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M easuring and suppressing the o xidative dam age to D N A  
during Cu(I)-catalyzed azide-alkyne cycloaddition  
Gary R. Abel, Jr.,† Zachary A. Calabrese,† Jeffrey Ayco,† Jason E. Hein, †,‡,* and Tao Ye†,* 

† Chemistry & Chemical Biology, School of Natural Sciences, University of California, Merced, 5200 N Lake Rd., Merced, 
CA 95343, USA  
‡ Department of Chemistry, UBC Faculty of Science, The University of British Columbia, 2036 Main Mall, Vancouver, BC 
Canada V6T 1Z1. 
 

ABSTRACT: We have used quantitative polymerase chain reaction (qPCR) to measure the extent of oxidative DNA damage under 
varying reaction conditions used for copper(I)-catalyzed click chemistry. We systematically studied how the damage depends on a 
number of key reaction parameters, including the amounts of copper, ascorbate, and ligand used, and found that the damage is sig-
nificant under nearly all conditions tested, including those commonly used for bioconjugation. Furthermore, we discovered that the 
addition of dimethylsulfoxide, a known radical scavenger, into the aqueous mixture dramatically suppresses DNA damage during 
the reaction. We also measured the efficiency of crosslinking two short synthetic oligonucleotides via click chemistry, and found 
that the reaction could proceed reasonably efficiently even with DMSO present. This approach for screening both DNA damage and 
reactivity under a range of reaction conditions will be valuable for improving the biocompatibility of click chemistry, and should 
help to extend this powerful synthetic tool for both in vitro and in vivo applications. 

Due to its biocompatibility and facile reaction kinetics, the 
Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) has 
become widely adopted as a robust means of functionalizing 
biomolecules. 1-3 However, the toxicity of the copper catalyst 
has been a persistent impediment to carrying out bioconjuga-
tion in settings that are susceptible to oxidative damage. 4-8 The 
most commonly utilized reaction conditions involve genera-
tion of the catalytically active Cu(I) species via in situ reduc-
tion of Cu(II) by ascorbate, which occurs with the concomitant 
generation of reactive oxygen species (ROS) that are damag-
ing to biomolecules. 9 Significant efforts have been focused on 
the discovery and optimization of Cu(I)-stabilizing ligands 
that can improve reactivity and suppress oxidative damage. 
Finn, 6,10 Wu 7 and Pezacki 11 and coworkers have developed 
water-soluble ligands that can stabilize the Cu(I) catalyst and 
also function as sacrificial reagents that intercept ROS. How-
ever, even with protective ligands, the damage is often exten-
sive enough to affect cell viability. 6,7,11 More recently, azides 
that chelate with copper 12 have been found to accelerate the 
reaction and allow the use of lower copper concentrations to 
reduce oxidative damage. 8,13 Despite the progress made so far, 
the concern of toxicity in CuAAC-based bioconjugation has 
not been eliminated. As a result, copper free alternatives such 
as strain-promoted azide-alkyne cycloaddition, which have 
slower kinetics and lower specificity, remain preferred over 
CuAAC in applications that are more sensitive to oxidative 
damage. 3,14-16   
Here we focus on a gap in the development of effective Cu-
AAC protocols: the methods used to monitor oxidative dam-
age during CuAAC are not sufficiently sensitive for applica-
tions that are highly susceptible to damage. While ROS gener-
ated during CuAAC are detrimental to a variety of biological 

molecules, of particular concern is the oxidative damage to 
DNA, including base modifications and scission of the phos-
phodiester backbone in one or both strands. 17-20 Such damage 
can have deleterious genotoxic and mutagenic consequences 
for living organisms, 19,21,22 particularly when the high levels of 
oxidative stress overwhelm cellular DNA repair mechanisms. 
23,24 In relation to health, oxidative DNA damage has been 
implicated in cancer and other aging-related diseases. 17,19,25,26 
Anticipating this issue, many CuAAC bioconjugation studies 
have evaluated cell viability or proliferation. 6,7,11,27 However, 
these assays do not provide chemical insight into the kinetics 
of oxidative damage, which is needed for rationally minimiz-
ing the cytotoxicity of CuAAC. In addition, a large portion of 
genetic mutations do not observably impact cell viability, 28 
and thus it is likely that much of the damage goes undetected 
by these methods. Some other studies have measured oxida-
tion kinetics of proteins 29 as well as proxy molecules, such as 
histidine and short oligonucleotides, using HPLC and gel elec-
trophoresis. 10 However, because of their relatively low sensi-
tivity, these methods cannot detect very low levels of damage 
that, while sporadic, are detrimental for  most in vivo chemical 
biology applications.  Such damage may also be a concern for 
a number of methods that use click chemistry to prepare DNA 
bioconjugates 30 for sensing, 31,32 diagnostics, 33 sequencing, 34 
and gene synthesis. 35-37 Therefore, owing to the biological and 
technological importance of maintaining genomic integrity, a 
highly sensitive method for directly measuring the damage to 
DNA would be valuable for improving the biocompatibility of 
CuAAC chemistry.  
In this work we have used a qPCR-based analytical method to 
study the oxidative damage to a long double-stranded DNA 
molecule (3.5 kbp) under varying conditions used for CuAAC 



