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Abstract

An ion chromatographic method with conductivity detection for the precise and accurate analysis
of lithium ions in phosphate-buffered saline, used as a cervicovaginal lavage (CVL) fluid, was
developed and validated. The lithium ion dilution factor during the CVL is used to calculate the
volume of cervicovaginal fluid (CVF) collected. Initial CVL Li* concentrations of 1 mM and 10
mM were evaluated. The method is robust, practical, and afforded an accurate measurement (5%
of the measurement, or better) at 24 pL of vaginal fluid simulant collected per mL of CVL fluid,
as low as 5 L mL~1 using 10 mM Li* with a measurement accuracy of 6.7%. lon chromatograms
of real-world CVL samples collected in vivo from common animal models (sheep and pig-tailed
macaque) and a human volunteer demonstrate that the analysis is interference-free. The method is
readily transferrable and should enable the accurate measurement of CVF volume collected during
CVLs benefitting a broad range of research disciplines, including pharmacokinetic,
pharmacodynamic, metabolomic, and microbiome studies.
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1. Introduction

Cervicovaginal lavage (CVL) is a frequently used sampling method in preclinical and
clinical studies. A lavage fluid —usually 2.5-10 mL in clinical trials [1, 2], but lower for
small animal models (e.g., 1 mL for macaques)- is used to rinse the lower reproductive tract
and collect the components of the mucosal surface, including small molecules (xenobiotics
and metabolites), extracellular polymeric substances, proteins and peptides, microbial cells,
and host cells. Sterile saline or phosphate-buffered saline (PBS) are the most commaonly
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used lavage fluids, as water is hypotonic and can lyse cells, confounding measurements of
extracellular and intracellular vaginal fluid components [1]. The CVL method provides the
significant advantage of collecting a sample integrated over the entire lower female genital
tract, rather than the local sample obtained with swabs, sponges, and tear test strips.
Consequently, CVLs collect larger cervicovaginal fluid (CVF) volumes that do not need to
be recovered from the sampling device at the time of analysis. CVL is a safe and simple
procedure that can be carried out easily in the clinic and self-sampling by trial participants
also has been reported. A new self-sampling device was evaluated by Rwandan women and
found to be acceptable for CVL collection [3], increasing the potential for sample collection
in longitudinal studies.

The advantages sample collection via CVL have been exploited in numerous, diverse studies
aimed at measuring the CVF concentration of one or more target analytes. Vaginal
proinflammatory cytokines and other markers of immune activation are routinely measured
in CVL [4-9]. More recently, a multiplexed assay to analyze antimicrobial peptides in CVL
has been reported [10]. Proteomic studies also have been conducted using CVL samples
[11]. Molecular methods have been used to measure the abundance of viral pathogens in
CVL samples, including: human papillomavirus (HPV) [12, 13], hepatitis C virus (HCV)
[14], herpes simplex virus type 2 (HSV-2) [15-18], human immunodeficiency virus type 1
(HIV-1) [7, 15, 19], and cytomegalovirus (CMV) [20]. CVL samples from women
volunteers have been analyzed to determine whether topical zinc deficiency is a risk factor
in recurrent vulvovaginal candidiasis [21] and if dissolved nitric oxide gas is associated with
bacterial vaginosis (BV) [22]. CVL samples even have been used to isolate bacterial DNA in
culture-independent vaginal microbiome studies [23, 24] and metabolomics studies [25, 26].
The concentration of antiviral agents is measured in CVL samples as part of
pharmacokinetic studies aimed at developing regimens for the prevention of vaginal HIV-1
[27-32] and HSV-2 [29, 33] infection. Recently, the analysis of CVL exosomes carrying
microRNAs has been proposed as new biomarker for cervical cancer screening [34].

One fundamental drawback in current studies involving CVL sample analysis lies with the
unknown amount of CVF collected, which can vary over more than one order of magnitude
in women [2, 35]. This broad uncertainty can lead to large errors in the measurements,
confounding the interpretation of results. The inclusion of an additive in the CVL fluid that
is not endogenous to the vaginal mucosa could be used to calculate the dilution of CVFs.
The additive should be selected according to the following criteria: does not interfere with
downstream assays (e.g., ELISA) at the employed concentration; does not partition
significantly into the vaginal mucosa during the lavage procedure; and can be analyzed with
high measurement accuracy and precision. Both lithium chloride (LiCl) [2, 35] and
gluconate [1] as inert CVL additives have been used to measure this dilution factor, but
these methods suffer from insufficient precision. These significant limitations explain why
the dilution factor in CVL samples is not measured routinely.

