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Sodium pyruvate, a natural intermediate produced during cellular
metabolism, is commonly used in buffer solutions and media for
biochemical applications. Here we show the use of sodium
pyruvate (SP) as a reducing agent in a biocompatible aqueous
photoinduced azide-alkyne cycloaddition (CuAAC) reaction. This
copper(l)-catalyzed 1,3-dipolar cycloaddition is triggered by SP
under UV light irradiation, exhibits oxygen tolerance and temporal
control, and provides a convenient alternative to current CUAAC
systems, particularly for biomolecular conjugations.

The copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC),
introduced in 2001 by Sharpless and co-workers, is the most
recognized click reaction.! This transformation enables the
rapid, efficient, and regioselective formation of 1,4-
disubstituted 1,2,3-triazoles under mild conditions. As a result,
CuAAC has found broad application in multiple fields as a tool
for covalent linkage of a wide variety of materials,? 3 including
nanoparticles,* polymers,> © DNA,” RNA,%11 carbohydrates,!?
proteins,3 and cells.'* > Although Cu(l) species can be used
directly as catalysts,® the in situ reduction of air-stable Cu(ll)
precatalysts considerably simplifies the reaction setup. Sodium
ascorbate is the most commonly used reducing agent in CUAAC
reactions.’ 17 Alternatively, Cu'"/L complexes (L = ligand) can be
directly reduced when excess ligand is used under light
irradiation or in the presence of a photocatalyst or radical
photoinitiator.®4! The photoinduced approach offers spatial
and temporal control over the reaction.'® 1° However, many
radical photoinitiators (e.g., phenylbis(acyl) phosphine oxide
and diphenyl(acyl) phosphine oxide) and their photolysis
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products can cause cytotoxicity.*> 43 Furthermore, the poor
widely used photocatalysts and
photoinitiators in water also limits their biological applications.

Sodium pyruvate (SP) is a cellular metabolic intermediate,**
that is commonly used in cell culture media, where it serves as

solubility of some

a carbon and energy source in addition to glucose.*® SP is highly
soluble in water (100 mg/mL) and can scavenge reactive oxygen
species (e.g., hydrogen peroxide).46: 47

s CUlIL )+ tlj cu'lL E)

' HO“O—Cu".'L
o cullL) H,0; )
Me' Cl
cu'L Cco,
L R
AcONa
Cl=cu"lL 0 \
. | NaOJHrMe
48\ 0 O-cCu'L i
2L H _SP
: Me [o]

Fig. 1 Proposed mechanism of Cu'"/L reduction by SP under UV light irradiation
in an ambient atmosphere.

Inspired by the recent use of SP in Cu-catalyzed atom
transfer radical polymerization (ATRP),*® here we demonstrate
an oxygen-tolerant, photoinduced CuAAC triggered by SP under
biologically relevant conditions. In the proposed system, SP
participates in an association/dissociation equilibrium with a
Cu"/L complex (Fig. 1). Under UV light irradiation, the carbon-
carbon bond in the copper-pyruvate complex undergoes
homolytic cleavage and decomposes into an acyl radical, carbon
dioxide, and the corresponding Cu'/L catalyst. The acyl radical
can then reduce another molecule of Cu'/L to Cu'/L, forming
acyl chloride (Fig. 1). This secondary process increases the rate
of copper reduction. Since the oxidized catalyst is continuously
converted back to its active reduced form, the catalytic system
acts as an oxygen scavenger, providing oxygen tolerance. The
addition of a buffer to the reaction mixture prevents pH
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changes caused by the hydrolysis of the acyl chloride. The SP-
based CuAAC described here is a practical and convenient tool
in modifying expensive or hard-to-synthesize biomolecules at
low volumes under ambient conditions.
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Fig. 2 SP-mediated photoinduced CuAAC, reaction conditions: [Q570-
DNA]/[N3-Cy5]/[CuSO,]/[THPTA]/[SP]: 1/1.1/2.5/12.5/1000, [Q570-DNA] =
0.1 mM, in PBS with 3.7 % DMSO at r.t., under UV light (6 mW/cm?) in an
ambient atmosphere for 2 h. (A) Forster resonance energy transfer occurs
upon SP-CuAAC. (B) Microplate reader measurement of the Q570
fluorescence intensity drop (Aex = 548 nm, Ae, = 568 nm) due to FRET.

