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Abstract

Here we utilize electrochemical DNA devices to quantify and understand the cancer-specific
DNA-damaging activity of an emerging drug in cellular lysates at femtomolar and attomolar
concentrations. Isobutyl-deoxynyboquinone (IB-DNQ), a potent and tumor-selective NAD(P)H
quinone oxidoreductase 1 (NQO1) bioactivatable drug, was prepared and biochemically verified
in cancer cells highly expressing NQO1 (NQO1+) and knockdowns with low NQO1 expression
(NQO1-) by Western Blot, NQO1 activity analysis, survival assays, oxygen consumption rate,
extracellular acidification rate, and peroxide production. Lysates from these cells and IB-DNQ
drug were then introduced to a chip system bearing an array of DNA modified electrodes, and their
DNA-damaging activity quantified by changes in DNA-mediated electrochemistry arising from
base-excision repair. Device-level controls of NQO1 activity and kinetic analysis were used to
verify and further understand IB-DNQ activity. A 380 aM IB-DNQ limit of detection and a 1.3 fM
midpoint of damage was observed in NQO1+ lysates, both metrics two orders of magnitude lower
than NQO1— lysates, indicating high IB-DNQ potency and selectivity for NQO1+ cancers. The
device-level damage activity in lysates was over eight orders of magnitude lower than cell survival
benchmarks, likely due to poor IB-DNQ cellular uptake, demonstrating that these devices can
identify promising drugs requiring improved cell permeability. Ultimately, these results speak to
the noteworthy potency and selectivity of IB-DNQ and the high sensitivity and precision of
electrochemical DNA devices to analyze agents/drugs involved in DNA-damaging

chemotherapies.
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DNA-damaging chemotherapies are extensively used to treat cancer and disease.' Current
therapies such as cisplatin, methotrexate, and doxorubicin leverage DNA damage, as well as
several emerging treatments.! Given the developing landscape of DNA-damaging drugs and the
complexity of biological samples, it would be highly beneficial to develop sensors that can follow
drug activity under biological conditions to efficiently identify promising drugs that target cancer
while producing minimal side effects. Even so, it can be challenging to predict how a drug will
impact a patient, given the wide range of damage repair pathways in the body and the variation of
individual therapeutic responses.* Electrical biosensors are a safe and effective way of estimating
DNA damage by promising new drugs targeting DNA or screening the safety of chemicals and
carcinogens for potential toxicity. This novel testing paradigm is in line with the 3Rs (replacement,
refinement, and reduction of animals in research) for existing regulatory frameworks to minimise

animal use in the initial screening process of viable drug candidates.

Electrochemical devices are at the forefront of emerging biotechnologies and biological
detection strategies.” They have been used in the biological detection of the heart drug digoxin,
19 recreational drugs such as cocaine,'!!? the metabolic agent insulin,!® the pain medications

5> and others.!'® We recently

diclofenac and acetaminophen,'* the anticancer drug doxorubicin,'
leveraged electrochemical DNA devices to follow DNA damage responses to anticancer drug
treatment in lysates of cancerous and normal cells.!” Gold electrodes patterned on devices were
modified with clusters of synthetic DNA bearing an electrochemical probe. Under a negative bias,
where the DNA is repelled from the surface, an electrical current reaches the probe only if the
DNA remained fully intact, but transport is lost if the DNA was structurally compromised by

damage or damage repair responses.'®?! Nuclei were removed from cells, and both the nuclear and

remaining cytoplasmic components were lysed and added onto the chips modified with DNA.



Anticancer drugs were added to this solution over the device, and the synthetic DNA on the chip
recorded damage responses. The anticancer drug B-lapachone was shown to produce selective
DNA damage as much as 3.7 times higher for NQOI+ cancerous cell lysates versus control
(Kahanda et al. 2018). Mechanistic controls of drug activity were verified, and the concentration
dependence of DNA damage on the chip was shown to correlate with critical points of drug-

induced cell death.

Here we utilize electrochemical DNA devices to explore the emerging DNA-damaging
anticancer drug, isobutyl-deoxynyboquinone (IB-DNQ).?? In cell survival assays, IB-DNQ and
associated derivatives are 6-100 times more potent than B-lapachone and yield higher selectivity.?*
26 However, the underlying DNA-damaging activity of this drug has yet to be systematically
explored in a biological environment, and its higher potency offers the potential to investigate the
sensitivity limits of electrochemical DNA device technology. This study thoroughly investigates
the concentration dependence, selectivity, and mechanism of the IB-DNQ drug and discusses the

factors enabling high precision biosensing of its activity with electrochemical DNA devices.