Here, a validated ion chromatography (IC) method for accurate and precise Li* analysis in
the determination of CVF dilution factors in CVL samples is described. The method is
robust across lavage fluid volumes up to 10 mL and Li* concentrations from 1-10 mM, and
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is applicable to a broad set of disciplines involved in the quantitative measurement of
analytes in the vaginal mucosa.

2. Material and methods

2.1. Chemicals

Lithium chloride (molecular biology grade, L9650) and bovine serum albumin (BSA, =
99%) were purchased from Sigma-Aldrich (St. Louis, MO) and methanesulfonic acid (MSA,
98+%) was purchased from Alfa Aesar (Haverhill, MA). Sodium chloride (USP-grade) and
potassium hydroxide (USP-grade) were obtained from BDH through VWR International
(Radnor, PA) and calcium hydroxide (98%, extra pure), D,L-lactic acid (85%), and glycerol
(Reagent ACS, 99.6%) were obtained from Acros Organics through Thermo Fisher
Scientific (Waltham, MA). D-Glucose, monohydrate (biotechnology grade) was obtained
from Amresco (Solon, OH) and acetic acid (Certified ACS), urea (reagent grade), and
phosphate-buffered saline (PBS, 10x solution, DNase-, RNase-, and protease-free) were
purchased from Thermo Fisher Scientific. High purity water (HPW, > 18 MQ2-cm) was
obtained from a Milli-Q UF Plus ultrapure water system (EMB Millipore, Billerica, MA).
Vaginal fluid simulant (VFS) was prepared according to the recipe by Owen and Katz [36].

2.2. Optimized IC Method for Li* Analysis

The analytical procedure was based on published methods [37, 38]. The ion chromatography
(IC) system consisted of a Model G1329A autosampler (Agilent Technologies, Santa Clara,
CA) using an injection volume of 10 uL, a Model AS50 chromatography compartment
(Dionex, Sunnyvale, CA), a Model GP50 gradient pump (Dionex) operating at a flow rate of
1.0 mL min~1, a Model ED40 electrochemical detector (Dionex) in conductivity mode with
the conductivity cell contained in a DS30 temperature stabilization compartment. The
Dionex IC components and data acquisition was controlled by Chromeleon software version
6.80 (Dionex). The autosampler was controlled by Chemstation software version B.01.03
(Agilent Technologies) that was synchronized with the Dionex components through external
relay contacts on the GP50. Separation of lithium ions (Li*) was achieved using a Dionex
lonPac CS12A, 4 x 250 mm column and lonPac CG12A 4 x 50 mm guard column
maintained at 30°C, under isocratic elution conditions with 10 mM MSA as the mobile
phase. lons were detected by conductivity using cation suppression with a Dionex CSRS
300 self-regenerating suppressor operated at 50 mA. Runs were started after 1 h of
equilibration at 1 mL min~! flow, the run time was 12.5 min, and the Li* peak had a
retention time of 5.4 min. The column was regenerated as needed to achieve good Li* peak
shapes by ramping the eluant at 1 mL min~1 from 10 mM to 100 mM MSA over 8 min,
holding at 200 mM for 20 min, and ramping from 100 mM to 10 mM over 8 min. The
column was then equilibrated for 23 min with 10 mM MSA prior to injecting the next set of
samples.

Measurement stability was evaluated by carrying out sixty consecutive measurements of a
PBS sample containing either 1 mM or 10 mM LiCl without column regeneration.
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2.3. Optimization of Parameters for Determination of CVL Li* Dilution in by CVF

The coefficients of variation (CV) of consecutive Li* measurements as a function of the
number of replicates (N = 3-12) per sample at 1 mM and 10 mM LiCl in CVL fluid was
determined. Three concentrations of VVFS in the CVL were used: 5 uL mL™1; 50 uL mL1;
and 250 L. mL~1. The samples (0.1 mL) were diluted with HPW (1 mL) prior to analysis
using high quality, locked, mechanical pipettors.

