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a b s t r a c t

Background: Many drugs for treatment of allergies, migraine headaches, inflammation, and other indica-
tions are administered into the nasal cavity providing access to the immune and central nervous systems.
One of the concerns for using this route of administration is potential damage to the nasal epithelium
and mucosal regions. We assembled a panel of clinical biomarkers that can be used to monitor changes
in the nasal epithelium, mucosa, and olfactory regions in preparation for clinical trials involving drugs
administered via intranasal route. These biomarkers included albumin, elastase, IL-6, IL-8, lactoferrin,
myeloperoxidase and nerve growth factor.
Methods: Immunoassays were developed and used to measure changes in these biomarkers in nasal
lavage samples collected twice daily from 30 assumed-healthy volunteers over a 2-day period. Various
statistical methods including analysis of variance (ANOVA), paired t-test and Pearson’s product–moment
correlation were used to evaluate the data.
Results: Although the basal levels of these biomarkers were varied among subjects, the data show that

the concentrations of albumin, elastase and IL-8 were significantly higher in samples collected in the
morning compared to samples collected later during the day. Pre-washing nasal cavity prior to collecting
nasal lavage samples did alter the measurement of elastase and albumin, but did not influence the levels
of the other biomarkers.
Conclusions: These data show that this panel of biomarkers can be used to monitor changes in the nasal
cavity including those affected by diurnal fluctuations. These results also provide useful baseline values

for e
and sources of variability

. Introduction

Delivery of drug molecules targeted to the central nervous sys-
em (CNS) is challenging mainly because of the impenetrable nature
f the blood–brain barrier (BBB) that protects the CNS. There are
everal routes in which molecules can gain entry into the CNS such
s direct diffusion across the BBB for small (<600 kDa) lipid solu-
le molecules, polycationic interactions between the molecule and
he negatively charged BBB endothelium, and transcellular routes
cross the nasal epithelium [1]. Transcellular routes include recep-

or mediated endocytosis, pinocytosis, traversal across the tight
unctions between the sustentacular cells and olfactory neurons,
nd direct entry into olfactory neurons followed by axonal transport
o olfactory bulbs [1,2]. Thus, the main advantages of administering
he delivery of CNS targeted drugs through the nasal epithelium
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E-mail address: yan.j.zhang@bms.com (Y.J. Zhang).
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ach biomarker that could be used to help design clinical trials.
© 2009 Elsevier B.V. All rights reserved.

include the broad range of CNS access pathways and convenience
of intranasal delivery.

While delivery of drugs to the CNS via intranasal route is advan-
tageous, there is still a concern for potential side effects on the
epithelium, mucosa, and olfactory regions. One approach is to use
clinical biomarkers to help monitor the condition of the nasal cav-
ity. Several studies have been published where clinical biomarkers
were used to monitor changes in the nasal epithelium and mucosa
[3–7]. These studies include allergic reactions, respiratory tract dis-
eases, respiratory disorders, infections, and exposure to pollutants.
Different sets of biomarkers allow the condition of the nasal cavity
to be monitored. Changes in albumin [4,8], urea [5,9], and histamine
[10,11] have been used to monitor changes in vascular permeability.
Elastase has been used to assess neutrophil activation [12], lactofer-
rin for changes in glandular secretion [13,14], and neuronal growth

factor (NGF) for mast cell presence and neurochemical changes
[15,16]. Many other biomarkers that have been used include sub-
stance P [17], MMP-9 [18], eotaxin [19], tryptase [20], eosinophil
cationic protein [20], and a variety of cytokines including IL-6 and
IL-8 [21].

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:yan.j.zhang@bms.com
dx.doi.org/10.1016/j.jpba.2009.06.043
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One of the challenges for monitoring the condition of the nasal
avity is in obtaining a clinical sample to perform the analysis.
ome studies have collected nasal secretions using filter paper or
ther similar devices [4,7,22,23], whereas others have collected
asal lavages obtained through the use of physiological appro-
riate solutions [13,22–27]. The inconsistent collection of clinical
amples between these studies has contributed to variability in
iomarker levels. Another factor that influences biomarker levels is
iurnal fluctuations which are known to occur in the nasal mucosa
28]. Biomarkers, such as albumin and secretory IgA (sIgA) [29,30],
ere shown to rise and fall at different times of the day. Thus it

s important to consider the timing of sample collection in regards
o this cycle. Numerous studies have measured biomarkers from
single time point at approximately the same time of the day in
hich diurnal fluctuation was not a factor [5,25]. Other studies
easured biomarkers without accounting for diurnal fluctuations

3,4,7,27,31–34], which could influence the interpretation of the
esults.