Experimental Section

Cell Culture, Chemicals, and Reagents. MDA-MB- 231 cells (231 hereafter) were obtained
from American Tissue Culture Collection (ATCC, Manassas, VA). NOOI-*2 polymorphic human
MDA-MB-231 triple-negative breast and genetically matched NQO1+ cancer cells were generated
as described elsewhere.!”?* Isobutyl-deoxynyboquinone (IB-DNQ) was provided by the
Boothman and Hergenrother lab and synthesized as described.?’” Catalase and dicoumarol were
purchased from Sigma-Aldrich (St Louis, MO). All quinones were dissolved in dimethyl sulfoxide

(DMSO). Cytoplasmic and Nuclear extracts from cell lines were prepared according to the



manufacturer's instructions (NE-PER™ Nuclear and Cytoplasmic Extraction Reagents, Cat. No.

78833, Thermo Scientific, Waltham, MA).

Western Blot analysis and NQO1 Enzyme Activity Assays. Western Blot measurements
were performed as previously described.!” NQO1 enzyme activities for the cell lines were
measured as dicoumarol-inhibited units as described elsewhere.”® Human NQOI1 antibody was
provided by Dr. David Ross (University of Colorado Health Science Center, Denver, CO) and
used at a 1:1000 dilution overnight, 4 °C. a-Tubulin (Santa-Cruz Biotechnology, Dallas, TX), a

house-keeping antibody, was used at 1:5000 dilution as a loading control.

DNA Survival Assays. Using NQO1+ and NQO1— 231 cells, relative survival assays were
recorded as previously described.!” Cells were plated into a 48-well plate with 10,000 cells/well
in 500 uL of DMEM containing 10% FBS. The cells were allowed to attach and grow overnight.
Drug concentrations (0 — 0.4 M) were prepared separately in 15 mL conical tubes. The untreated
control was DMSO. The media was removed from each well, and 500 uL of each drug
concentration was added to 6 wells (to produce sextuplet replicates for each concentration). The
plates were gently shaken to mix and placed in the incubator for 2 h. After 2 h, all media was
aspirated from the wells, and 1 mL of fresh media was aliquoted into each well. The plates were
then left in the incubator for 7 days or until there was 100% confluency for the untreated control.
Once the control was confluent, the media was discarded, and 500 pL/well of 1X PBS was added
to wash the wells. The PBS was discarded, and 250 uL of dH,O/well was added. The plates were
then put in a —80 °C freezer overnight. The next day, the plates were thawed completely, and 500
pL of Hoechst staining buffer (50 pL of Hoechst 33258 in 50 mL of 1X TNE buffer) was added

to each well. The plates were incubated in the dark at RT for 2 h. After two hours, the plates were



read on a PerkinElmer Victor X3 plate reader, and the readings were plotted as the treated/control
(T/C) = SEM. Results were reported as means =+ standard error (SE) from at least three independent

experiments done in sextuplicate.

Analysis of Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate
(ECAR). The Seahorse XF96 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica,
MA) was used to assess real-time Oxygen Consumption Rate (OCR), an indicator of mitochondrial
respiration, and extracellular acidification rate (ECAR), an indicator of net proton loss during
glycolysis in NQO1+ and NQO1— 231 cell lines upon IB-DNQ treatment. Before the start of the
experiment, cells were evenly seeded (3,000 cells/well) into the 96-well XF96 cell culture plate
and allowed to attach for 24 hours. A calibration plate was also prepared according to the
manufacturer's instructions by placing it in a non-CO> 37°C incubator. After prior washing with
XF media, cell culture media was replaced with XF media (Seahorse Bioscience), lacking sodium
bicarbonate and FBS. Cells were placed in a non-CO; 37°C incubator for 1 hour before starting
the experiment. Following the establishment of a basal OCR reading, OCR and ECAR were
measured with IB-DNQ addition. OCR and ECAR readings were normalized to total protein levels
(BCA protein assay, Pierce) in each well. Each cell line was represented in 6 wells per experiment,

and replicate experiments were carried out at least three times.