The measurement variation introduced by the above dilution step was investigated by
comparing six successive analyses of a single CVL sample, diluted with HPW (0.1 mL with
1 mL) with single analyses of six samples prepared from the same CVL stock, but diluted
independently with HPW (0.1 mL CVL diluted with 1.0 mL HPW); i.e., six separate
dilutions, one for each measurement.

2.4. Calculation of CVF Volume Collected in the CVL

The calculation of CVF volume collected in the CVL is based on the method by Belec et al.
[35], with some important differences. Rather than using a Li* concentration measurement
derived from the instrument signal and a suitable calibration curve, Li* peak area is used
directly in equation 1.

(A1 — Ay)

fo= e 1000 (1)
where f, (UL mL™1) is the volume of CVF (uL) collected per mL of lavage fluid, A; is the
Li* peak area in the naive CVL fluid, and A, is the Li* peak area in the collected CVL

sample.

In the optimized method, each f, measurement is made up of four replicate sets of paired As-
A, analyses (eight analyses total); i.e., two samples —the CVL stock solution prepared for the
study (naive reference) and the CVL collected in the study (diluted sample)— are measured
sequentially four times.

2.5. Measurement Accuracy

Eight synthetic standards spanning the f, = 5-404 L. mL~1 range were prepared using PBS
and VFS and analyzed as described above. A plot of the measured simulated CVF volume
(Vmeas) versus actual simulated CVF volume (V) collected in 1 mL of CVL fluid was used
to analyze the linearity of the response and the deviation from ideality. Measurement
accuracy at f, = 5.0 and 24.1 uL mL~1 was determined with and without calibration of the
calculated f, values (eg. 1) using the slope and intercept from a plot of Vyeas VErsus Vg,
with the corresponding samples (i.e., either 5.0 or 24.1 pL mL~1) omitted.

2.6. Analysis of CVL Samples Collected in Vivo

Real-world, Li-containing CVL samples were collected in vivo for IC analysis. The sheep
sample (1 mM Li*, 10 mL) was collected at Colorado State University (Fort Collins, CO)
according to NIH guidelines in facilities accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC) using established procedures [27, 29,
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31]. The protocols were approved by Institutional Animal Care and Use Committees at
Colorado State University (Animal Welfare Assurance Number: A3572-01). Details on the
pig-tailed macaque pharmacokinetic study that included the collection of Li-containing CVL
samples (1 mM, 5 mL) have been presented elsewhere [32]. The human CVL sample (10
mM, 2.5 mL) was collected under approval by the Institutional Review Board of the
University of Texas Medical Branch at Galveston (IRB 14-0479).

2.7. Statistical Analyses

3. Results

Data were analyzed using GraphPad Prism (version 6.05; GraphPad Software, Inc., La Jolla,
CA). Comparisons between groups were carried out using an unpaired Student t-test with
statistical significance defined as a two-tailed P value of < 0.05.

The optimized IC method for Li* determination in PBS requires precise sample dilution -0.1
mL CVL diluted with 1 mL of HPW was used here- to avoid sodium (from the PBS)
buildup on the column that degrades the Li* peak shape and quantitation accuracy.
Controlling the column temperature at 30°C to improve chromatographic reproducibility and
replacing the autosampler that formed part of the original IC system (Model AS50, Dionex)
with a Model G1329A unit (Agilent Technologies) to increase injection volume accuracy
and precision significantly improved the method reliability.

The stability of sixty, sequential, replicate measurements is illustrated by Figure 1 using
PBS containing LiCl (Fig. 1A, 1 mM; Fig. 1B, 10 mM) diluted 0.1 mL into 1 mL of HPW.
No column washes or regeneration cycles were carried out between sample injections. The
CV for the six consecutive deciles were 0.08-0.16% (1 mM Li*) and 0.10-0.31% (10 mM
Li*), while the CV for the complete sets of sixty measurements were 0.15% (1 mM Li*) and
0.31% (10 mM Li*).

The high level of precision —defined as the “closeness of agreement between indications or
measured quantity values obtained by replicate measurements on the same or similar objects
under specified conditions” [39], and characterized by a low CV- observed in Figure 1 by
repeated injections of the same sample led to the next phase of method development aimed
at determining the minimum number of measurement replicates needed to maintain a low
CV. Figure 2 shows the CV of repeated measurements (simulated f,, = 5, 50, and 250 pL
mL™1) as a function of the number of replicates (N = 3-12). Using six or more replicate
measurements did not increase the analytical precision. The results show that a high
precision (CV < 0.3%) is obtained routinely using four replicate measurements of the
sample, with CVs in the 0.1-0.2% range observed in four out of six experiments. While it
appears feasible to obtain acceptable precision with three repeated measurements of the
same sample, four replicates represent the most useful compromise between precision and
practicality.

