provided little benefit in 
overall amplification purity (Figure S30a,b). We next func-
tionally assessed glyoxal treatment by separately caging either 
the forward or reverse DNA primer. Interestingly, treating the 
forward primer produced almost no effect (Figure S31), and 
although reverse primer caging did somewhat  

 

Figure 8. Glyoxal treated primers enhance PCR specificity. a) Schematic 
of PCR amplification using a dsDNA template with untreated and caged 
primers, which reduce mis-priming and primer-dimers. b) 1% agarose gel 
analysis of PCR reactions to generate a 653 bp ACTB product from human 
genomic DNA with untreated and increasingly caged primers. c) Densi-
tometric quantification of on-target PCR amplification purity with caged 
primers. Bars represent mean and S.D. from 2 independent trials. d) Over-
all PCR yield following amplification and purification. Bars represent 
mean and S.D. from 2 independent trials. 



 

enhance amplification specificity (~60% to ~85%), we were 
disappointed that only moderate improvements were observed 
for all caging timepoints tested (Figure S32). Surprisingly, 
when we caged both primers prior to PCR, we saw a signifi-
cant improvement in amplification specificity (Figure 8b,c). 
This effect was particularly evident between 0-10 minutes 
glyoxal treatment time, where observed purity values in-
creased from ~60% to >90%. Moreover, extended primer cag-
ing times beyond 30-60 minutes resulted in PCR yields ap-
proaching >95% purity. Importantly, glyoxal caging almost 
completely eliminated both off-target amplification and pri-
mer-dimer issues (Figure 8b), and outperformed previous at-
tempts using thermolabile chemical adducts, which did not 
suppress these artifacts in the same system.76 We hypothesized 
that this enhancement was due to a slow, iterative release of 
active primer throughout PCR cycles. To verify this, we gly-
oxalated both primers for 10 minutes and then monitored pri-
mer decaging in our reaction buffer (10 mM Tris-HCl, 50 mM 
KCl, 1.5 mM MgCl2, pH 8.3) during the initial denaturation 
step and subsequent PCR cycles.  Interestingly, full decaging 
of primers was not observed until cycle 20 as monitored by 
denaturing PAGE shift (Figure S33), supporting the idea that 
stoichiometric limiting of available active primer may contrib-
ute to enhanced specificity. We highlight that our glyoxal sys-
tem is the first to be able to achieve this type of time-released 
activation of primers across multiple PCR cycles. We also 
quantified total dsDNA yields after purifying each PCR reac-
tion, and although this led to an expected proportional drop in 
recovered product, this comes with the large benefit of signifi-
cantly increased purity (Figure 8c,d). Primer concentration is 
often the limiting reagent for total amplification yield, and 
given our analysis of primer decaging, it is likely that very 
long caging times result in a proportion of primers that remain 
caged throughout the entire thermal cycling program. A larger 
number of cycles would likely activate these remaining caged 
primers and may improve yields. Overall, our results demon-
strated that glyoxal is a straightforward and tunable modifica-
tion for enhancing PCR amplification specificity, and will 
likely benefit both standard molecular biology assays as well 
as high-accuracy PCR-based diagnostics. 
  Time-release thermal reactivation of a caged antisense 
oligonucleotide in human cells. After exploring a wide range 
of in vitro applications, we were interested in demonstrating 
the ability of glyoxal-caged nucleic acids to modulate function 
in a cellular environment. Because glyoxal disrupts Watson-
Crick-Franklin base pairing, we hypothesized that an antisense 
oligonucleotide (ASO) would be strongly affected by caging 
and that we could reversibly modulate its overall function. 
Titratable gene interference is also emerging as a powerful 
strategy for profiling cellular proteomes and engineering met-
abolic pathways,77-78 and we were curious if a glyoxal-caged 
ASO would allow us to exert tunable and predictable control 
over gene expression in living cells. To test this idea, we iden-
tified a chemically modified “gapmer” ASO optimized to si-
lence eGFP expression by targeting and degrading its cognate 
mRNA via the canonical RNase H-mediated decay pathway 
(Figure 9a).79-80 This ASO class is comprised of locked-nucleic 
acid (LNA) nucleotides at each terminus and contains phos-
phorothioate linkages throughout the strand, endowing these 
molecules with high endonuclease resistance and biostability 
while retaining functional compatibility with cellular gene 
silencing machinery.81-83 Using this system, we reasoned that 
glyoxal caging would temporarily inhibit the ability of the 

