Analytical
Methods

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Anal tical Royal Society of Chemistry peer review process and has been

M th d y accepted for publication.

e o s Ll Accepted Manuscripts are published online shortly after

p— - acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

l(’msm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

[y RO~YAL SOCIETY
OF CHEMISTRY www.rsc.org/methods


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 22 Analytical Methods

©CoO~NOUTA,WNPE

5

Diseased £

-
=
[}
—
w
-
I~
L4
-
f=2]
~
-
f=-1
-
©

Healthy Arg
ADMA

SDMA N
26 15 \

N
a1
RFU

30 M 12 13 14 15 16 17 18 19
31 Time (min)



©CoO~NOUTA,WNPE

Analytical Methods

Determination of Methylarginines in Infant Plasma by CE-LIF

. k% *
Thomas H. Linz"*"" and Susan M. Lunte'*?

Departments of Chemistry' and Pharmaceutical Chemistry” and the Ralph N. Adams Institute for

Bioanalytical Chemistry”; University of Kansas, Lawrence, KS

*Corresponding author

Dr. Susan Lunte

Ralph N. Adams Institute for Bioanalytical Chemistry
University of Kansas

2030 Becker Dr. MRB 220

Lawrence, KS 66047

slunte@ku.edu

Fax: 785-864-1916

** Current address:

Dr. Thomas Linz
Department of Chemistry,
University of North Carolina,

Chapel Hill, NC

Page 2 of 22



Page 3 of 22 Analytical Methods

©CoO~NOUTA,WNPE



©CoO~NOUTA,WNPE

Analytical Methods

Abstract

Methylarginines (MAs) are a class of nitric oxide synthase inhibitors that have been implicated
in respiratory complications of critically ill infants. This paper describes the development of an
analytical method to measure these compounds in the plasma of newborns using capillary
electrophoresis (CE). The CE separation method was optimized to enable complete baseline
resolution of the four MA analogues of interest. Sample preparation concerns for infant-derived
samples were addressed by validating a heat-assisted extraction method for the analysis of low
volume (<100 puL) samples from a plasma matrix. It was determined that the sample matrix
(plasma versus serum) did not affect the measured MA concentrations, while extracting smaller
volumes of plasma that underwent heat-induced gelation afforded higher MA recoveries than
larger volume samples. These methods were then applied to blood samples collected from infants
housed in the neonatal intensive care unit. It was discovered that these newborns had
significantly elevated concentrations of MAs at younger ages (< 6 months) while amounts were
similar between infants 6 months old and adults. The data are preliminary, but demonstrate an
interesting age dependence on the concentrations of these nitric oxide inhibitors, which has not

been previously reported.
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Introduction
A common characteristic of most clinical diagnostic tests is that they rely on technology that can
be implemented on a large scale and in a cost-effective manner.' Assays that produce
colorimetric changes are ideal since they can be readily discerned either by using absorbance
detection with conventional multiwell-plate technology or visually with simple point-of-care
devices.” Each facilitates rapid analysis to achieve high sample throughput. However, in order to
be effective, these assays must be highly selective for a given analyte and demonstrate very low
cross-reactivity. This typically necessitates that only a single analyte be measured per assay;
therefore, multiple assays must be employed to measure a range of biomarkers. Although this is
not problematic in most routine analyses, in situations where an immediate response is
necessary, waiting hours to days for a hospital lab to measure all the markers of interest can
jeopardize the health of that patient. This problem is further exacerbated in the analysis of
samples derived from infants, especially those in the neonatal intensive care unit (NICU). Given
the poor health of infants in the NICU and considering that many of them were born
prematurely, limitations exist in the volume of blood that can be collected. This sample volume
restriction may prevent all of the desired assays from being conducted, and may also restrict the
assays to the analysis of plasma instead of less complex serum.’ Considering the severe time
constraints placed on diagnosing newborns in the NICU, it would be highly beneficial for a
method to rapidly measure multiple analytes within a single assay from a small volume of
plasma.

Capillary electrophoresis (CE) is an analytical technique that can be used to separate multiple
analytes in a single assay from a sub-microliter volume sample. However, prior to the analysis of

a biological sample, sample preparation steps must frequently be undertaken to allow the sample
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to be compatible with the analysis technique.* Most often this is accomplished by protein
precipitation followed by solid-phase extraction (SPE) or affinity-based separation methods.’
However, such procedures are generally complicated and labor-intensive. A recently reported
heat-assisted extraction method was developed by our group to alleviate these concerns by
expediting the sample preparation to enable higher sample throughput than SPE with far lower
cost.’