 

bioconjugation. This method is capable of measuring the fre-
quency of oxidatively induced strand lesions (base modifica-
tions or strand scission) in double-stranded DNA as low as 1 
per 105 nucleotides. The order-of-magnitude higher sensitivity 
has afforded us new insight into how the damage rate is influ-
enced by key reaction parameters, including the type of Cu(I)-
stabilizing ligand used and the concentrations of copper, 
ascorbate, and the ligand, at a relevant time scale. This im-
proved measurement capability has led us to discover that the 
addition to the aqueous reaction of up to 10% dimethylsulfox-
ide (DMSO), a commonly used component for bioconjugation 
solvent mixtures, reduces the rate of oxidative damage by as 
much as two orders of magnitude. Moreover, our measure-
ments of the efficiency of CuAAC in crosslinking two short 
synthetic oligonucleotides showed only a relatively modest 
reduction in reaction rate attributed to the inclusion of DMSO. 
The strategy presented here is complementary to the existing 
efforts in improving the biocompatibility of CuAAC through 
engineering the ligand and reactants, 6-8,10,11	   and allows for 
rationally minimizing the oxidative damage of CuAAC for 
both in vitro and in vivo bioconjugation.   
The qPCR technique is a facile, parallel and highly sensitive 
method for quantifying the frequency of lesions in DNA. 38,39 

As illustrated in Figure 1, the 3.5 kbp DNA strand is first ex-
posed to the CuAAC reaction mixture for a predetermined 
amount of time before being quenched by dilution in TAE 
buffer on ice. Next, the DNA is used as a template for PCR 
amplification. During the extension step of PCR, lesions in 
either strand of the template inhibit the polymerase from gen-
erating a full complement of that strand, and thus only intact 

strands contribute to the exponential amplification of the 
product DNA. By monitoring the total amount of DNA using 
an intercalating dye and comparing to an untreated control, the 
relative fraction of intact DNA present in the sample can be 
quantitatively determined. In order to calculate the DNA dam-
age frequency (lesions per base) from the intact DNA fraction 
φ, we assumed that the damage occurs in a random and se-
quence-independent fashion, an approximation that is often 
used for long genomic DNA. 39 Then the lesions can be de-
scribed by a Poisson distribution f(k, λ), such that the proba-
bility P of a DNA strand containing k lesions is given by the 
following equation: 

P k = f(k, λ) =
λ!𝑒!!

𝑘!   

where λ is the mean number of lesions per single strand. Then, 
equating the probability P(0) of k = 0 lesions with the intact 
DNA fraction φ gives the following: 

φ = P 0 =
λ!𝑒!!

0! = 𝑒!!  

which can be rearranged to give the mean number of lesions 
per DNA strand: 

λ = −ln  (φ)  

Finally, dividing λ by the number of bases n in each strand 
gives the mean number of lesions per base:  

damage  frequency   lesions  per  base =
λ
𝑛 =

−ln φ
𝑛   

We used this equation to determine the frequency of damage 
to a 3.5 kbp DNA strand after exposure to varying catalytic 
conditions, with the goal of understanding the factors affecting 
the extent of damage. For most bioconjugation applications, 
the catalyst consists of three key components: the copper 
source, typically a Cu(II) salt; a reducing agent such as ascor-
bate, which is needed to generate and maintain the catalytical-
ly active Cu(I) species; and finally a protective ligand, which 
is used to stabilize copper in the +1 oxidation state. For this 
study we chose to use Cu(II) sulfate and sodium ascorbate, 
along with the commonly used tris-(3-
hydroxypropyltriazolylmethyl)amine (THPTA) ligand, 10 to 
serve as a model catalytic system.  In order to investigate the 
effects of the catalyst composition on the DNA damage, we 
systematically varied the concentration of copper, the ascor-
bate:copper ratio (Asc:Cu), and the ligand:copper ratio (L:Cu) 
during the reaction, and measured both the fraction of DNA 
remaining intact and the corresponding DNA damage frequen-
cy after a timed exposure to the catalyst, as compared to an 
untreated control.  
The results of our DNA damage measurements are shown in 
Figure 2. When the Cu concentration was increased while the 
Asc:Cu and L:Cu ratios were held constant, we observed a 
decrease in the fraction of DNA remaining intact, which indi-
cates an increasing frequency of damage (Figure 2a). The deg-
radation was extremely rapid for Cu concentrations of 50μM 
or higher, with less than 1 in 5,000 DNA molecules remaining 
intact after only 2 minutes of reaction time. Transition metals 
are known to generate ROS in the presence of ascorbate via 
Fenton chemistry: 

 

Figure 1. Illustration of the use of qPCR to determine the fraction 
of DNA damaged during a reaction. First, the DNA template 
strand is exposed to the reaction for a predetermined amount of 
time before being quenched in TAE (Tris-Acetate-EDTA) buffer 
on ice. Next, the DNA is subjected to PCR amplification. During 
the extension step of PCR, oxidative lesions in either strand of the 
template obstruct the progress of the polymerase enzyme, pre-
venting it from generating a full complement of that strand. Thus, 
as the cycle is repeated only intact strands contribute to the expo-
nential amplification of the DNA template. By monitoring the 
fluorescence of an intercalating dye and comparing to an untreat-
ed control sample, the relative fraction of intact DNA present in 
the initial sample can be quantitatively determined. 