ASO to hybridize to its target mRNA, thus blocking gene sup-
pression activity (Figure 9b). Based on our previous kinetic 
analyses for decaging RNA constructs at 37 ºC (Table 1 and 
Figure 7e), we also hypothesized that this activity could be 
restored to shut down GFP synthesis in a predictable and tuna-
ble manner. Although a widely-adopted and useful fluorescent 
reporter, GFP also displays remarkable stability (t1/2 ~26 h) 
and accumulates at high levels in the cytoplasm,84 which can 
interfere with detecting transient changes in mRNA levels. To 
circumvent this, GFP is often destabilized by appending a 
proteolytic “degron” sequence to promote rapid turnover and 
facilitate temporal detection of transcriptional activity.85-86 We 
were concerned that high GFP stability would mask our ability 
detect ASO function and reactivation, and so to avoid this 
outcome and enable high-resolution tracking of mRNA degra-
dation in real-time, we appended a similar C-terminal degron 
tag (supplemental methods).  
    After inserting this construct into a cytomegalovirus (CMV) 
mammalian expression plasmid, we first confirmed reasonable 
transfection efficiency and GFP expression in HEK293T cells 
by fluorescence microscopy (Figure S34). We next wanted to 
identify an optimal ASO concentration sufficient for silencing 
GFP expression, as well as validate the specificity of this pre-
viously tested sequence.79 As shown in Figure S35, cells treat-
ed with ~250-500 nM of a GFP-targeting ASO exhibited vir-
tually no detectable GFP signal, while a scrambled sequence 
produced no GFP inhibition across all concentrations tested, 
indicating potent ASO-mediated silencing of GFP synthesis in 
a sequence-specific manner. Using these optimal conditions 
(250 nM ASO) we next created a library of increasingly caged 
ASO samples, and assessed the impact of glyoxal caging on 
GFP silencing by co-transfecting HEK293T cells with both the 
pCMV-GFP vector and respective ASOs. We then imaged all 
cells after a 12 h recovery period and interestingly saw that 
~6-8 h glyoxal treatment time was necessary to completely 
ablate ASO function and produce GFP signal commensurate 
with cells receiving only plasmid (Figure S37). This treatment 
time was unexpectedly long compared to some of our previous 
applications, and while it is possible that some decaging oc-
curs within the 12 h window between transfection and imag-
ing, we also hypothesize that RNase H may tolerate partially 
caged ASOs, consistent with previous observations that 
DNA:RNA heteroduplex regions as short as ~4 bp are suffi-
cient for RNA cleavage.87-89  Ultimately, we were still able to 
completely inhibit ASO function with glyoxal caging. We 
were also initially concerned that glyoxalation may simply 
prevent ASO strands from entering cells, and so we separately 
exposed HEK293T cells to Cy5-labeled ASOs either unmodi-
fied or treated with glyoxal (8 h). As shown in Figure S38, we 
observed similar internalized fluorescent signal in both un-
treated and fully glyoxalated samples, and our overall results 
were consistent with previous studies using these ASO con-
structs.79 Combined with our functional results demonstrating 
GFP silencing in transfected cells, it is likely that caging ex-
erts minimal effect on cellular uptake.  
     We were next interested in restoring ASO activity in cellu-
lo, and so we performed a time-course experiment to monitor 
GFP expression in HEK293T cells. On day 0, cells received 
either 1) GFP plasmid alone, 2) plasmid and a fully caged 
ASO (8 h glyoxal treatment time), or 3) plasmid and an un-
treated active ASO (Figure 9c). We periodically imaged these 
samples over the course of 7 days and then used ImageJ90 to 
quantify and plot GFP-positive cells in images across groups.  



 

 

Figure 9. Thermal reactivation of antisense oligonucleotide (ASO) function in cellulo. a) Schematic of ASO gene silencing mechanism through antisense 
mRNA hybridization and RNase H-mediated decay. b) Glyoxal caging reversibly blocks ASO hybridization, preventing silencing complex formation and 
target cleavage. c) Experimental workflow for in cellulo time-release ASO decaging. At t = 0, HEK293T cells were transfected with a pCMV-GFP plasmid 
as well as 250 nM glyoxal caged ASO (red), untreated ASO (black) or no ASO (green). Cells receiving no ASO exhibit uninhibited GFP expression 
throughout the experiment, while cells given untreated ASO produce no detectable GFP due to constant gene silencing. Cells treated with caged ASO exhib-
it initial increase in fluorescence due to GFP expression followed by a delayed suppression of GFP signal due to time-release reactivation of glyoxalated 
ASO. d) Representative live-cell fluorescence microscopy images (4X magnification) taken throughout the course of the experiment. e) Quantification of 
GFP-positive cells in each field across treatment groups during the experimental time course. Circles represent individual wells (n = 3) from a 96-well plate. 
Curves are overlayed with a second-order polynomial fit (dashed lines). 