This paper describes the development of a CE-based method to measure methylarginines
(MAs) in infant plasma. MAs (Figure 1) are a class of compounds that inhibit the synthesis of
nitric oxide (NO) in vivo. The concentrations of monomethylarginine (MMA), asymmetric
dimethylarginine (ADMA), symmetric dimethylarginine (SDMA) (and their endogenous ratios)
have been shown to serve as biomarkers for a multitude of NO-related pathologies, including
cardiovascular diseases and pulmonary hypoxia.7'10 In this study, blood samples obtained from
critically ill newborns were analyzed to determine the correlation between NO deficiency and
their severe medical condition. Given the central role that NO plays in the pulmonary system and
the fact that respiratory distress is prevalent in newborns in the NICU, we hypothesized that
these infants would exhibit diminished NO production due to elevated MA concentrations. The
desire to analyze infant-derived samples necessitated that the analytical method be optimized and
validated for the analysis of low-volume samples (<100 pL) from a plasma matrix, which has not

been previously described.

Materials and methods

Reagents
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Standards of MMA, ADMA, SDMA, and propylarginine (PA) were purchased from Enzo Life
Sciences (Farmingdale, NY). Sodium tetraborate and sodium cyanide were obtained from Sigma
Aldrich (St. Louis, MO). Naphthalene-2,3-dicarboxaldehyde (NDA) and sulfobutylether-p3-
cyclodextrin (SBEC) were acquired from Invitrogen (Carlsbad, CA) and Cydex Pharmaceuticals
(Lenexa, KS), respectively. HPLC-grade dimethylsulfoxide, acetonitrile, and formic acid were
purchased from Fisher Scientific (Pittsburgh, PA). All solutions were prepared with 18.2 MQecm
deionized water (Millipore, Billerica, MA). Serum samples from anonymous adults were
acquired at Lawrence Memorial Hospital (Lawrence, KS). Scavenged plasma samples were
collected from infants in the NICU at Children’s Mercy Hospital (CMH) (Kansas City, MO).
The procedure was approved by the CMH Institutional Review Board (IRB) and collected under
the direction of Michael Norberg and Dr. William Truog at CMH. All samples were stored at

—80 °C until ready for analysis at KU.

Heat-assisted extraction procedure

To prepare the adult serum samples, aliquots of pooled serum (25-100 uL) were transferred into
2 mL polypropylene microcentrifuge tubes (Fisher Scientific) to which 5% (v/v) of 10 uM PA
(1.25-5 pL) was added. For the infant samples, 25 pL of plasma was mixed with 1.25 uL of 10
uM PA. All tubes were immersed in boiling water (100 °C) for 1.5 min. During the heating
process, the liquid serum quickly congealed to form a solid gel. Once the serum gel was formed,
water was added to each vial at a volume identical to the initial serum volume (e.g., 25 pL water
into 25 uL serum gel) and the vials were vortexed for ~20 s for a near no-net-dilution extraction.

Samples were allowed to incubate for 5 min at room temperature and were then centrifuged to
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sediment the aggregated proteins.6 The supernatants were decanted into separate tubes for

subsequent CE analysis.

Capillary electrophoresis

A Beckman P/ACE MDQ CE instrument (Brea, CA) with a 50 um i.d. capillary (Polymicro
Technologies; Phoenix, AZ) 65 cm in length (50 cm to window) was utilized in this study. The
run buffer consisted of 15 mM sodium tetraborate, 10 mM SBEC, and 28% (v/v) DMSO.
Samples were injected hydrodynamically at 1.0 psi for 5.0 s, and separations were carried out at
an applied field strength of 460 V/cm. A 445 nm diode laser (CrystalLaser; Reno, NV) was used
to stimulate fluorescence emission which was measured with an external laser-induced
fluorescence (LIF) detector (Picometrics; Ramonville, France). 32 Karat software (Beckman)
was used to operate both CE operation and LIF detection.

Samples analyzed by CE were first derivatized with NDA/CN. NDA was dissolved in 1:1
acetonitrile : water; all other solutions were prepared in deionized water. The derivatization
procedure entailed combining equal volumes of sample, 50 mM sodium tetraborate, NDA, and
5 mM NaCN and allowing the mixture to react for 10 min prior to injection. The initial NDA
concentration was 1 mM when derivatizing standards and 5 mM when derivatizing blood
samples. Peak areas from both standards and serum samples were normalized to the area of the
non-endogenous internal standard, PA, for quantitation. All standards were measured in
triplicate. Serum samples from adults were analyzed by CE-LIF once each, while infant samples

were analyzed in duplicate.

