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DNA Nucleobases and Nucleosides on
Packed and Monolith C18 Columns by

HPLC-UV-EC

Abstract

This study involves the incorporation of a commaligiavailable
Phenomenex Onyx C18 monolith column into the s¢jmarand detection of
oxidative DNA damage. It includes thorough inveatign of monolith performance
and a comparison of the performance of monolithirmwis with a commercially
available packed Restek reverse phase Ultra C18ntofor the separation of DNA
bases and nucleosides. The performance of the mtfom@s examined using
efficiency, resolution, plate height, asymmetry agigntion times, and in each case
showed improved or at least comparable resultisarséparation of a mix of DNA
bases and nucleosides. A 90% reduction, from jodeu40 min. to just under 4 min.,
was obtained in the elution time of this separatitmthe best of our knowledge, this
is the first report of a fast monolith column segtiemm successfully coupled to both a
UV-vis and EC detector, which is especially usédulanalysis of oxidative DNA
damage. The determination of 8-oxoG and 8-OH-d@ation products of guanine
and 2’-deoxyguanosine, respectively, may be comedrby their ease of oxidation
and therefore the fast separation, selective amsitsee detection, with no artifactual

oxidation, detailed in this report, is ideal.



Keywords. HPLC-UV-EC, oxidative DNA damage, guanine, 8-0k8-
dihydroguanine, 2’-deoxyguanosine, 8-oxo-7,8-diloy@-deoxyguanosine,

monolith.

1. Introduction

Sensitive and selective detection and quantibcadf oxidative DNA
damage is an important topic in modern sciencerd leemuch research into
methods of detection and elucidation of the medrariby which our DNA is
attacked by various oxidants, including endogemneastive oxygen species
(ROS).[1-5] It is the understanding of these meddras of oxidative stress that
will lead to the elucidation of the mechanisms isedse initiation and
propagation. Oxidative stress has been linked mitimerous important diseases,
such as cancer, neurodegeneration and heart diggase

Artifactual oxidation, both in sample preparatemd analysis is a major
obstacle when trying to accurately measure oxi@asivess products such as 8-
0x0-7,8-dihydroguanine (8-oxoG) and 8-oxo0-7,8-ditoy@’-deoxyguanosine (8-
OH-dG).[7,8] It is fast becoming evident; howevirat these are not the final
products of oxidative stress, but rather intermedian a complicated scheme
involving many possible reactions and resultinguinmerous potential final
products.[9-11] The determination of these hightydisable intermediate species
is; however; still as important as ever in ordefully comprehend mechanisms of
oxidative DNA damage.

One area that has not been researched in en@pgh i$ thorough minute

by minute analysis ah vitro andin vivo oxidative DNA damage by ROS in order



to conduct comprehensive analysis of all oxidatestons involved. This type of
analysis is necessary but can be time consumiriy laitg separation times,
especially in the analysis of nucleosides, which lsa up to 45 min. long.
Thorough analysis, therefore, can be a laboriosis.[i@],[12] In addition, the ease
at which products 8-o0xoG and 8-OH-dG can be furthedised,[13] means that
analysing samples in duplicate and triplicate maybmpromised due to
degradation over the long intervals between sarapéyses. This degradation can
potentially create large error ranges between tigas as well as inaccurate
readings.

In the interest of fully and accurately elucidatiand comparing the
mechanisms of oxidative DNA damage to both DNA kamed nucleosides it is
essential to have a method that is thorough, atewarad fast, with minimal
artifactual oxidation.[14]

One recognised method of determination of prt&lo€ oxidative stress is
HPLC coupled to both ultraviolet and electrocherhdztection (HPLC-UV-
EC).[15-17] EC detection allows for a specific deteation of oxidation products
8-0x0G and 8-OH-dG, that is not possible with sienpV detection of oxidation
products.[18] UV detection allows for simultanealetection of the unmodified
products. The separation of DNA bases and nuclessiding the same isocratic
method is uncommon, due to the long elution tinNascleoside separations are
usually carried out using gradient elution; the asgradient elution is not
necessary for the separation of DNA bases.[7]

This study incorporates the use of a commercelgilable endcapped
silica C18 reverse phase Phenomenex Onyx monaitthe separation of both