 

AH2 + O2  à  A + H2O2 

Cu+ + H2O2  à  �OH + OH− + Cu2+ 

where AH2 is ascorbic acid, A is dehydroascorbic acid, and 
�OH is the hydroxyl radical. 40 Thus increasing the copper con-
centration increases the rate of ROS production. Our results 
corroborate previous in vitro and in vivo studies that showed 
more extensive oxidative damage with increasing copper con-
centration during CuAAC. 6,7 The role of ascorbate, however, 
is more complex. From the above chemical equations, it is 
apparent that increasing the ascorbate concentration also ac-
celerates ROS generation, and this has been observed experi-
mentally. 41 However, ascorbate is also known to scavenge 
oxygen radicals, meaning that it can function as both an anti-
oxidant and a pro-oxidant in the same system. 9,42 Note that 
when the reaction is performed under ambient conditions that 
oxidize Cu(I), excess ascorbate is needed to maintain the cop-
per in the +1 oxidation state. When we varied the ratio of 
ascorbate to copper in the catalyst, we generally observed a 
decrease in the damage with increasing Asc:Cu, particularly 

for very high concentrations of ascorbate (Figure 2b). This 
data suggests that for the conditions used here, the antioxidant 
activity of ascorbate more than compensates for its ability to 
generate ROS. A similar trend was observed in plasmid re-
laxation studies of DNA damage by ascorbate and copper. 9 
Finally, we tested the effect of varying the ratio of the THPTA 
ligand to copper. In addition to stabilizing the catalytically 
active Cu(I) species, such ligands can also act as sacrificial 
agents that intercept and react with the ROS generated, 43 and 
previous reports have found that using excess ligand relative 
to copper can have a protective effect on molecules both in 
vitro 10 and inside cells. 6 Indeed, we observed that increasing 
the L:Cu ratio from 2:1 to 10:1 reduces the damage frequency 
by more than a factor of two (Figure 2c). However, even in the 
presence of tenfold excess ligand, damage to the relatively 
long DNA is substantial— after 2 minutes, roughly 98% of the 
DNA has been damaged. The extensive DNA damage ob-
served in our qPCR experiments is consistent with previous 
studies that found a decrease in cell viability or proliferation 
rate after exposure to the Cu/Asc/THPTA catalyst. 7,11 This 
problem is not specific to the THPTA ligand, as we observed 
similarly high levels of damage when we tested alternative 
Cu-binding ligands (Figure S4). More generally, we found that 
the frequency of damage is a complex function of both the 
catalyst composition (copper, ascorbate and ligand) and the 
reaction time, and cannot be easily predicted. This highlights 
the importance of directly measuring the oxidative damage 
under the conditions being used, in order to optimize the reac-
tivity while minimizing the damage.  
A ubiquitous strategy used by biological systems to reduce Figure 2. Results from systematically varying the reaction condi-

tions and measuring the percentage of intact DNA and the DNA 
damage frequency (lesions per kilobase) after a 2-minute reaction 
time. (a) Percentage of intact DNA (purple) and corresponding 
DNA damage frequency (red) as a function of copper concentra-
tion ([Cu]). The ratios of ascorbate to copper (Asc:Cu) and 
THPTA ligand to copper (L:Cu) were held constant at 10:1 and 
2:1, respectively. (b) Intact DNA percentage and damage frequen-
cy as a function of Asc:Cu, for constant [Cu] = 100μM and L:Cu 
= 2:1. (c) Intact DNA percentage and damage frequency as a 
function of L:Cu, for constant [Cu] = 100μM and Asc:Cu = 10:1. 
The error bars represent ± one standard deviation (σ) calculated 
from at least four identical qPCR replicates. 

Figure 3. Suppression of oxidative DNA damage by DMSO dur-
ing CuAAC. (a) Time dependence of the degradation of DNA for 
a range of Cu concentrations, both with (blue) and without (red) 
10% DMSO included in the reaction. Inset shows early time 
points, scaled for clarity. (b) Percentage of intact DNA remaining 
after a 5-minute reaction as a function of DMSO volume percent-
age. (c) DNA damage frequency as a function of DMSO volume 
percentage, as calculated from the data in (b). For reference, the 
damage without DMSO is ~2.5 kb-1. For all reactions, Asc:Cu = 
10:1 and L:Cu = 2:1. Error bars represent ± one standard devia-
tion. 