Results and discussion
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CE separation optimization

A CE-LIF method for the determination of the four MAs involved in NO synthase regulation
using NDA/CN derivatization was previously reported by our group.* '' Baseline resolution
between the analytes of interest was obtained with a run buffer containing borate, SBEC, and
DMSO. This method was capable of quantifying endogenous MA concentrations in adult serum,;
however, the reproducibility of the separation was somewhat variable. Specifically, for a few of
the analyses, the resolution between the peaks for MMA and an unknown endogenous analyte
was diminished to the point where quantitation of MMA was precluded. To prevent this issue
from affecting the study described here, the CE method was further optimized using pooled
serum from unidentified adult donors.

In an attempt to improve separation resolution, several run buffer modifiers were
investigated, including modified cyclodextrins, surfactants, and organic solvents. Following
these studies, it was ultimately determined that the best and most reproducible results were
obtained by simply adjusting the DMSO content. Baseline resolution between MMA and the
unknown compound was achieved by increasing the amount of DMSO in the run buffer from the
previous optimum of 25% to 28%. While the resolution between MMA and PA was slightly
reduced under this set of conditions, it permitted more precise peak integration. Under these
conditions, the unknown peak in serum samples split into two distinct peaks. Increasing the
percentage of DMSO in the run buffer caused one of them to migrate earlier in the
electropherogram, while the other migrated after PA (Figure 2). Therefore, the MA peaks of
interest were no longer obscured by the interfering compounds, allowing more precise
quantitation. The migration times also increased as a result of the additional DMSO; therefore,

the separation voltage was increased to 460 V/cm, which generated a similar total analysis time
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without diminishing resolution. This optimal separation was utilized for all future analyses. Peak

identities in clinical samples were verified by spiking experiments (Figure SII).

Effect of sample volume on recovery

In an effort to make the heat-assisted extraction method more amenable to the analysis of
samples from infants, a reduction in the required sample volume was sought. First, validation of
the extraction recovery was required to ensure that the utilization of smaller volumes of serum
would not be detrimental to the analysis. Therefore, aliquots of 100 uL, 50 uL, and 25 pL from a
pooled lot of adult serum were dispensed into separate vials into which 5 uL, 2.5 uL, and 1.25
pL of 10 uM PA was added (each sample was prepared in triplicate), respectively, to hold the
ratio of serum-to-water constant for each sample. Samples were heated until a serum gel formed
and were then extracted into a volume of water identical to the original volume of serum for a
near no-net-dilution extraction prior to analysis.

It was determined from this experiment that the volume of extracted serum impacted the
recoveries of the MAs. Figure 3 illustrates that the recovered fraction for each MA analogue was
higher on average for the smaller volume samples. This improvement can be attributed to a
larger solvent-accessible surface area of the serum gel. Thinner serum-clots better allowed the
extraction solvent to penetrate into the gel and resolubilize the analytes trapped within the
aggregated protein framework. Smaller initial serum volumes (25 pL) enabled recoveries of
~90% as opposed to the ~60% recovery observed with larger serum volumes (100 pL). This
finding demonstrates not only the analytical benefit of conducting experiments with smaller
sample volumes (i.e., more efficient extractions) but also the clinical benefit of requiring less

blood to be drawn from infants. The high variance observed for the recoveries can be primarily
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attributed to inconsistency in the serum gel. The post-extraction sample volume differed due to
variability in gel water retention by as much as +20% from the volume incubated with the gel.
These volume discrepancies exhibited an appreciable effect on the extracted analyte
concentration. This effect was further accentuated after normalization of the data to the standard
curve for recovery determination where the errors of the analyses were compounded. However,
given that the recovered volume impacted all analytes of interest to similar extents, the

differences in average recoveries were found to be significant.

Effect of sample matrix
The method described in our previous report utilized serum for MA analysis.® However, when
conducting studies involving infants in the NICU, insufficient blood volumes are collected to
allow whole blood to be effectively converted into serum using standard clot-activating vials.
Therefore, the studies here were limited to the use of plasma. While serum and plasma matrices
are similar in their pH, ionic strengths, and high protein content, serum is a less complex matrix
compared to plasma, which contains additional clotting proteins. Additionally, it has been shown
that the concentrations of various analytes may not be identical between the two matrices.'> "
Therefore, an investigation was performed into whether the specific blood matrix (i.e., plasma or
serum) impacted MA recovery following the heat-prep method.

To determine if a difference would be observed between serum and plasma in MA
quantitation, whole blood was drawn from a single adult and split into two fractions—one
aliquot was converted to plasma and the other to serum. Each sample underwent heat-assisted

extraction followed by CE-LIF analysis under the optimized separation conditions. Table 1

compares the concentrations of MAs present in serum versus plasma. The results indicated that

10
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no significant difference existed between the two matrices (based on a two-tailed t-test; p>0.45
for each analyte). This finding was anticipated since the additional proteins from the plasma
should have denatured and incorporated into the gel framework without impacting the extraction
of small molecules from the gel. The similarity between the matrices will allow plasma samples

from newborns to be analyzed without fear of matrix-related bias.