To examine the SP-CuAAC reaction in biomolecular
conjugations, a set of experiments was performed to evaluate
the influence of the individual reagents (Fig. 2). A 10-mer DNA
T10 strand functionalized with 3'-terminal Quasar 570 (Q570)
dye and 5'-hexynyl functional group was used as a model
compound (Fig. 2A). The CuAAC reaction between the Q570-
DNA alkyne (Q570-DNA, 0.1 mM) and azide-modified Cyanine 5
dye (N3-Cy5, 0.11 mM) was conducted by mixing CuSO, (0.25
mM), tris-hydroxypropyltriazolylmethylamine (THPTA, 1.25
mM) and SP (100 mM) in phosphate-buffered saline (PBS)
solution with DMSO (3.7% v/v). The reactions were carried out
under UV irradiation (365 nm, 2 or 6 mW/cm?) in an ambient
atmosphere at a reaction volume of 100 pL and analyzed by
fluorescence and HPLC methods.

After the click Cy5 conjugation, the short distance between
the Q570 and Cy5 dyes attached to the DNA causes Forster
resonance energy (FRET) transfer: the fluorescence of Q570
decreases (Fig 2A), while the fluorescence of Cy5 increases (ESI
Fig. S1). This allows to determine the conversion of the
conjugation by measuring the intensity drop in the Q570
fluorescence. In the absence of any of the components
(substrates, SP, UV irradiation, or CuSQ,), no energy transfer
from Q570 to Cy5 was observed, confirming that all reagents
are necessary to form the desired conjugate (Fig. 2B).
Importantly, we found that the Q570 dye is very stable under
UV light irradiation (6 mW/cm?2), indicating that the decrease in
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its fluorescence after CUAAC reactions was not caused by
photobleaching (ESI Fig. S2).4°

Next, we searched for optimal conditions for the SP-CUAAC
(ESI Fig S3). The optimal loading of CuSO, was determined to be
2.5 equivalents relative to the DNA alkyne, which is similar to
benchmark aqueous CuAAC conditions.’” Interestingly, the
conjugation conversion decreased at higher copper
concentrations, as we have observed previously for CuAAC
conjugations.® A possible explanation is that, during the
photoreduction, the high Cu'"/L loading leads to increased
generation of hydroperoxyl radicals that act as strong
oxidants.>% 51

The effect of light intensity and wavelength on the reaction
process was investigated (ESI Fig. S4 and S5). When a lower
intensity UV lamp (365 nm, 2 mW/cm?) was used (ESI Fig. S4C),
the Cu'/L photoreduction was slower. Although the reaction
time increased to 150 min, the final conjugation conversion was
comparable with the result obtained using higher intensity
irradiation (365 nm, 6 mW/cm?), implying that it is possible to
accelerate and decelerate the reaction on demand by simply
changing the light source. Importantly, no conjugation was
observed under either green (520 nm, 8 mW/cm?) or white light
(400-700 nm, 6 mW/cm?) irradiation (ESI Fig. S5), indicating
that UV light is essential for triggering SP-CuAAC reaction.

The reaction mixtures were also analyzed by HPLC (ESI Fig.
S4). As the reaction proceeded, the characteristic absorption
peak of the DNA-alkyne substrate decreased (elution time:
approx. 11 min), and a new peak from the conjugate increased
(elution time: approx. 13 min). The reaction reached 90%
substrate conversion after 45 minutes of UV irradiation (6
mW/cm?) (ESI Fig. S4A). The HPLC conversion from Fig. S4A was
compared to the fluorescence factor (F/FO, where F and FO are
the fluorescence intensity of Q570 after and before the
reaction). We verified that the HPLC conversion can be
approximated by a linear function of F/FO (ESI Fig. S6A). Fig. S6B
shows that the conversions calculated from the fitted linear
function and the conversions measured by HPLC from Fig. S4
were in good agreement, especially for conversions higher than
30%.
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Fig. 3 Temporal control in SP-CUAAC, reaction conditions: [Q570-DNA]/[Ns-
Cy5]/[CuSO,]/[THPTA]/[SP]: 1/1.1/2.5/12.5/1000, [Q570-DNA] = 0.1 mM, in
PBS with 3.7 % DMSO at r.t.,, under UV light (6 mW/cm?) in an ambient
atmosphere. The conversion was calculated using the F/FO of Q570 and the
linear regression equation from Fig. S6A.