Dilution of the CVL samples is required to lower the sodium content of the fluid, as
discussed above, enabling at least sixty successive samples to be analyzed without
regenerating the column. While high quality, locked, mechanical pipettors were used to
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obtain the dilutions, it was important to quantify the variability introduced by this procedure.
Figure 3 compares measurements from three paired experiments. All six measurements in
group A were performed on the same diluted sample while all six samples in group B were
prepared by separate dilutions. A Student t test showed that there was no statistically
significant difference between groups A and B in these tests (Fig. 3A, 1 mM Li*, P =
0.050-0.617; Fig. 3B, 10 mM Li*, P =0.299-0.832), while the variability in the
measurements consistently was greater in group B. The reduction in measurement precision
introduced by the dilution step needs to be taken into account when defining quality control
parameters, as discussed below.

The accuracy of the measurements was determined by preparing a set of samples simulating
f, values in the 5-400 pL mL~1 range, representative of the range of CVF volumes expected
to be collected in vivo [2, 35]. Accuracy is defined as the “closeness of agreement between a
measured quantity value and a true quantity value of a measurand” [39], where the
measurand is the true value that would be obtained with a perfect measurement. Figure 4
shows excellent agreement between actual and measured simulated CVVF volumes, with less
than 4% and 3% deviation from ideality for ImM and 10 mM Li*, respectively.
Measurement accuracy was determined for samples of simulated CVF in 1 mL CVL using
the calibration data from Fig. 4. For 1 mM Li*, measurement accuracy of 2.2% was obtained
for f, = 24.1 uL. mL™1 CVF in CVL, and for 10 mM Li*, measurement accuracies of 3.1%
and 1.4% were obtained for f, = 5.0 and 24.1 pL mL~1 samples, respectively. For the
accuracy determinations, data corresponding to 5.0 uL or 24.1 pL of simulated CVF were
omitted from the linear fit. Calibration of the calculated f, values was not required at 10 mM
Li*. Measurement accuracies of 6.7 and 4.3% were obtained for f, = 5.0 and 24.1 yL mL™2,
respectively, without calibration.

Figure 5 overlays chromatograms from simulated and in vivo CVL samples containing
different Li* levels. These results confirm the interference-free measurement of Li* in real-
world samples and illustrate the excellent Li* peak shape.

4. Discussion

The measurement of CVF volume collected during a CVL represents a unique analytical
challenge. There are no known naive components of CVF that could act as internal markers
of dilution, so a suitable additive needs to be included with the CVL fluid. The CVL volume
used in human studies generally falls within the 2.5-10 mL range. The CVF volume
collected in a CVL can vary over more than one order of magnitude across individuals with
median values in the 0.3-0.5 mL range depending on the study and the phase of menstrual
cycle [2, 35]. On average, the dilution of the CVL fluid component (2.5-10 mL) by the
collected CVF (0.4 mL) therefore will be in the 4-14% range, depending on the CVL
volume. The measurement of CVF volume based on dilution of a marker analyte in the CVL
therefore will involve accurate analysis of small changes on a relatively large signal; the
largest signal will be obtained in the naive, undiluted lavage fluid.

The measurement precision and accuracy of the assay will dictate the lowest achievable f,
value. For example, Belec et al. reported a measurement precision of 8.5% for 10 mM Li*
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over 15 replicates and a CV of 2.5% for the Li* measurement, although it is not clear
whether this referred to the accuracy at full-scale (3 meq L™1) or at the measured Li*
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concentration [35]. This modest precision and accuracy will be limiting at low f,, values.
Here, a measurement accuracy of 5%, or better, was achieved at f, = 5.0 uyL mL™1 (10 mM
Li*), sufficient to satisfy the analytical needs of most common applications. The accuracy of
the method is achieved based on high measurement precision (CV < 0.3%), the analytical
strategy based on the mean of four peak area measurement pairs per sample, and the
linearity of the instrument response.