DNA bases and nucleosides on the same fast, siamalesocratic HPLC method,



coupled to EC detection for the determination atlative DNA damage.
Monolith columns, since their discovery have bettha height of recent
discussion in separation science, as they exhiipésor or at least comparable
separation ability over regular particle packeduomhs.[19],[20] There are various
types of monolith columns, silica, organic polyneetumns[21] and a number of
methods of monolith preparation, including the gel-process for silica columns.
[22] In HPLC, they show low back pressure with high floates not previously
viable for use in HPLC with no compromise in sepiaraperformance, allowing
for excellent fast separations, even with compiagée biomolecules.[23],[24]
Applications of monolith columns are not limitedjtst HPLC. Silica monoliths
have been applied to capillary-HPLC-MS[24]. Orgamicnoliths have been
applied to solid-phase extraction, preconcentrataod on a large plant scale for
purification [25] [26] and both silica and orgariave been applied to capillary
electrochromatography,[27]. Monoliths do; howearifer from some drawbacks
including poor tolerance to alkaline mobile phasegh solvent consumption and
in some cases need heating or cooling.[28]

This study compares the performance of the mamaljainst the
performance of a regular particle packed colummygmining efficiency,
resolution, peak symmetry and retention time. Tigh Ispeed, isocratic monolith
separation, which allows for the simultaneous deteation of DNA bases and
nucleosides by UV, was then coupled with EC detefctothe specific and
sensitive detection of oxidation products. The rodtlvas modified to reduce the
flow rate by splitting the flow to the EC detectioall, in order to reduce noise and
pressure in the EC detection. This separation tegula significant decrease in

temporal resolution and therefore has the potetdifdcilitate elucidation of DNA



damage mechanisms with fast analysis and reduc¢eédcamal oxidation and

degradation of products.

2. Experimental

2.1 Reagents

Deionised water was purified using a MilliQ systéo a specific resistance
of greater than 18.2 @-cm. All chemicals including the DNA bases and
nucleosides guanine (G038199%), adenine (A8626599%), thymine (T0376,
>99%), cytosine (C3506;99%), and uracil (U075@,99%), 7,8-dihydro-8-
oxoguanine (R288608), 8-oxo-7,8-dihydro-2’-deoxygosine (H5653) 2'-
deoxycytidine, 2’-deoxyguanosine, 2’-deoxyadenosind 2’-deoxyuridine,
ammonium acetate, and glacial acetic acid werel@ased from Sigma-Aldrich
(Tallaght, Dublin, Ireland). Ethanol and methanares obtained from Labscan

Ltd. (Dublin, Ireland).

2.2 Chromatographic Conditions

All HPLC buffers and mobile phases were filtetetbugh a 47mm, 0.45
pum polyvinylidene fluoride (PVDF) micropore filt¢Bigma Aldrich, Dublin,
Ireland) prior to use. Fresh solutions of all stams$ were prepared weekly, with
the exception of 8-0x0G, which was prepared onafayse. HPLC analysis was
performed using a Varian ProStar HPLC system anihjaction volume of 2Qul,
with Varian ProStar 230 Solvent Delivery Module anakian ProStar 310 UV-

VIS Detector with data acquisition rate of 10 Hdaletector time constant of 1s.



The column temperature was ambient, and the detecteelength was set at 254
nm. For packed column analysis, this system wagpleduwith a Restek reverse
phase Ultra C18 fim 4.6 x 250 mm column (Restek, Belfast, U.K.), @qeid
with Ultra C18 4 mm x 10 mm guard column with a 3%etonitrile (ACN), 50
mM Ammonium Acetate, pH 4.6 mobile phase (pH wasistéd with glacial
acetic acid).

For monolith separations, the HPLC system waplaalto a Phenomenex
Onyx RP-18 monolith column (Phenomenex, Cheshit,. }bf dimensions 4.6
mm x 100 mm coupled to an Onyx Monolith C18 guastbmn (5 mm x 4.6 mm).

Plate height, H was calculated using the followaggiation:

by

The adjusted plate height, generally used for thexXplot, takes into account the
size of particles in the column. [30] Plate heighithout any adjustment, was used
for the monolith column.

The resolution was calculated as

2.3 Electrochemical Detection



Electrochemical Detection was performed usingCa4Celectrochemical
cell (BAS) comprising of glassy carbon working dtede, stainless steel auxiliary
electrode and Ag/AgClI reference electrode. Ampetoimeurrent-time plots were
generated using a CHIB00B potentiostat with accomipg software. EC
chromatograms were recorded at a detection poterft&@00 mV vs Ag/AgCl. UV
and EC chromatograms were exported and analysed dicrosoft Excel or

Sigma Plot Version 8.0.