This journal is © The Royal Society of Chemistry 20xx
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Temporal control of the SP-CUAAC was demonstrated by
turning the UV light on and off. As shown in Fig. 3, the
fluorescence decrease of the Q570 dye (white circle) was
observed when the UV light was turned on. During each
irradiation period, an average of 20% conversion increase was
achieved. This average value was slightly lower than with
continuous irradiation for a similar time interval, and the final
conversion (81%) was also slightly lower. This may be attributed
to the diffusion of oxygen into the solution during the light-off
periods. A similar result was observed when UV light on and off
time was increased to 30 min (Fig. S7). Additionally, the CUAAC
reaction did not stop immediately after turning off the light due
to residual Cu'/L present in the solution.”? >3 Nonetheless, this
result shows that the SP can mediate the rapid photoreduction

of Cu'/L in a time-controlled manner, even without
deoxygenation of the reaction mixture.
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Fig. 4 (A) CVs of 0.5 mM Cu"SO,/THPTA in PBS, recorded on a glassy carbon
(GC) working electrode at v=0.2 Vs, in the absence and presence of 100 mM
SP. (B) LSV of 0.5 mM Cu"/THPTA + 100 mM SP, in PBS, recorded on a GC
working electrode at v = 0.01 Vs under UV light (3.6 mW/cm?). The GC tip
was attached to a rotating disk electrode (RDE), rotating at a speed of 2500
rpm.

To evaluate the proposed Cu'/L photoreduction mechanism
SP-CuAAC (Fig. 1), we investigated the reactivity of SP toward
the Cu"/THPTA complex (Fig. 4A). Cyclic voltammetry (CV)
showed that upon the addition of 100 mM SP to the Cu'/THPTA
complex in PBS, the peak corresponding to the reduction of the
Cu(ll) complex shifted to more negative values (ca. 20 mV) and
decreased in intensity. The relative oxidation peak potential
remained constant, but its intensity decreased as well. This
indicated that the pyruvate anion interacted with the

This journal is © The Royal Society of Chemistry 20xx
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Cu''SO,/THPTA complex, presumable forming the
(CH3C(0)CO,)—Cu"/THPTA complex with slightly more negative
reduction potential than Cu"SO,/THPTA and reversible
electrochemical behavior. Next, the generation of Cu'/L catalyst
was investigated by electrochemical analysis (Fig. 4B).>* The
(CH3C(0)CO,)—Cu"/THPTA complex was irradiated by UV light in
a deoxygenated environment and monitored by linear sweep
voltammetry (LSV). We obtained the rate constant of reduction
kreq = 1.9 x 103 st (Fig. S8), confirming that photoreduction
indeed occurs. This constant is likely to be affected by the
presence of oxygen and light intensity.

)

Y
N
(=]

ns ns ns ns ns ns ns ns

-
N A o 0 O
o o © o o o

Relative Fluorescence Intensity (%

24 Hours

72 Hours

Fig. 5 Cytotoxicity and proliferation assay. HEK293 cells were subjected to SP-
CuAAC reaction for 30 min at 4 °C followed by a proliferation assay over a
period of 72 hours. Bars indicate mean + SEM (n=3), ns: no significant
difference vs. control group (no treatment).

To further evaluate the biocompatibility of this method, we
attempted SP-based CuAAC reaction in the presence of human
embryonic kidney 293 (HEK293) cells in a 96-well plate (Fig. 5).
Cytotoxicity and proliferation assay showed that the SP-CuUAAC
conditions did not cause significant damage to HEK293 cells
after the irradiation with strong UV light (6 mW/cm?2) for 30 min.
However, a conversion of 47% was obtained, which was ~13%
lower than in the model system (Fig. S9). In our hypothesis, the
discrepancy of conversion in the culture condition is due to the
continuous diffusion of oxygen from the atmosphere into the
culture plate.

In conclusion, we have developed a new photoinduced
CuAAC system based on highly water-soluble sodium pyruvate
as a non-toxic photo-reducing agent. Sodium pyruvate
continuously reduces the oxidized copper catalyst under UV
light irradiation, allowing the in situ chemical removal of oxygen
and maintaining CuUAAC reaction under an ambient atmosphere.
Non-experts can easily apply this straightforward method to
conjugate functional materials onto DNA, proteins, and cells at
low volumes in a temporally controlled manner under
physiological conditions.
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