 

and mediate oxidative stress is the production of cellular anti-
oxidants. 44 However, a general challenge in adopting this 
strategy for CuAAC is that many antioxidants, such as TCEP 
(tris(2-carboxyethyl)phosphine, a sacrificial reducing agent) 
and catalase (an enzymatic catalyst for H2O2 decomposition) 
are likely to inhibit the reaction by adversely affecting the 
concentration or coordination environment of the catalytically 
active Cu(I) ions. 10 Our trials with small molecule ROS scav-
engers, including trolox 45 and histidine, 11 found that although 
the damage was suppressed, the inhibition of CuAAC reaction 
was similarly too excessive for these additives to be useful. 
In order to improve the biocompatibility of CuAAC, we 
sought an alternative antioxidant that could suppress the oxi-
dative damage without significantly inhibiting the reaction. 
DMSO is a promising candidate, based on its established use 
as a solvent for CuAAC and its known capacity as an oxygen 
radical scavenger. 46,47 To test how DMSO would affect the 
kinetics of DNA damage during CuAAC, we measured the 
time-dependence of degradation for three different copper 
concentrations, in both aqueous buffer and 10% DMSO. As 
shown in Figure 3a, without DMSO the DNA was rapidly 
damaged, with less than 0.1% of the DNA remaining intact 
after just 5 minutes for all three copper concentrations. In con-
trast, with the addition of 10% DMSO, the majority of the 
DNA was still intact after 5 minutes, and even after 25 
minutes as much as one third of the DNA remained undam-
aged. We also varied the amount of DMSO in the reaction 
mixture (Figure 3b), and found it to be inversely correlated to 
the measured damage frequency (Figure 3c). This suggests 
that DMSO can indeed scavenge ROS that are produced dur-
ing the reaction. DMSO is known to react with �OH, a key 
mediator of DNA damage that is generated during CuAAC, to 
produce the methyl radical, 48,49 which can dimerize to form 
ethane, thus avoiding the otherwise damaging effects of �OH 
on DNA. What is notable is that the addition of DMSO leads 
to a much more pronounced reduction in the damage rate (up 
to one hundred fold, Figure 3) than varying other reaction 
parameters, such as copper concentration or the L:Cu ratio, 
within commonly used ranges (Figure 2).    
For an additive to be useful in CuAAC bioconjugation, it must 
suppress the oxidative damage without strongly inhibiting the 
reaction itself. To determine the impact of DMSO on CuAAC 
bioconjugation, we compared the yield of crosslinking two 
short synthetic oligonucleotides (24 bases) in both water and 
10% DMSO. As illustrated in Figure 4a, the 24-base strand 
bearing an azide group was hybridized with a complimentary 
16-base strand modified with an octadiynyl-deoxyuracil base. 
After exposure to the catalyst mixture, the reactions were 
quenched and analyzed by denaturing polyacrylamide gel 
electrophoresis (d-PAGE), which separates the crosslinked 
products from the unreacted DNA. 50,51 As shown in Figure 4b, 
we found that DMSO did modestly reduce the rate of cross-
linking, possibly due to weak coordination to the copper cen-
ter; 52 however, even with 10% DMSO, the reaction proceeded 
reasonably efficiently, reaching nearly the same yield after 50 
minutes. From a practical standpoint, it would make sense to 
compare the amount of damage measured at times that give a 
comparable reaction yield with and without DMSO. For ex-
ample, reactions with the same copper concentration reach a 
comparable yield after 25 minutes with the DMSO/water mix-
ture, as compared to 5 minutes in the aqueous solution, but 
they have 102-103 times more intact DNA than their aqueous 
counterparts. This corresponds to a five- to tenfold decrease in 

the frequency of DNA damage at comparable yield. Thus the 
damage suppression by DMSO more than offsets the reduction 
in rate of the bioconjugation reaction, and represents a signifi-
cant improvement over the standard CuAAC bioconjugation 
protocols.  
In addition to solution phase reactions, we have also adapted 
this approach for CuAAC-based surface immobilization of 
DNA, 53 during which the extent of oxidative damage is un-
known. We previously described a method for sequence-
specific and covalent tethering of long DNA to a solid surface 
using click chemistry. 51 This method uses short DNA ‘anchor’ 
strands that are attached to a self-assembled monolayer surface 
to capture much longer DNA target strands with a comple-
mentary sequence; then CuAAC is used to crosslink the an-
chor strand and the target DNA. In the present work, we used 
qPCR to measure the amount of oxidative damage to surface-
bound DNA during the CuAAC reaction. A major challenge to 
adapting qPCR analysis to quantify damage on surface-bound 
DNA is the requirement for a control sample with an identical 
initial DNA quantity in order to carry out relative quantifica-
tion. In practice, sample-to-sample variation in surface cover-
age is difficult to avoid. To account for variation in the total 
amount of DNA on the surface, we have normalized the DNA 
quantity to an internal standard, a shorter 200 bp product that 
is amplified from a segment within the same template strand 
(see Supporting Information). This allows the shorter product 
to serve as a reference that, due to its much smaller footprint, 
is unlikely to be cleaved except in severely damaging condi-
tions. 39,54 To assess the damage sustained by surface-bound 
DNA, we first hybridized the long DNA template strands with 
short, single-stranded anchor strands that were attached to an 
alkanethiol self-assembled monolayer on gold. Next, the sur-

Figure 4. Measuring the time-dependent reaction yield for the 
crosslinking of two short DNA oligonucleotides by CuAAC. (a) 
Schematic illustration of the method used to determine the yield 
of the DNA crosslinking reaction. Inset shows an example dena-
turing PAGE image, where the uppermost band corresponds to the 
product. Lanes 1-5 are increasing time points for the reaction, 
while lane 6 is a control sample that did not contain any Cu cata-
lyst. (b) The time-dependent normalized reaction yield of the 
DNA-templated CuAAC crosslinking reaction for a range of Cu 
concentrations, shown both without (red) and with (blue) 10% 
DMSO. Trend lines are added for clarity. 