H20: Measurements. Hydrogen peroxide (H202) (ROS-Glo) levels were assayed at indicated
concentrations and time-points during treatments as indicated using specific assays previously
developed and as described in the manufacturer's protocol (Promega ROS-Glo H,O, Assay,
Promega, Madison, WI). Two-way ANOV A and multiple t-tests were used for statistical analyses

using GraphPad PRISM 7.05. The assay was performed in three biological replicates.



Synthesis of Oligonucleotides. The DNA used on the chip surfaces were the 17mer sequence
3'-CTC TAT ATT TCG TGC G(Tng)-5" and the fully complementary sequence 5'-(Cs thiol)-GAG
ATA TAA AGC ACG CA-3’, where Tng is the Nile Blue modified thymine, and Cs thiol is a 6-
carbon alkanethiol. The thiolated oligonucleotide sequence was obtained from Integrated DNA
Technologies (IDT). The DNA containing the Nile blue precursor base was purchased from
Trilink, and the dye was covalently coupled according to established procedures.?*-*° The two
strands were synthesized and the dye coupled according to established procedures that we have

previously described.!”

Purification and Characterization of Oligonucleotides. All oligonucleotides were purified
via two rounds of high-performance liquid chromatography (HPLC) on a Shimadzu LC-20AD
instrument following our previous studies.!” The identity of the desired products was confirmed
by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF) on

a Shimadzu Axima Confidence mass spectrometer.

Preparation of Duplex DNA. The oligonucleotides were quantified via UV-visible
spectroscopy on a Beckman DU-800 UV-Visible spectrophotometer as previously described.!”
The formation of duplex DNA was verified by temperature-dependent absorbance measurements

and melting temperature analysis.

Fabrication of Multiplexed Gold Electrode Devices. The chips/substrates featuring
multiplexed gold electrodes were prepared from photolithography and metal evaporation as

previously described.>?!

Self-Assembly of DNA Monolayers. The DNA monolayers were self-assembled onto gold

electrode pads from a 5 mM phosphate, 50 mM sodium chloride, pH = 7 buffer solution for 12 h



to 18 h through gold-thiol self-assembly. The substrates were backfilled with mercaptohexanol for
1 h to remove nonspecifically bound DNA and then thoroughly rinsed with the buffer to remove

residual mercaptohexanol.

Electrochemistry of DNA Monolayers. The multiplexed substrates were placed in a custom
mount (see Supporting Information Figure 1) connected to electrochemical testing hardware (a CH
Instruments CHI750D Electrochemical Analyzer and a CHI 684 Multiplexer). The electrochemical
measurements were performed in the assembly buffer, then transitioned to 5 mM phosphate, 50
mM sodium chloride, pH = 7 buffer with 4 mM spermidine before introducing various lysates.
Square wave voltammetry was recorded with a 4 mV increment, a 25 mV amplitude, and a 60 Hz
frequency. The membranes used to separate nuclear lysates from cytoplasmic lysates were the
microdialysis strips associated with the Pierce 96-well microdialysis plate, 3.5K molecular weight

cutoff (MWCO) from Thermo Scientific.

Square Wave Voltammetry Kinetic Analysis. The electron transfer rates of surface-bound
square wave voltammetry were extracted using the method first described by O'Dea and
Osteryoung 2 and expanded by our group.®" 3334 This kinetic analysis and associated nonlinear
curve fitting were performed in Microsoft Excel. Results were reported as means + standard error

(SE) from at least three independent experiments



Results
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FIGURE 1 a) Concept and cell properties of cell lysate experiments. Nuclear and cytoplasmic

lysates are separately collected from cells. A chip with DNA-modified electrodes bearing
electrochemically active redox probes is also prepared. Nuclear lysates are added directly to the
electrodes, while cytoplasm lysates are added to a molecular weight (MW) filter over the chip that
retains large biomolecules but passes small molecules. The IB-DNQ drug and NADH are added
to the system, which form a redox cycle with NQOI that releases superoxide and eventually
hydrogen peroxide that passes freely through the filter. Before any damage has occurred, redox-
probe labeled DNA monolayers on the electrodes of the chip support electrochemical charge
transfer. Hydrogen peroxide from the drug reaction causes oxidative damage to the DNA on the

electrodes, and repair proteins from the nuclear lysate remove the damaged base, causing a loss of



the electrochemical signal. b) Western blot depicting NQOI1 levels of human triple-negative breast
cancer 231 cells with high (NQO1+) and low (NQO1-) expression. ¢) Relative survival curve of
human triple-negative breast cancer 231 cells with high (NQO1+, red data, lower curve) and low
(NQOI—, black data, upper curve) NQO1 expression treated for 2 h with various doses of IB-DNQ
(n=6). Cultures were allowed to grow for 7-10 days thereafter for colony-forming activity

measurements.