Determination of MAs in clinical samples
Upon validating that the analytical method permitted the analysis of low volume plasma samples,
an investigation was performed to determine the concentrations of MAs in the plasma of
critically ill infants housed in the NICU. The results showed that these newborns had very high
amounts of MAs (Figure 4a), particularly during the first month of life. These high
concentrations were consistent with the few existing reports in the literature concerning MA
concentrations in newborn plasma.'*'® Significant differences were observed (p<0.05 for each
analyte) between patients of different ages, especially with SDMA, which first increased in
concentration and then diminished. ADMA and MMA maintained similar concentrations initially
but then exhibited a significant concentration reduction as the infants aged. Further correlation
with disease state could not be performed due to the fact that samples were supplied to us from
unidentified newborns with only their ages made available. Future experiments will explore the
link between the elevations of MA concentrations and the etiology of the disease to elucidate the
biochemical pathways involved.

For comparison purposes, blood samples were also analyzed from anonymous adult donors
(n = 17). The average ADMA and SDMA concentrations from these adult samples were

<0.5 uM; these were substantially lower than the values obtained from infants, which exceeded

11
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1 uM in the first 1+ month of life (Figure 4b). The MA concentrations decreased significantly as
a function of age. Once infants reached 6 months of age, their MA concentrations were similar to
those observed in adults.

The higher MA concentrations found in infants are in line with values that have been
previously reported.'*'® However, this is the first report demonstrating the age-dependence of
the amount of endogenous MAs. These findings offer interesting insight into the NO pathway of
infants. Given the inter-dependence of many compounds on the amount of NO produced, the
increased MA concentrations and potential NO inhibition beget the question of whether other
NO pathway-related molecules are also at atypical levels in critically ill infants. Disregulation of
dimethylarginine dimethylaminohydrolase (DDAH) or protein arginine methyltransferase
(PRMT) could lead to higher MA concentrations.'’ It has been reported that DDAH expression
and activity increases before birth and then declines thereafter, which may help explain the
observed trend.'” A more thorough investigation of this pathway could provide better
information regarding the role that MAs play in neonatal diseases related to NO. This could
potentially lead to the design of medications to target the underlying problems affecting these
infants.

Other alternative potential reasons for the observation of elevated MA concentrations in
newborn plasma could stem from an artifact of sample collection. All newborn-derived samples
had some evidence of hemolysis. Reports have shown that red blood cells (RBCs) contain a
clinically relevant amount of MAs.'® ' If the RBCs in the samples lysed during collection, they
could have artificially increased the observed MA concentrations and biased the results;

however, not to the extent observed in Figure 4a.

12
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Conclusions

This report demonstrates the application of a new sample preparation and separation method to
the analysis of clinical samples. CE-LIF separation and heat-assisted extraction methods were
developed to analyze low volume plasma samples, which were then applied to a small-scale
study analyzing samples collected from newborns in the NICU. The results from this preliminary
study indicated that these infants had extremely high MA concentrations compared to adults. The
elevated concentrations in the newborns indicate that they may suffer from NO-related
pathologies, which may be the reason for their hospitalization. However, at six months of age, it
was shown that the MA concentrations diminished to those found in adults. This is the first study
to chart the amounts of MAs over the first several months of life. Future work will delve into the
involvement of MAs in disease onset. The analytical method will also be modified to conduct the
CE separation in a microfluidic platform to enable more rapid point-of-care diagnostics in a

clinical setting.
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Figure Captions

Figure 1. Structures of the methylarginines involved in nitric oxide synthase inhibition
pathways. Arg: arginine; MMA: monomethylarginine; ADMA: asymmetric dimethylarginine;

SDMA: symmetric dimethylarginine.

Figure 2. CE separation (430 V/cm) of standards (black) and adult serum samples (red) with

25% and 28% DMSO in the run buffer. Two unknown peaks resolve from the MMA peak when

DMSO is increased to 28%. All MA peak identities in blood samples were verified based on

spiking the serum with the authentic compound.

Figure 3. Effects of initial serum volume on extraction recoveries of MAs from serum gel.

Figure 4. (a) Concentrations of MAs in the plasma of newborns of various ages. (b) Comparison

of the concentrations of MAs between newborns and adults.

*p <0.05; **p <0.001

Table 1. Comparison of the effect of blood sample matrix on MA quantitation.
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