face-bound DNA was exposed to the CuAAC reaction mix-
ture, after which the DNA was released from the surface by 
rinsing with a denaturing alkaline buffer, collected, and ana-
lyzed by qPCR. In order to permit collection of the DNA by 
chemical denaturation, we omitted the azide and alkyne 
groups that are normally used to crosslink the DNA to the 
surface. Atomic force microscopy (AFM) imaging was used to 
monitor hybridization of the DNA template to the surface an-
chor strands, as well as to confirm the release of over 99% of 
the DNA after denaturation. AFM images of the surface ac-
quired after the reaction and denaturation steps are shown in 
Figures 5a and 5b, respectively. Dual amplification qPCR was 
then used to determine the fraction of intact DNA (Figure 5c) 
and corresponding damage frequency (Figure 5d) after a 5-
minute reaction with varying concentrations of copper in 10% 
DMSO. Notably, the damage frequency on the surface is two 
to three times higher than that measured for the same reaction 
conditions in solution. These results show that the kinetics of 
oxidative damage may diverge from that in the solution phase, 
which may be due to a possible increase in the local concen-
tration of copper ions near the surface carboxylate groups. 
Additionally, the weak dependence of the damage on copper 
concentration also suggests that the copper ions binding to the 
surface may mediate the damage, and that the surface cover-
age of copper ions depends only weakly on bulk concentra-
tion; however, further studies are needed to elucidate this sur-
face effect. Unfortunately the damage rate of the surface DNA 
in the absence of DMSO was too high to permit accurate 
quantification using this method, which requires that the 200 
bp reference be mostly intact. Despite this difficulty, the re-
sults confirm that the damage during the surface reaction is 
also considerably suppressed by the inclusion of DMSO.  

We have used qPCR to measure the extent of oxidative dam-
age to a 3.5 kbp DNA molecule under varying catalytic reac-
tion conditions for CuAAC. Combining high-throughput and 
direct quantification of DNA damage with measurement of 
coupling kinetics, our approach will broaden the utility of Cu-
AAC for bioconjugation in both solution phase and on solid 
surfaces. 51,55 For example, CuAAC bioconjugation has been 
utilized in a number of sensing and diagnostic applications, 31-

33,53 and the results presented here may lead to increased speci-
ficity by reducing the extent of unintended modification of the 
probe molecules. Because the qPCR-based assay is also appli-
cable to live cells and organisms, 38,39 our approach to optimiz-
ing CuAAC, which is informed by quantitative information 
concerning DNA damage, may help to improve the biocom-
patibility of CuAAC for in vivo applications. Our discovery 
that DMSO can suppress the rate of oxidative damage by two 
orders of magnitude has practical implications for in vitro 
bioconjugation with CuAAC, given that DMSO/water mix-
tures are popular solvents for in vitro bioconjugation.  In addi-
tion, as DMSO has previously been shown to have low toxici-
ty 49,56 and protect cells from radical-mediated damage, 57-59 it 
may prove to be a viable strategy for protecting live cells dur-
ing CuAAC bioconjugation as well.  
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Figure 5. Measuring the oxidative damage to DNA during the 
CuAAC surface-coupling reaction. (a) Atomic force microscopy 
(AFM) image of the 3.5 kbp DNA template after hybridization 
with short anchor DNA strands on a self-assembled monolayer 
surface and exposure to the catalyst. (b) AFM image of the same 
surface after denaturation and collection of the DNA for qPCR 
analysis. Scale bar is 200nm. (c) Measured percentage of DNA 
remaining intact after the surface reaction as a function of copper 
concentration. (d) DNA damage frequency as a function of [Cu], 
as calculated from the data in (c). Reaction times were 5 minutes, 
and all reactions included 10% DMSO, along with Asc:Cu = 10:1 
and L:Cu = 2:1. Error bars represent ± one standard deviation. 
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Materials and methods 

The following synthetic oligonucleotides were used in this study: 

Name DNA Sequence & Modifications Purpose 

DCD-05 catttgagggggattcaatg forward primer (qPCR) 

DCD-02 ttgaaataccgaccgtgtga reverse primer (3.5kbp product) 

DCD-16 taccacattcaactaatgcag reverse primer (225bp product) 

SF-78 cgtactgactgctcacgaggtagc/(C3)/tctgaactgtttaaagcatttgaggg forward primer with ssDNA tail 

SF-3.6k tccttgaaaacatagcgatagcttag reverse primer (3.6kbp product) 

SF-88 (Az)/cgtactgactgctcacgaggtagc azide-modified oligo 

SF-89 gtgagcagtcagtacg/(Oct-dU) alkyne-modified oligo  

SF-17 gctacctcgtgagcagtcagtacgttttt /(C11-SS) disulfide-DNA anchor strand 

Abbreviations for DNA modifications: (Oct-dU) = octadiynyl deoxyuracil; (Az) = azide; (C3) = 

propyl spacer; (C11-SS) = undecyl disulfide;  

The undecyldisulfide-DNA (SF-17) was purchased from Biosearch technologies (Petaluma, CA, 

USA), and all other synthetic DNA oligonucleotides were purchased from Integrated DNA 

Technologies (Coralville, IA, USA). The purity of the custom ordered oligonucleotides was verified 

by the manufacturers using mass spectrometry, and the DNA was used without further purification. 