Cell Lysate Measurement Concept and Cell Preparation. Our general approach for
following IB-DNQ anticancer drug activity in cell lysates is shown in Figure 1 (and Supporting
Information Figure S1). Isogenic MDA-MB-231 cells with high NQO1 concentrations (231
NQO1+) and undetectable expression of NQO1 (231 NQO1-) were prepared to establish IB-DNQ
as an NQO1-bioactivatable agent (See Supporting Information Figure S2a).!7?** Previous studies
have shown that most cancers have aberrant overexpression of NQO1, whereas the corresponding
normal tissues have low to undetectable NQO1 enzyme levels.* Nuclear and cytoplasmic cell
extracts were therefore prepared separately and collected, as it was necessary to ensure similar
segregation of proteins and cofactors as accomplished by a cell's nuclear membrane.!” Each of the
lysates was then pipetted into separate areas of a well over a device chip capable of electrochemical
reactions through DNA monolayers on electrode surfaces. The cytoplasmic components, which
contained NQO1, were added to a 3.5 kDa size-exclusion filter suspended in the well over the
chip, which retained proteins but permitted the interchange of small molecules. Nuclear extracts
containing repair proteins were added directly to the well solution over the chip. IB-DNQ and
NADH (as NADH was anticipated to be lost in lysis) were also added and could freely interchange

with each lysate given the low molecular weights. For the NQO1+ cell lysates, NQO1 sequentially



uses NADH followed by IB-DNQ to cycle catalytically and make H»O, reactively—a lethal
concentration of IB-DNQ (0.4 um) generates approximately 3-fold more H»O» relative to vehicle,
which was not observed in 231 NQO1-deficient cells (see Supporting Information Figure S2d).
This H>O» oxidatively damages the DNA on the electrode surfaces, forming damage products,
such as 8-oxoguanine. Repair proteins from the nuclear extracts then remove the damaged bases,
causing a lower electrochemical signal on the chip. This approach enables real-time monitoring of
electrochemical reactions and control over the specific biological interactions initiated.

Cells for drug study. The cells used to generate lysates for the device study of NQO1 dependent
lethality of IB-DNQ were prepared from the triple-negative breast cancer (TNBC) cell line, MDA -
MB-231 (231). The cell line has a *2 NQO1 polymorphism and lacked expression of NQOI
protein and enzyme activity (Figure 2).2® The cell line was corrected for NQO1 expression by
lentiviral infection without affecting growth rates in vitro or in vivo.”8 NQO1+ MDA-MB-231
(NQOI1+) or NQO1- MDA-MB-231 (NQO1-) cells were used to examine the lethality of B-lap
treatment and for comparison with subsequent chip experiments. Figure 1b shows the expression
of NQOI1 in each cell sample. NQOI1 protein expression is visible in NQO1+ cells while being

completely absent in NQO1— cells.

Like B-lap (Bey et al. 2013), IB-DNQ-induced lethality in NQO1+ cancer cells may occur
through the rapid generation of superoxide, leading to H>O, formation (Supporting Information
Figure 2d) and subsequent large scale DNA damage. NQO1+ and NQO1— 231 cells were treated
with various doses of IB-DNQ for 2 h. Cell death happens in an NQO1-dependent manner as 231
NQOI1— cells were spared from lethality, while 231 NQOI+ cells showed a 50% lethal

concentration (LCso) of approximately 110 nM IB-DNQ (Figure 1c). IB-DNQ killed cancer cells



in an NQO1-dependent manner, and the antitumor activity of IB-DNQ was >10-fold more potent