(Figure 9d,e). Cells receiving a fully caged ASO exhibited 
similar increases in GFP expression throughout the first 24 h 
of the experiment compared to cells receiving only plasmid, 
suggesting full glyoxal inhibition of ASO function during 
this period. However, in contrast to control cells which ex-
hibited an increased GFP-positive population and sustained 

expression throughout days 2-7, cells treated with a caged 
ASO displayed a steady decrease in GFP-positive cells for 
the remainder of the time-course experiment, indicating 
ASO thermal uncaging and reactivation of gene silencing 
function, with approximately ~90% restoration in function 
by day 7 (Figure 9d,e). Conversely, cells receiving an un-



 

treated ASO displayed virtually no GFP expression for the 
entirety of the experiment, confirming that this ASO concen-
tration (250 nM) was sufficient for gene silencing in prolif-
erating cells across all timepoints. To provide a comparison 
of decaging in these conditions, we also prepared several 
caged (8 h treatment time) ASO samples in complete 
DMEM and monitored decaging at 37 ºC using denaturing 
PAGE (Figure S39). Interestingly, these data suggest that 
full ASO decaging may be complete in ~1-2 days, which 
was somewhat faster than both our previous kinetic analysis 
on a model DNA strand (Table 1) as well as our functional 
gene silencing results (Figure 9d,e). To recapitulate in cellu-
lo caging conditions, the amount of nucleic acid present in 
each decaging reaction (250 nM, 1.3 ng/µL) was lower than 
these previous tests (400 nM, ~4 ng/µL), suggesting that the 
concentration of caged construct may be an important con-
sideration for thermoreversibility.  Additionally, there may 
also be a “buffer effect” (complete DMEM vs PBS) that 
could alter the overall kinetics of glyoxal release. While still 
somewhat faster than our functional in cellulo results, these 
reactions are also a simple representation of a cellular con-
text and we hypothesize that ASO decaging is likely influ-
enced by intracellular pH gradients, which can range from 
pH 4.5-8 across organelle compartments.91-92 Moreover, the 
process of ASO uptake, cytosolic partitioning, and RNA 
silencing complex formation is a multiphase process with its 
own kinetics, and additionally competes with multiple cell 
divisions that can dilute these materials. Ultimately, these 
PAGE data provide a rough kinetic estimate for decaging 
and importantly illustrate analytical confirmation that decag-
ing occurs in these conditions (Figure S39).  
    In nearly all of our previously explored in vitro applica-
tions, glyoxal treatment time was an adjustable variable to 
produce proportional decreases in nucleic acid activity, and 
we were interested if we could similarly tune GFP expres-
sion by varying the degree of ASO caging. In parallel with 
our kinetic analysis using a fully caged ASO in cellulo, we 
also monitored functional gene silencing activity of 
HEK293T cells co-transfected with both GFP plasmid and 
increasingly caged ASOs (5 min–8 h glyoxal treatment 
time). Interestingly, when combined with our previous data, 
the degree of glyoxal caging in different ASO samples pro-
duced a clear correlation in the number of GFP-positive cells 
in each well, demonstrating that glyoxalation is a feasible 
method for tuning protein expression levels within cell 
populations (Figures S40, S41). ASOs treated with glyoxal 
for 0–30 minutes produced minimal inhibition, while 1-8 
hours resulted in relative increases in GFP expression. Addi-
tionally, these samples all displayed proportional reactiva-
tion of gene silencing activity across 7 days, demonstrating 
the use of this method to both delay gene suppression as well 
as modulate overall protein synthesis levels. Although we 
did not observe full restoration of ASO activity across all 
caging treatment times (Figures 9e, S40), this would likely 
be seen in longer decaging experiments past 7 days. We also 
performed these experiments using highly proliferative im-
mortalized cells (HEK293T), and the predictable reactiva-
tion we observed over several days invites interesting use of 
these constructs to modulate gene expression levels in both 
terminally differentiated and/or primary cells. 
     Although a natural cellular metabolite produced from 
both sugar and lipid oxidation,93-95 glyoxal can be cytotoxic 
at higher concentrations,96-97 and we wanted to verify that 