DNA was stored long-term at -20°C and short-term at 4°C in phosphate buffer (PB, 20 mM sodium 

phosphate, pH 7).  

Preparation of DNA template strands 

DNA templates for qPCR: DNA template strands were prepared by conventional PCR 

amplification from the M13 bacteriophage genome. To serve as a template for PCR, M13mp18 RF I 

DNA (New England Biolabs Inc, Massachusetts, USA) was linearized using the EcoRI restriction 

enzyme (New England Biolabs) and purified by agarose gel electrophoresis using a QIAquick gel 

extraction kit (QIAGEN, Limburg, Netherlands). For the PCR reaction, 50 pg of linearized M13 

DNA was combined with Taq DNA polymerase master mix (Bioexpress, Utah, USA), along with 
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200nM each of the forward (SF-08) and reverse (SF-3.6k) primers in a 250 µL PCR tube. Ultrapure 

water produced by a Barnstead Nanopure Diamond water purification system (Thermo Scientific, 

North Carolina, USA) was used to bring the solution up to a volume of 50 µL.  Solutions were 

incubated through the following program on an thermal cycler (Eppendorf, Hamburg, Germany): an 

initial melting step of 94°C for 2 min, followed by 30 cycles of melting at 94°C for 30 sec, 

annealing at 49°C for 45 sec, and extension at 70°C for 120 sec, followed by a final cycle with an 

extension of 5 minutes.  Remaining primers and enzymes were removed using the QIAquick PCR 

Purification Kit (QIAGEN).  Purified DNA templates were kept in TAE buffer at 4°C for short-

term, and -20°C for long-term storage (1X TAE = 40 mM Tris(hydroxymethyl)aminomethane 

acetate, 1 mM EDTA, pH 8.3). 

DNA templates with single-stranded tail for surface hybridization: In order to hybridize with 

the surface anchor strands, the double-stranded DNA targets contain a terminal 24-base single-

stranded DNA tail segment that is complementary to the anchor strand sequence. The target strands 

are generated via polymerase chain reaction (PCR) with a forward primer that is connected to the 

24-base tail by a propyl spacer group, which prevents the polymerase enzyme from copying over 

the tail region. Therefore, PCR can produce a double-stranded product with a short, single-stranded 

tail (see Figure S1). PCR was carried out with the same protocol that was described in the previous 

step (see DNA templates, above), using the SF-78/ SF-3.6K primer pair. 

 

Figure S1: Generation of the double-stranded DNA targets via PCR with modified primers (primers in 

orange). 
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Preparation of the Cu-binding ligands 

 

Figure S2: Molecular structures of the Cu(I)-binding ligands used in this study. 

 

THPTA: The tris(3-hydroxypropyltriazolylmethyl)amine ligand was purchased as a solid from 

Sigma Aldrich (St. Louis, MO, USA). 

HLTA: The 3-(4-((bis((1-cyclopentyl-1H-1,2,3-triazol-4-yl)methyl)amino)methyl)-1H-1,2,3-

triazol-1-yl)propan-1-ol ligand was synthesized according to a previously published protocol. 1 

Preparation of catalyst solutions: The copper/ligand catalyst solutions were prepared at 2X 

working concentration by dissolving Cu(II) sulfate in water and mixing with a 2:1 molar ratio of the 

appropriate ligand (THPTA or HLTA) in either water or a water/DMSO mixture containing 40mM 

phosphate buffer (pH 7) and 400 mM NaCl. Cu(II)/ligand solutions were stored at 4°C until use. 

 

Measuring DNA damage during CuAAC reaction 

DNA exposure to the Cu catalyst: The method for quantifying single-stranded DNA lesions that 

occurred during the CuAAC reaction was as follows. First, 10μL of the 2X Cu(II)/ligand solution 

was combined with 5.0μL of the DNA template (4ng/uL stock) in a 200μL PCR tube. Next, 5.0μL 

of a 4X-concentrated solution of sodium ascorbate was added to initiate the reaction, and the 

solution was mixed and immediately capped. After the desired reaction time, a 2.0μL aliquot of the 

reaction was quenched by diluting in 1.0mL in 0.1X TAE buffer (4mM Tris acetate, 0.1mM EDTA, 
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pH ~8) on ice. Note that no effort was made to exclude oxygen during the reaction step, aside from 

capping the tube. 

Quantitative polymerase chain reaction (qPCR): All qPCR reactions were prepared with at least 

3 technical replicates. Each 20uL reaction contained the following: 1X Genemate Taq DNA 

polymerase Master Mix (BioExpress, Utah, USA), 200nM each of the forward (DCD-05) and 

reverse (DCD-02) primers, 0.15X Sybr Green I fluorescent dye (Life Technologies, New York, 

USA), and 5.0μL of the diluted, quenched DNA/Cu reaction (see DNA exposure step, above). 