than B-lapachone (ARQ761 in the clinical form).
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Fig.2: IB-DNQ induces oxidative stress and inhibits glycolysis leading to extensive DNA damage.
a) Seahorse analysis of 231 NQOI1+ cells assessing oxygen consumption rate (OCR) (n=6) after
addition of IB-DNQ, with or without 50 uM dicoumarol (DIC) — a commonly used selective
inhibitor of NQO1. IB-DNQ [A] added at t = 20 min, FCCP [B] a protonophore t=120 min, and
Rotenone [C] complex I inhibitor t = 150 min. (b) The extracellular acidification rate (ECAR) was
measured in 231 NQO1+ (n=6) cells with the addition of glucose [A], oligomycin [B], and IB-
DNQ [C] to measure the glycolytic reserve and the role of IB-DNQ in inhibiting glycolysis. Error
bars represent mean + SEM. *p < 0.05; **p <0.01 are considered significant compared to vehicle
control.

Oxidative Stress and Inhibition of Glycolysis. IB-DNQ treatment (0.05-0.2 uM) resulted in
a dose-dependent increase in oxygen consumption rates (OCRs) (Fig. 2a). This suggests that at

these doses, IB-DNQ caused significant cell stress, but cells were able to meet



NAD(P)H/NAD(P)+ demand (and avoid higher-order damage response such as PARPI
hyperactivation).?® At a higher IB-DNQ dose (0.4 uM), the NQO1 futile redox cycle alone
becomes exhausted with dramatic decay in OCRs. This OCR effect using the highest dose of IB-
DNQ (0.4 uM) i1s NQO1-dependent because inhibition of NQO1 using Dicoumarol (DIC) (Figure
2a) or the lack of NQO1 (see Supplementary data Figure 2b) showed OCR response almost similar
to the vehicle control. The extracellular acidification rate (ECAR) was measured as an indirect
analysis of the glycolytic rate of cells with IB-DNQ treatment 231 NQO1+ cells showed reduced
ECAR with IB-DNQ (0.4 uM) treatment indicating inhibition of glycolysis as well as a reduction
in OCR rates with total NAD(P)H/NAD(P)+ depletion (Figure 2b). As expected, the ECAR effect
at 0.4 uM IB-DNQ was also NQO1-dependent as inhibition of NQO1 using Dicoumarol (DIC)
(Figure 2b) or the lack of NQOI1 (see Supplementary data Figure 2¢) showed ECAR response
comparable to the vehicle control. NQO1-mediated H>O> levels were produced in the first 2 h of
exposure to IB-DNQ as measured (see Supplementary data Figure 2d). These features indicate that

lethal levels of DNA damage are occurring near 0.4 uM IB-DNQ.
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FIGURE 3 IB-DNQ concentration-dependence. a) Square wave voltammetry percent peak current
loss after addition of IB-DNQ to chips treated with NQO1 proficient cell lysates (NQO1+) and

NQOI1 deficient cells (NQO1-). Results are for 3 independent chips of each cell type. Error bars



represent the standard error of the mean. b) An example of the SWV signal from a single electrode

in NQOI1+ lysates treated with various IB-DNQ concentrations, showing a consistent signal loss.

Device Response at Various IB-DNQ Concentrations. The results of successive addition of
IB-DNQ to electrochemical DNA devices under NQO1+ and NQO1— lysates are shown in Figure
3a. Both curves are sigmoidal, indicative of concentration-dependent detection,?” with the curves
significantly offset in concentration. For the NQO1+ curve, IB-DNQ activity is apparent in the
100-200 attomolar (aM) range, with a limit of detection (LOD)*® of 380 aM. Saturation of
damaging activity near 80% signal loss begins at 50 fM levels of IB-DNQ. These features are
significantly lower than anticipated, as cell survival assays such as Figure 1c and previous studies
have generally identified deoxynyboquinone activity in the nanomolar range,?*¢ but indicate high
drug potency and device sensitivity. The NQO1— curve is similar in shape but shifted to higher
concentrations by over two orders of magnitude, speaking to the high selectivity of IB-DNQ.
Example curves for one DNA electrode in NQO1+ lysates are shown in Figure 3b, revealing the
monatomic decrease of SWV peak current with concentration and the highly quantifiable peak
current over this range. Supporting Information Figure S3 provides example curves through
addition of the lysates and NADH, showing that the redox peak remains stable until addition of
the drug, further supporting a drug-specific response.