2.4 Control Experiments

Controlled incubations were performed, with botlari@ 8-oxoG to ensure
that no artifactual oxidation was caused by thetrea conditions themselves, as

reported previously. [29]

3. Results

3.1 HPLC-UV

This study builds significantly on a Restek CEgled column method that
has been previously used for HPLC-UV-EC analysiBDNA bases and their
oxidative DNA damage products. The method was acke@rno separate both DNA
bases and nucleosides and their oxidative DNA danpagducts
simultaneously.[29] The techniques and parameterg wodified for use on a

Phenomenex Onyx monolith RP-18 column, and the flat® adjusted to allow for



higher sample throughput, and hence a more compsahestudy, while still
being able to perform sensitive electrochemicaédigdn. The chromatography of
the packed column and the monolith column were camexb for their performance.

Using a packed Restek C18 reverse phase colud¥, ACN, 85 mM
Ammonium Acetate, 50 mM Acetic Acid was determiriecdbe optimum for the
separation of G, C, A, T, dG, dC and dA. Separatisimg 5%, 10% or 15% ACN
or 5% Methanol caused co-elution of the earlietielucompounds, and therefore
each of these mobile phase compositions were deamaddquate. The optimised
separation resulted in baseline separation fgpedks, with the exception of 2’-
deoxyuridine and thymine. This coelution was albsayved on the monolith
column. 2’-deoxyuridine is; however, only presamRNA, and not in DNA.
Therefore its coelution with thymine did not presarproblem in this study of
oxidative DNA damage and it was not used for theaiming analyses. It should
be noted that the separation time using flow rafenl min:* was of
approximately 40 min. duration, as shown in Fig. 1.

The separation of DNA bases and nucleosides nes aptimised using a
Phenomenex Onyx monolith RP-18 endcapped columidindr was not used in
this separation, due to the previous co-elutionesshat were faced. Using the
same conditions as those used with the packed e¢glaminjection of a 1 mM G,
C, A, T, dG, dC and dA mixed standard into a 1.0mi™* eluent stream of 3%
ACN, 85 mM acetic acid and 50 mM ammonium acetagailited in G and dC co-
eluting. The organic content of the mobile phass adjusted step-wise to a lower
ACN content, in order to improve the separatio2%4 ACN showed optimal

resolution between the G and dC peaks. This saparet shown in Fig. 2.



The flow rate was then increased in 0.5 ml Timcrements from 1.0 ml
min™ to 4.0 ml mif', as shown in the inset in Fig. 2. The qualityld separation
was analysed at each of these flow rates. It wakeat that the performance of a
monolith column was at its best at the higher flates, with no significant loss in
efficiency and comparable or better asymmetryJlastrated in the Fig.s 3 - 5.
The benefit of increasing the flow rate was esgdbcreoticeable for adenine. Fig.
3 showed a significant decrease in asymmetry, agpddFand 5, the Van Deemter
and Knox plots, illustrated the decrease in plagiht with increasing linear
velocity. Fig 4 also illustrates a comparison betwé¢he Restek packed column at
1.0 ml min* and the Phenomenex Monolith at both 1.0 mlfrémd 4.0 ml mift.
There was a higher tailing factor in the monolitil.@ ml mir* in comparison to
the packed column, though in most cases, at 4.imf this tailing was reduced
to a level comparable to that of the packed columaicating the improvement of
the separation with increased flow. There was gaificant increase in tailing or
asymmetry for any of the other separation compaeiitie separation time, even
at 1.0 ml mift using the monolith with 1.2% ACN mobile phase st 14 min.
and this was reduced to under 4 min. Thereforeradyéhere was a 90% decrease
in runtime from 40 min. on a packed column to 4 nein a monolithic column

with no significant loss in resolution.

3.2HPLC-UV-EC

A major issue in applying a high-speed monolgparation to the analysis
of oxidative DNA damage is the effect of the higdmf on the electrochemical

detection. Use of inline flow cell electrochemi¢BIC) detection is ideal for low



flow rate separations, but at 4.0 ml mjrbaseline noise as well as high pressure in
the lines and leaks may become a problem. In dadase such high flow streams,

a splitting of the eluent stream was necessarywHplitting apparatus can be
expensive; however, in this study the flow spligtiwas accomplished using a
simple t-piece coupled with PEEK tubing, the inkgts 0.254 mm 1.D., as was the
waste outlet, and the outlet to the EC detector Wag8 mm ID. The high

pressure in the lines caused by the high flow na¢@nt that there was a constant
flow through the smaller diameter tubing and threat did not just go to the

larger diameter waste line.