In this study, we assessed a panel of biomarkers that could be
sed to monitor the condition of the nasal cavity for early clinical
tudies. The panel of biomarkers should be able to detect changes
n the nasal epithelium, mucosa, and olfactory regions. We also

anted to assess if these biomarkers are influenced by diurnal
hanges in the nasal cycle, as samples at multiple clinical time
oints would likely be collected in future studies. Thus, a small
ilot study was conducted using healthy subjects in which nasal

avage samples were taken twice a day over a 2-day time period.
mmunoassays were developed to measure these biomarkers in the
ollected nasal lavage samples. We found that some of the biomark-
rs were in fact influenced by diurnal cycles while others were not.
he data described in this study demonstrates that the selected
iomarkers are easily measured and are useful to monitor changes

n the nasal cavity.

. Materials and methods

.1. Study population and clinical design

Thirty assumed-healthy subjects aged 18–45 were selected for
his study. These subjects had no clinically significant deviation
n medical history, physical examination, anterior nasal examina-
ion, or ECGs. All subjects had a body mass index (BMI) between
he ranges of 18 and 32 kg/m2. All subjects gave their informed
onsents and the study was approved by the local Ethics Commit-
ee.

The nasal lavage procedure was initiated between 8:00 and
0:00 am (categorized as the morning time point). The afternoon
avage time point was initiated 6 h after the morning time point.
he schedule was repeated on the following day using matched
lock times for each subject. All subjects underwent a nasal pre-
ash before each scheduled nasal lavage, with a 10-min delay
etween the pre-wash and the nasal lavage. The samples from the
re-washes were collected and processed in the same procedure as
hat used for nasal lavage.

.2. Nasal lavage fluid collection and processing

Subjects were administered 2.5 mL of Nasaline® solution
Camexco, Inc., Bridgewater, NJ) slowly into each nostril (a total
f 5 mL per subject) for approximately 20–30 s. The subjects were
nstructed to hold their breath without swallowing and then expel
he lavage into a sterile specimen cup by bending their heads for-
ard and gently blowing the nostrils. The contents of the dish were

ransferred into a sterile test tube, shaken vigorously for approxi-
ately 10 s, and stored on ice until processed.
Biomedical Analysis 50 (2009) 823–830

The lavage samples were processed by gentle mixing followed
by centrifugation at 3000 × g for 15 min at 4 ◦C using an Eppendorf
Centrifuge 5804 R (Brinkmann Instruments, Inc., Westbury, NY).
The supernatant was mixed with 1/100 volume of protease inhibitor
cocktail (Sigma, St. Louis, MO), pipetted, and stored at −70 ◦C until
ready for analysis.

Prior to analysis, the thawed lavage samples were mixed with
an equal volume of phosphate buffered saline (PBS). The diluted
samples were filtered using a 96 well filter plate with pore size
of 10 �M (Millipore, Billerica, MA). The supernatants were diluted
to the final appropriate dilution using phosphate buffered saline
containing 0.05% Tween®-20 (PBST) for each assay as shown in
Table 2.

2.3. Biomarker immunoassays

2.3.1. Albumin ELISA
A double-antibody sandwich ELISA was developed to measure

human albumin in lavage samples. 100 �l/well of goat polyclonal
anti-human albumin (Bethyl, Inc., Montgomery, TX) at 10 �g/mL
in PBS was passively coated onto Nunc ImmunoPlate Maxi Sorp
microtiter plates (Nalge Nunc International, Rochester, NY) at room
temperature (RT) for 1 h. The plate was washed three times with
PBST (phosphate buffered saline containing 0.05% (v/v) Tween® 20)
using a Bio-Tek 405 plate washer (Bio-Tek Instruments, Winsooki,
VT) and blocked with 200 �l/well of Pierce Superblock blocking
buffer (Pierce, Rockford, IL) overnight (ON) at 4 ◦C. The plates were
stored at 4 ◦C until ready for use.

The plates were washed five times with PBST prior to use.
50 �l/well of freshly prepared albumin reference standard (Bethyl,
Inc., Montgomery, TX), clinical samples, or quality control samples
diluted in PBST were added to the plates and incubated for 1 h at RT.
The plates were washed five times with PBST and incubated with
100 �l/well of 10 ng/mL HRP-labeled goat polyclonal anti-albumin
(Bethyl, Montgomery, TX) at RT for 1 h. The plates were washed
five times with PBST and incubated with 100 �l/well of TMB per-
oxidase substrate solution (R&D Systems, Minneapolis, MN) at RT
for 30 min. Finally, 50 �l/well of 1 M H2SO4 was added to stop the
reaction and the optical density at 450 nm was measured using
a Molecular Devices Spectromax plate reader (Molecular Devices,
Sunnyvale, CA). The concentration of albumin in the clinical sam-
ples was determined from a 4-parameter logistic standard curve
generated from the albumin reference standards.