The measurement precision and accuracy requirements of CVF volume determination in a
CVL have led to the development of a set of practical recommendations:

When planning the study, use 10 mM Li* in the lavage fluid and minimize the CVL
volume for sampling. For human and sheep studies a CVL volume of 2.5 mL is
recommended and a volume of 1 mL is recommended for nonhuman primate
studies. Higher lavage volumes would reduce the lowest CVF volume quantifiable
based on a 5.0 uL mL™1 (10 mM Li*) limit,

Always store a refrigerated, representative stock of naive CVL fluid from each
batch used in animal or human studies and use this stock as the reference sample in
the corresponding analyses,

CVL reference (A4, see 2.4.) and in vivo CVL sample (Ay) are analyzed
sequentially as an Aq-Ay pair, with four Aq-A; replicate measurements per sample

(Fig. 2),

The peak area CV for each set of four replicate measurements is calculated and
CVs greater than 0.5% are an indicator of suboptimal precision and may need to be
reanalyzed,

Peak area, not the Li* concentration, are used in eg. 1 to calculate f,, there-by
avoiding errors introduced by calibration of the instrument response. This approach
is possible because the strict requirement of linearity in instrument response to Li*
concentration is met over the target analytical range (Fig. 4),

A calibration curve may not be required to remove measurement biases, but is
recommended as a quality control.

An IC method for the interference-free, accurate, and precise analysis of Li* in PBS has
been developed to measure CVF dilution during a CVL. The simplicity of the method and
the broad applicability of the analytical technique is expected to enable wide-scale adoption
by researchers measuring the concentration of vaginal analytes in CVL samples. Accurate
compensation for dilution of the CVF collected in the CVL will significantly improve the
rigor of associated analyses in diverse fields, including: pharmacokinetic,
pharmacodynamic, metabolomic, and microbiome studies.
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Highlights

e Uncertainty in collected vaginal fluid volume is key drawback of lavage
technique

» Validated IC method for accurate and precise measurement lithium, marker of
dilution

»  Chromatograms of samples collected in vivo underscore method utility
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Lithium ion peak areas measured in sixty sequential injections of PBS spiked with (A) 1

mM LiCl and (B) 10 mM LiCl after dilution with HPW (0.1 mL with 1.0 mL).
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Fig. 2.
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Lithium ion measurement precision (CV) as a function of the number of replicates per
sample at (A) 1 mM LiCl and (B) 10 mM LiCl in the CVL fluid. Pale grey bars, f, =5 uL
mL~1 VFS; dark grey bars, f, = 50 uL mL~1 VFS; black bars, f, = 250 uL mL™1 VFS.
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Fig. 3.
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Scatter plots of three paired sets of Li* measurements in CVL fluid containing (A) 1 mM
and (B) 10 mM LiCl, with the horizontal line representing the median. Measurements Al-
A3 were obtained by measuring six successive times a single CVL sample, diluted with
HPW (0.1 mL with 1.0 mL), while measurements B1-B3 were obtained by measuring six
samples prepared from the same CVL stock, but diluted independently with HPW (0.1 mL
with 1.0 mL); i.e., six separate dilutions, one for each measurement.
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Fig. 4.
Plot of measured simulated CVF volume (Vieas) Versus actual simulated CVF volume (Vaq)

collected in 1 mL of CVL fluid. Four individual replicates are shown for each measurement

and the broken line represents a linear fit to all data. (A) 1 mM Li*, slope = 0.9610 + 0.0063,
y-intercept = 8.909 + 1.117 uL, R2 = 0.9987; and (B) 10 mM Li*, slope = 0.9706 + 0.00372,
y-intercept = 0.4794 + 0.6568 pL, R2 = 0.9996.
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Fig. 5.

lon chromatograms of CVL (PBS containing LiCl) samples: (A) synthetic, f, = 100 L mL™1
VFS, 1 mM Li*; (B) synthetic, f, = 100 uL mL™1 VFS, 10 mM Li*; (C) sheep, f, = 141 pL
mL~1, 1 mM Li*; (D) pig-tailed macaque, f, = 40 uL mL™1, 1 mM Li*; and (E) human
subject, f, = 107 uL mL~1, 10 mM Li*. All CVL samples were diluted 0.1 mL into 1 mL of
HPW. The large peak at 7.2 min corresponds to Na* and the peak at 11.1 min to K*. The

peak at 8.3 min likely corresponds to NH *,.
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