Reactions were prepared on ice in 0.1mL clear plastic PCR tube strips (Qiagen). Quantitative PCR 

was carried out on a Rotorgene Q real-time PCR cycler (Qiagen), using a minimum of 32 cycles of 

the following temperature profile: denature at 95°C for 30 sec, anneal at 55°C for 20 sec, and 

extend at 71°C for 120 sec. Following completion of cycling, a melt analysis was performed by 

slowly ramping the temperature up to 95°C and continuously monitoring the fluorescence. 

qPCR data analysis: For each qPCR reaction a threshold quantification cycle (Cq) was defined as 

the fractional cycle at which the measured fluorescence intensity crosses a threshold value, which is 

chosen to correspond to a region in which the PCR is in the exponential amplification phase. For 

each sample, the relative DNA quantity φ, as compared to the reference sample, was determined by 

evaluating the following equation: 

φ =
[𝐷𝑁𝐴]
[𝐷𝑁𝐴]!"#

= 2!!!! =   2!(!!!!!.!"#) 

where Cq and Cq.ref correspond to the sample and reference quantification cycles, respectively. The 

values reported are average values of at least three identical replicates for each sample. 

 

Measuring DNA damage during the surface-coupling reaction 

Preparation of DNA anchor surface: Carboxyl-terminated alkanethiol self-assembled monolayers 

containing short, thiolated DNA anchor strands (SF17) were prepared on a single crystal gold 

substrate, as described in a previous publication. 2 

Hybridization with the target DNA: The purified target DNA PCR product was diluted to 

approximately 1 ng/μL in the hybridization buffer (HB, 200mM NaCl, 40mM Tris acetate, 1mM 
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EDTA, 1.0mM sodium dodecyl sulfate, pH 8.3), and was incubated with the DNA anchor surface 

for 20-30 minutes. After hybridization, the surface was rinsed repeatedly with HB to remove any 

unbound DNA. 

DNA surface exposure to the Cu catalyst: The Cu(II)/ligand catalyst solution was prepared as 

described earlier (see Preparation of catalyst solutions, above). Prior to the surface reaction, the 

surface was rinsed with PBS to thoroughly remove Tris and EDTA, both of which inhibit the 

reaction. 3 Then the sodium ascorbate reducing agent was added to the Cu(II)/ligand catalyst 

solution, and then the surface was immediately exposed to the resulting mixture. After the desired 

reaction time, the surface was rinsed repeatedly with saline TAE buffer (STAE, 200mM NaCl, 

40mM Tris acetate, 5mM EDTA, pH 8.3). Note that no effort was made to exclude oxygen during 

this step. 

Denaturation and collection of DNA: After exposure to the catalyst solution, the surface-bound 

DNA was denatured using alkaline conditions, which disrupt the hydrogen bonds in the base pairs 

and release the DNA from the surface. The surface was exposed to a 70μL aqueous solution of 

10mM NaOH and 330μM EDTA (pH 12) for 5 minutes, which was then collected and neutralized 

by diluting 4:1 in TAE and stored at -20°C. It was then rinsed with the same solution to remove any 

free DNA. 

qPCR of surface DNA: The protocol for qPCR with the collected surface DNA is the same as 

described in an earlier section (see Quantitative polymerase chain reaction, above). The collected, 

neutralized surface DNA (see previous section) was further diluted 9:1 in water, and was then used 

as the template for qPCR.  

Dual-amplification qPCR: Relative quantification requires comparison of Cq values to an 

untreated reference containing the same initial DNA quantity; however, the amount of DNA bound 

to the surface can vary from sample to sample. To compensate for this variation, qPCR was used for 

each surface DNA sample to separately amplify both the full-length 3.5kbp product (primer pair 

DCD-05/ DCD-02), and a shorter 200bp product (primer pair DCD-05/ DCD-16) from within the 

same template. Because of its much smaller footprint, the 200bp region is unlikely to be cleaved 

under conditions with a modest damage frequency, allowing the shorter product to serve as an 

internal reference (see Figure S3). 4,5 After qPCR, the amount of intact, full-length DNA was 

divided by the total amount of DNA present in the sample, as determined using a standard 
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calibration curve with the 200bp product. This ratio of intact/total DNA was then normalized by 

dividing by the corresponding ratio determined for the untreated control sample. This normalization 

process compensates for variation in surface coverage, as well as factoring out any difference in 

amplification efficiency between the two product lengths. Thus it allows for direct comparison 

between different samples and the untreated control. Note that the requirement for modestly 

damaging conditions prevented accurate quantification of surface DNA under conditions that 

caused extensive damage. In this case, the total amount of DNA would need to be carefully 

determined using an alternative method.  

 

Figure S3: Schematic illustration of dual-amplification qPCR, which accounts for differences in total amount 

of DNA by amplifying both the long (3.5kbp, green) product, and a short (200bp, orange) region that is 

unlikely to be damaged. 
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AFM imaging 

All imaging was carried out using an NTEGRA Vita Atomic Force Microscope, manufactured by 

NT-MDT (Moscow, Russia). Images were acquired while operating in semi-contact (tapping) mode 

under an aqueous Ni(II) imaging buffer (NB, 5mM Ni(II) acetate, 0.1X TAE), using silicon tips 

mounted on silicon nitride cantilevers with a nominal spring constant of 0.3 N/m and a resonant 

frequency of approximately 16 kHz in liquid (model SNL-10, manufactured by Bruker, California, 

USA).  