The NQO1+ and NQO1- curves of Figure 3a were well fit by the Hill equation of the form:

- sy — "

where S[f] is the SWV signal loss at a particular concentration of IB-DNQ, So is a baseline fit
value, Sy 1s a maximum signal loss value, [f] is the IB-DNQ concentration, [f1/2] is the IB-DNQ
concentration at the midpoint of the signal change, and » is the Hill coefficient. For the NQO1+

lysate curve, [f1/2] was found to be 1.3 M, and n was 0.63, while the NQO1— lysate curve yielded



a [f12] of 254 fM and n of 0.62. The low 1.3 fM midpoint level of the NQO1+ curve again

highlights the remarkable drug potency and device sensitivity, whereas the large difference in

midpoint values of over two orders of magnitude demonstrates the specificity of the drug and a

large therapeutic window. Concerning 7, both Hill coefficient values of significantly less than one

indicate negative cooperativity—that is, the affinity for the drug reaction decreases with successive

reaction events. Likewise, n was 0.62 for the NQO1+ cell survival experiment, thus matching the

kinetics from the device and exhibiting its ability to track biologically-relevant activity. This

negative cooperativity contrasts the previous study of B-lapachone, which found Hill coefficients

of n = 2.0, indicating positive cooperativity.!”
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FIGURE 4 Results of cell lysate experiments. a) Square wave voltammetry percent signal loss

after addition of 10 fM of IB-DNQ to chips treated with NQO1 proficient cell lysates (NQO1+),

NQOI1 deficient cells (NQO1-), NQO1+ cells with catalase, and NQO1+ cells with dicoumarol.



Error bars represent the standard error of the mean. Asterisks represent t-test p-values as follows:
*p<0.05; **p<0.01; ***p<0.001. b) Example square wave voltammetry before and after 10 fM IB-
DNQ treatment in NQO1+ and NQOI1— cell lysates. ¢) Typical reaction cycle for IB-DNQ in
NQOI1+ cell lysates, showing the catalytic production of H>O» reactive oxygen species (ROS). d)
Typical reaction cycle for IB-DNQ in NQOI1— and dicoumarol-treated NQO1+ cell lysates.
Dicoumarol inhibits NQO1 activity by competitively binding NQO1 and preventing electron
transfer with NAD(P)H. e) Typical reaction cycle for IB-DNQ in NQO1+ cell lysates treated with

catalase. Catalase abrogates the effects of H-O» by degrading it into H>O and O».

Summary and Controls of IB-DNQ Activity. Figure 4a summarizes the electrochemical
device response at 10 fM IB-DNQ in NQO1+ lysates, NQO1— lysates, and NQO1+ lysates coupled
with inhibitors of IB-DNQ activity. At this concentration, the devices exhibit a 73.4% SWV peak
current loss in NQO1+ cell lysates and only a 15.3% loss in NQO1— lysates, a difference of nearly
fivefold. The t-test p-value of less than 0.001 indicates high statistical confidence in this difference.
Figure 4b shows example curves from these devices before and after 10 fM addition for each cell
lysate, illustrating this differential activity. The IB-DNQ mechanisms under NQO1+ and NQO1—
conditions are shown in Figures 4c and 4d, respectively.

Two controls of DNA-damaging activity were also performed in 10 fM IB-DNQ. Catalase is
an enzyme that rapidly degrades H>O: into water and oxygen and plays a dominant role in peroxide
regulation. Catalase addition abrogates the effects of IB-DNQ by rapidly decomposing the
peroxide produced (Figure 4e). The addition of 3nM catalase completely nullifies the impact of
IB-DNQ in NQO1+ (Figure 4a). Dicoumarol is a hallmark inhibitor of NQO1 activity,****! acting
through competitive binding with NAD(P)H and inhibiting electron transfer to flavin adenine

dinucleotide (Figure 4d). Dicoumarol addition at 50 uM considerably lowers the impact of IB-



DNQ in NQO1+ to an average 4.7% signal loss (Figure 4a). Thus, these controls support the DNA-
damaging mechanism of IB-DNQ by NQO1-dependent peroxide production.