slow intracellular release of small amounts glyoxal was tol-
erable in cellulo. Qualitatively, we observed no differences 
in morphology or growth rate between any cell groups re-
ceiving differentially caged ASOs, and all treated cells dis-
played roughly equivalent doubling times and were conflu-
ent by end of the experiment (Figures S40). At the conclu-
sion of day 7, we also tested viability and mitochondrial 
function of treated cells using a water-soluble tetrazolium 
assay,98 and we observed that all ASOs, regardless of degree 
of caging, produced no significant decreases in viability 
(Figure S41). In parallel, we also evaluated glyoxal alone in 
a dose-response viability assay, and did confirm that the 
reagent itself is cytotoxic, albeit at much higher concentra-
tions (IC50 = 310±83 µM, Figure S42). In our example ASO, 
even if all nucleobase positions contained a glyoxal adduct 
(16 nt), glyoxal levels would be ~4 µM, well below the con-
centration where adverse effects are observed. Additionally, 
the slow release of glyoxal may enable it to be cleared by 
existing cellular metabolism pathways. Careful monitoring 
of potential toxicity would obviously be wise when applying 
glyoxal-modified nucleic acids in pharmaceutical formula-
tions, but in our experiments we saw no observable cytotox-
icity from our caged ASOs, demonstrating their compatibil-
ity and utility to perturb gene expression in cell populations. 
Additionally, glyoxal-caged nucleic acid constructs are gen-
eralizable, and thus can be used broadly for kinetically tun-
ing gene expression to better understand cellular signaling 
mechanisms as well as engineer metabolic pathways.  
Conclusion  
   Nucleic acids are versatile and attractive materials for con-
structing programmable and responsive elements in biomed-
icine, data storage, biocomputing, and nanotechnology. The 
ability to control nucleic acid structure and activity is essen-
tial in the design and implementation of such systems, and 
significant effort has been dedicated toward imparting stimu-
li-responsiveness in nucleic acid constructs. However, the 
majority of these efforts have focused on chemical or light-
based reactivation of caged nucleic acids, and limitations 
remain in that these caging systems are not compatible with 
enzymatically-derived DNA substrates and have yet to be 
demonstrated with XNAs. As a third major stimuli source, 
heat remains surprisingly unexplored as a nucleic acid un-
caging element, despite the high degree of control that is 
possible and its widespread use in laboratory settings.  
     In this work we show that glyoxal, a chemical denaturant 
used for decades in molecular biology assays, can impart 
thermoreversible inhibition of both the structure and activity 
of a variety of nucleic acid scaffolds. We first demonstrate 
facile glyoxal attachment on model DNA strands and show 
tunable addition of caging groups. We then extensively pa-
rameterize the removal of these cages through adjustable 
combinations of pH, temperature, and incubation times. 
Glyoxal cages are potent disruptors of nucleic acid second-
ary structure, and we show full inhibition of small molecule 
aptamer interactions as well as DNAzyme-based catalysis. 
In addition, because glyoxal reacts with nucleobase moieties 
rather than backbone functional groups, we show that ther-
moreversible caging can be easily applied toward natural 
DNA and RNA scaffolds as well as heavily modified back-
bones and non-canonical XNA polymers. We also explore 
glyoxal-based interference with enzyme activity, and identi-
fy several enzyme candidates that display reversible function 



 

toward caged nucleic acid substrates, including several en-
donucleases as well as the CRISPR-Cas9 gene editing plat-
form. Because glyoxalation is heat-reversible, we also 
demonstrate that caged primers provide significantly en-
hanced specificity in PCR amplification reactions. Lastly, 
we treat an antisense oligonucleotide with glyoxal and show 
that these constructs enable potent disruption of function as 
well as tunable activation and titration of gene expression 
levels in living mammalian cells. Together, we demonstrate 
that thermoreversible glyoxal caging can be easily applied 
for tunable inhibition and full reactivation of nucleic acid 
function in a suite of contexts, establishing a straightforward 
and effective framework for use in a variety of potential 
synthetic biology and biotechnology applications. 
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