The high pressure in the line created by theffasting eluent caused
enough pressure to drive the split in the flowlsat 3.3 ml mift was sent to waste
and 0.7 ml mift flowed through the EC detector cell. The noiseelen the EC
detector was in the range of 1% while the guanine damage product 8-0xoG was
still easily quantified. The selective detection8edbxoG and 8-OH-dG was carried
out at 600 mV and 700 mV, respectively and wasdingith good correlation
coefficients of 0.99 or greater recorded for conaions in both the micromolar
and millimolar ranges. The simultaneous separatio®roxoG and 8-OH dG was
carried out at 650 mV and is shown in Fig. 6. Tingtlof detection was in the
nanomolar range, at approximately 50 nM. This wasgarable to the LOD

obtained with the traditional HPLC-UV-EC which ugid the Restek C18 column.

4. Discussion

The separation ability of a monolith column waglent at a higher flow

rate in this study. The reduction of separatioretiimom over 40 min. to under 4



min. is a dramatic 10 fold reduction in separatiome for the simultaneous
analysis of DNA bases, nucleosides and oxidatigetes such as 8-o0xoG.

It should be noted that due to co-elution, uredaould not be used as an
internal standard for any future studies, nonetdgtbe separation is suitable for
the separation of the DNA bases and nucleosideheasucleoside uridine is only
present in RNA. For internal standard purposes;éwes, uracil, the DNA base
equivalent was completely baseline resolved, efubietween cytosine and
guanine on both the packed column and the mono@tbmn (data not shown) and
therefore could be used if an internal DNA standandeeded.

At a flow rate of 1.0 ml min, the monolith showed reduced retention
times, while still retaining good peak shape ansetiae resolution between
components. A 1.0 ml mihseparation was compared for the packed and manolit
columns and the result is illustrated in Fig. 2efldhwas a general increase in peak
symmetry, with increasing flowrate, evident for pdaks, but most especially for
adenine and 2’-deoxyadenosine. The peak widthghemmonolithic column were
greatly reduced by increasing the flowrate throtlghcolumn. At the higher flow
rate, the level of asymmetry was reduced for mesikp until they were
comparable with those of the packed column. Thange in asymmetry,
presented in Fig. 3, was most noticeable for cyt@sadenine and 2’-
deoxyadenosine, which showed the most problemailiog on the monolith
separation. The separation efficiencies were redlstightly for the early elution
compounds with increasing flow using the monolitbadumn. However, this
reduction was primarily due to the decreased ehutiime for these components.
The separation efficiency for adenine was redugetransfer of the separation to

the monolithic column. This may be due to increasiéahol activity often



observed with monoliths; to try improve the efficoy of adenine, in future
analysis silanol masking agents such as triethylemill be added to the mobile
phase.

The pressure in the packed column, at 1.0 mI'mias approximately
2.03x10 Pa (approx 3000 psi), whereas in the monolith molwas just 2.53x 0
Pa (367 psi). As the flow rate, and hence backgumesincreased, peak shapes
were improved or not changed significantly, as easlent from the improvement
in symmetry with flow rate in Fig 3. The symmetmeasured as tailing, was
reduced slightly or comparable for each of the congmts with increasing flow
velocity. There were no significant changes in asyatry that would indicate a
compromise in separation quality. There was a redudn tailing for adenine
which would be the most problematic peak, wherknigiis concerned.

The efficiencies, of each of the DNA and nucldesmixture were
comparable over the entire range of flow rates.ré&heas no dramatic change, as
the retention times were reduced along with th&kpedth at half height. Some
components, especially the early eluting compouwdidshow a decrease in
efficiency, most likely due to extra column effedisough this change was not
significant enough to alter the integrity of thgpaeation. For adenine there was;
however, a very significant decrease in peak hegfimwn in the Van Deemter
plot in Fig. 4, illustrating that with increasintpiv rate the chromatography was
improving for this peak. Each of the other peaksvetd an increase in plate
height, though this was not significant, suggestimat there was a comparable
separation for these across the range of flow rdtes resolution remained
comparable for each of the components as the fl@nrnereases. Baseline