Finally, a beneficial enhancement of the SWV peak height was often observed for these
samples in moving from simple buffer solutions to the biological lysates (see Supporting
Information Figure S4). Such a serendipitous increase could indicate either an increase in the
fraction of redox-active DNA in the biological solution (typically limited to ~10% of the total
surface-bound DNA at room temperature)** through the higher ordering of DNA structure or an
electrocatalytic increase in the current due to additional redox-active molecules introduced through
the biological solution.**> To explore this question, we measured the electron transfer rate using
the computational method first described by O'Dea and Osteryoung>? and expanded by our group?!:
3334 for surface-bound electrochemistry. Enhancement of the DNA order leads to fast kinetics at
or above that found from DNA voltammetry in a buffer, whereas electrocatalysis is assumed to be
slower due to the diffusion processes necessary to support redox cycling. Our results showed that
a fourfold decrease in the electron transfer rate was observed in going from buffer to biological
solution, indicative of the slow, diffusive kinetics associated with electrocatalysis, as well as an
approximate tenfold enhancement of the redox-active surface coverage. We will investigate this
effect further to gain a greater understanding of the components in our cell lysates that induce this

beneficial effect.

Discussion
These experiments highlight the exceptional catalytic cycling activity of IB-DNQ and the

precision afforded by this measurement technique. The 380 aM LOD corresponds to a mere 57000



IB-DNQ molecules in solution, inducing damage at a rate of approximately 10 million DNA
molecules on chip per IB-DNQ molecule. Thus, both the rate of damage by the drug and the
sensitivity of the electrochemical technique are noteworthy.

Previously, for electrochemical device measure of the drug B-lap, a high correlation was
found between the DNA damage measured on the device and the cell survival rates measured from
complete cells. In particular, the B-lap concentration of the midpoint of DNA damage on the chip
correlated with that for the onset of cell death, and the B-lap concentration for saturation of DNA
damage on the chip correlated with the midpoint of cell death on the cell survival titration curve.
However, such a correlation was not observed here with IB-DNQ, which exhibited on-device DNA
damage at concentrations of over eight orders of magnitude below that observed for cell survival
changes. This likely indicates incomplete cellular uptake of the IB-DNQ through the cellular
membrane, a process that is not required for the lysis samples measured on the chip. Indeed, the
calculated log P value (an indicator of drug's cell permeability) of IB-DNQ is considerably lower
than that for B-lap (—1.69 vs. 1.68), indicating that IB-DNQ is substantially less cell-permeable
(see Supporting Information Figure S5). Nevertheless, IB-DNQ is more potent than [B-lap,
presumably due to its tighter binding to NQO1.?” Thus, the electrochemical DNA device may
identify the damaging potential of emerging drugs and suggest where greater attention to cell

permeability is needed.

Conclusions
Electrochemical DNA devices were used to measure the DNA-damaging activity of the NQO1
bioactivatable anticancer drug IB-DNQ in cell lysates derived from 231 NQO1+ and NQO1— cell

lines. In NQOI1+ cell lysates, IB-DNQ DNA-damaging activity followed the Hill equation with a



limit of detection of 380 aM, a midpoint activity of 1.3 fM, and a saturating activity near 50 M.
IB-DNQ activity similarly followed the Hill equation but shifted to higher concentrations at a
midpoint activity of 254 fM. These figures highlight the highly potent and selective nature of IB-
DNQ and the sensitivity of the electrochemical biosensing approach. Hill coefficients for device
measurements from both NQO1+ and NQO1— lysates were 0.62-0.63 and matched the NQO1+
Hill coefficient of the cell survival experiment, indicating negative damage cooperativity and
demonstrating the ability of these devices to capture biological reaction kinetics. At 10 fM drug,
activity in NQO1+ lysates was 4.8 times higher than NQO1— lysates and at least 15 times higher
than NQOI+ lysates with catalase or dicoumarol (a selective inhibitor of NQOI1 activity),
confirming the selectivity and NQO1-dependent mechanism of action. The lack of correlation with
critical concentrations found in survival assays suggests that IB-DNQ activity is limited by cellular
uptake in conventional survival experiments and would be significantly improved with enhanced
cellular delivery. Peak currents of the square wave voltammetry signal were serendipitously
enhanced in the biological matrix. Kinetic analysis revealed a decrease in electron transfer rate to
the DNA-bound redox probe, suggesting that diffusive electrocatalysis was participating in signal
transduction. Overall, these results speak to the noteworthy potency and selectivity of IB-DNQ
and the high sensitivity and precision of electrochemical DNA devices to analyze DNA-damaging

chemotherapies.
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