As described in a previous publication, 2 the Ni(II) ions are coordinated by the surface carboxylate 

groups and function as salt bridges that immobilize the anionic DNA molecules. Prior to the 

hybridization, reaction, or denaturation steps, the surface was rinsed repeatedly with STAE to 

remove any Ni(II) ions that were bound to the surface. 

A note on cleanliness: All glassware, teflon fluid cells, and ceramic tweezers were cleaned in 

piranha solution and rinsed thoroughly with water before use. (Piranha is 3:1 sulfuric acid: 

hydrogen peroxide. CAUTION— piranha is highly corrosive and reacts violently with organics). 

 

Testing the DNA-templated crosslinking reaction  

The efficiency of the CuAAC reaction for crosslinking two complementary DNA oligonucleotides 

was measured by carrying out the coupling reaction in solution, quenching the reaction at specified 

time points, and measuring the yield at each time point with denaturing polyacrylamide gel 

electrophoresis (D-PAGE), as described below.  

Hybridization and reaction with copper: First the single-stranded, azide- and alkyne-modified 

DNA strands (SF-88 and SF-89, respectively) were hybridized by mixing in a 1:1 molar ratio in 

0.8M NaCl, 20 mM PB, pH7, heating briefly to 70°C, and cooling from 65°C to 22°C at a rate of 

0.75°C/min in a MJ-Mini thermal cycler (Bio-Rad Laboratories, Hercules, CA, USA). Then 7.5μL 

of the hybridized DNA was added to 15μL of the 2X Cu(II)/ligand solution. Finally, 7.5μL of a 4X-

concentrated solution of sodium ascorbate was added to initiate the reaction, and the solution was 

mixed and immediately capped. The final volume was 30μL, and the final DNA concentration was 

1.25μM. At specified time points, a 4.0μL aliquot of the reaction mixture was removed and added 
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to 16μL of 1.25X quenching buffer (1X QB = 3:1 formamide:water, 20mM Tris acetate, 2.5 mM 

EDTA, 0.15X gel loading dye). The quenched reaction aliquot was immediately placed on ice and 

transferred to the freezer (-20°C) until being denatured and loaded into the gel. 

Denaturing polyacrylamide gel electrophoresis: Polyacrylamide gels were prepared with a 

polyacrylamide/bisacrylamide (29:1) concentration of 12-14%, and contained 8.3M urea in order to 

denature the DNA during the gel runs. After casting the gel and setting for at least 30 min, the wells 

were rinsed with 0.5X TBE running buffer (1X =  89mM Tris base, 89mM boric acid, 2mM EDTA, 

pH 8.3). The gel was then pre-run in 0.5X TBE for at least 40 min at 150V in an Enduro vertical gel 

electrophoresis system (Labnet International, Inc, New Jersey, USA). Prior to loading the gel, the 

samples were removed from the freezer and heated > 90°C in QB for 5 min to completely denature 

the DNA. They were then immediately loaded into the gel and run for 120 minutes at a voltage of 

150V. An ice pack was included in the outer buffer chamber to reduce overheating, which causes 

distortion of the gel bands. After the run, the gels were removed and stained by soaking in 0.5X 

TBE containing a 1X concentration of Sybr Green II dye (Life Technologies, California, USA) for 

15 min under gentle agitation. The gels were visualized and imaged on an Enduro Gel 

Documentation System (Labnet). 

Determination of reaction yield from gel images: It has been demonstrated previously that the 

efficiency of DNA crosslinking reactions can be estimated by comparing band intensities from 

denaturing PAGE. 6 Due to the urea content of the gel and the elevated temperatures during running, 

the DNA remains denatured as it runs through the gel. 7 Any hybrid DNA that has successfully 

reacted will be crosslinked by the triazole product, and thus will migrate as a single, slower-moving 

product band, while any DNA that has not reacted will be separated into two different faster-

moving bands (see Figure 2a, main text). We estimated the yield of the reaction at different time 

points using a custom MATLAB script, (The Mathworks, Inc., Massachusetts, USA), as follows. 

First, each product band was selected by the user and cropped out from the gel image. The average 

background pixel intensity was subtracted, and the total pixel intensity in the band area was then 

integrated. Finally, this integrated band intensity was normalized to that of a standard reference 

band on the same gel. This normalized intensity was plotted as the estimated yield (in arbitrary 

units) as a function of time, as shown in Figure 2b (main text). It is worth noting that any of the 

product DNA that has been degraded during the reaction is expected to run faster than the intact 
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product band due to a smaller size, and thus DNA degradation over time should also lead to a 

reduction in the apparent yield.  

Additional qPCR results 

 

Figure S4:  Results from qPCR measurements of oxidative DNA damage during the CuAAC reaction using 

the HLTA ligand. The percentage of intact DNA (a) and the corresponding DNA damage frequency (b) are 

plotted as a function of copper concentration, both with (blue) and without (red) 10% DMSO included in the 

reaction. For all reactions, Asc:Cu = 10:1 and L:Cu = 2:1, and the reaction time was 5 minutes. Error bars 

represent ± the standard deviation of at least four identical qPCR replicates. 
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