resolution (>1.7 for all peaks) was maintained estw all adjacent components of



the DNA nucleoside and bases indicative, therefitrat, even with the dramatic
run-time reduction and resulting closely elutingkg, the separation was not
compromised. Comparing the packed Restek columnQaml min’ to the
optimum monolithic flowrate of 4.0 ml mih the resolution values were
significantly higher for the Restek column. Howeudis was due to a dramatic
increase in the elution time when using the Restdumn. With the monolithic
column, all components were still baseline reso)\ad there was no decrease in
the overall separation quality.
The simultaneous separation of 8-0xoG and 8-OHed@lted in a limit of detection
which was in the nanomolar range, at approximdiélpM. This was comparable to
the LOD obtained with the traditional HPLC-UV-EC mh utilised the Restek C18
column. However, the faster runtime reduced thgtlenf time between when a
sample was reconstituted and when it was analys&glicate. This is significant as
samples may degrade or be further oxidised by wamants present between repeat
analysis, thus increasing sample deviation. Orthefecommendations of ESCODD
was that further work was needed to develop praesdinat prevent oxidation from
occurring during sample preparation for chromatplgi@analysis [15]. Previous
analysis has concentrated on simplifying samplpamaion and clean up techniques
to reduce this artifactual oxidation. [31]. The =&sed analysis time of this protocol
may help to reduce artifactual oxidation by optimgsthe chromatographic
parameters themselves.

The afore mentioned disadvantages of monolithrools, sensitivity to
high pH, high solvent consumption and need foringadr cooling [28], did not

really apply to this study. The eluent used ingbparation was at a low pH (4.6),



the organic concentration was reduced dramatic¢aljyst 1.2% ACN. There was

also no need for heating or cooling for this parac separation.

5. Conclusion

This paper describes the separation of both nuidessand DNA bases. This
separation is important for the analysis of DNA @& by a range of oxidants,
chemical reactions and other stresses. The magirigms associated with
determination of oxidative damage are the intermtednature of oxidation
products, especially those of G and dG, 8-oxoG&QH-dG, respectively. The
reactive and unstable nature of these compoundsasrtbat their detection should
be carried out in a fast manner, with minimal sessthat could result in the
artifactual oxidation of these intermediate species

The use of monolith reverse phase separationsmses back pressure, while
allowing for fast and efficient separations of DdAmponents. The subsequent
analysis of their oxidation products by electrocimahdetection was achieved
with splitting the flow to minimise high-flow stnaion the electrochemical
detector, while still obtaining a fast separati@fith the analysis optimised in this
study, samples may be analysed in just 10% ofithe previously required, with
no compromise in separation performance, and inescases improved peak shape
(for example for adenine). This fast analysis, ushin., ensures minimal
degradation of damaged DNA samples between injestiand hence allows for a
more accurate as well as a more in-depth, compedhestudy of oxidative DNA
damage, with the potential for assisting in elutimaof the important

mechanisms of oxidative stress.
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Fig. 1: HPLC separation of DNA nucleosides and bagiéh UV detection at 254 nm
using a Restek C18um packed column with mobile phase of 3% Acetomifrds

mM Ammonium Acetate, 50 mM Acetic Acid at a floneaif 1 ml mirft', detection at
254 nm. Elution order: cytosine, uracil, guanined@oxycytidine, thymine and 2'-

deoxyuridine, adenine, 2’-deoxyguanosine, 2’-dedeymsine.



Fig. 2: HPLC separation of DNA nucleosides and bagéh UV detection at 254 nm
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Fig. 3: Left: Effect of increasing flow rate on feasymmetry (USP Tailing,JEp) for
each of the separation components, cytosine, gaaRirdeoxycytidine, thymine,
adenine, 2’-deoxyguanosine, 2’-deoxyadenosine Bhemomenex Onyx RP-18
Monolith 4.6 mm x 100 mm. Right: Comparison betwpanked (Restek reverse
phase Ultra C18 Em 4.6 x 250 mm) and monolith (Phenomenex Onyx RP-18

monolith 4.6 mm x 100 mm) columns for each sepamatomponent.
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Fig. 4: Van Deemter Plot of Plate Height, H for lea€ the separation components,
cytosine, guanine, 2’-deoxycytidine, thymine, adeni2’-deoxyguanosine, 2’-
deoxyadenosine on the monolith column (Phenomemgx @P-18 monolith 4.6 mm

x 100 mm) against eluent linear velocity.
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Fig. 5: Knox Plot of log of plate height, H for ¢acf the separation components,
cytosine, guanine, 2’-deoxycytidine, thymine, adeni2’-deoxyguanosine, 2’-
deoxyadenosine on the monolith column (Phenomemgx @P-18 monolith 4.6 mm

x 250 mm) against the log of the reduced lineanaigy.
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Fig. 6: Electrochemical Chromatogram illustrating separation of 8-oxoG and 8-
OH-dG , separation carried out using a Phenomemgx @onolith RP-18 column
with mobile phase of 1.2% Acetonitrile, 85mM Ammom Acetate, 50 mM Acetic

Acid at a flowrate of 4 ml ml“ﬁ, detection at 650 mV.