2.3.2. Elastase ELISA
The levels of human elastase were determined by a dou-

ble sandwich enzyme-linked immunosorbent assay. Briefly, Nunc
ImmunoPlate Maxi Sorp microtiter plates were incubated with
60 �l/well of 2 �g/mL mouse monoclonal anti-human elastase anti-
bodies (Cell Science, Canton, MA) in PBS at RT overnight. The
plates were washed three times with PBST, blocked 2 h at RT with
200 �l/well of Pierce Superblock blocking buffer, and stored in
blocking buffer at 4 ◦C until ready for use.

The plates were washed five times with PBST and incubated
for 1 h at RT with 50 �l/well of elastase reference standards (Cell
Science, Canton, MA), clinical samples, or quality control samples.
The plates were then washed five times, incubated with 60 �l/well
of 1.5 �g/mL biotinylated mouse monoclonal anti-human elastase
antibodies (Cell Science, Canton, MA) for 1 h at RT, and washed five
times with PBST. Next, the plate was incubated for 20 min at RT
with 60 �l/well of HRP–streptavidin conjugate (R&D Systems, Min-

neapolis, MN) diluted according to the manufacturer’s instruction,
washed five times, and incubated with 60 �l/well of TMB substrate
for 30 min at RT. The reaction was stopped by addition of 50 �l/well
of 1 M H2SO4 stop solution and the optical density at 450 nm was
determined. The concentration of elastase in the clinical samples
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as determined from a 4-parameter logistic standard curve gener-
ted from the elastase reference standards.

.3.3. IL-6, IL-8, lactoferrin, and myeloperoxidase and nerve
rowth factor assays

IL-6 and IL-8 were measured using Quantikine ELISA Kits
rom R&D Systems (Minneapolis, MN). Lactoferrin was measured
sing Oxis Research Bioxytech Lactoferrin EIA assay (Portland, OR).
yeloperoxidase (MPO) was measured using an ELISA kit from

ssay Designs Inc. (Ann Arbor, MI). Nerve growth factor (NGF) was
easured using the Luminex xMAP®-based NGF kit from Millipore

St. Charles, MO).
Each assay was performed according to the manufacturer’s

nstructions. The concentration of IL-6, IL-8, lactoferrin, MPO and
GF in the clinical samples was determined from a 4-parameter

ogistic standard curve generated from the reference standards.
Assay quality control samples were prepared by spiking a pool

f nasal lavage samples with the recombinant protein standards.
t least three quality control samples were used for each assay
ith biomarker concentrations falling in the low, middle, and high

egions of the calibration curves, respectively.

.4. Statistical analysis

The lower limit of quantitation (LLQ) for each assay was cal-
ulated, which is defined as the lowest measurable concentration
f reference standard in which the coefficient of variation (CV)
f the replicates was <30% and the measured value was within
0% of expected concentration (accuracy). We used the JMP 7.0.1
tatistical software package (SAS Institute Inc., Cary, NC) to per-
orm all subsequent statistical analysis on the biomarker data.
he data were log-transformed to reduce skewness. The effects of
re-washing on biomarker levels in the lavage samples were deter-
ined via a paired t-test and the Wilcoxon’s signed rank test. The

ay-to-day correlation of biomarker concentrations was evaluated
ith Pearson’s product–moment correlation. For the analysis of
orning-to-afternoon and day-to-day changes, a three-way analy-

is of variance (ANOVA) model was applied. The factors in the model
ere subject (as a random factor), study day, time point and study
ay by time point interaction. A p-value of <0.05 was considered
tatistically significant for all the analyses unless otherwise stated.

. Results

.1. Technical performances of biomarker assays
We selected a panel of biomarkers which would provide an
ndication of changes that occur in the nasal epithelium, mucosa
nd olfactory regions. The assay characteristics and the biomarker
hysiological significance are listed in Table 1. These assays were

able 1
iomarker assay performance characteristics.

iomarkers Physiological significance LLQa

lbumin Vascular permeability 4.0 ng/mL
lastase Neutrophil activation 2.0 ng/mL

L-6 Pro-inflammatory cytokine 4.8 pg/mL
L-8 Neutrophil chemoattractant 8.0 pg/mL
GF Neurochemical changes 5.0 pg/mL
actoferrin Glandular stimulation 1.5 ng/mL
yeloperoxidase Neutrophil activity 0.1 ng/mL

a Lower limit of quantitation (LLQ) was determined as the lowest standard concentra
ithin 30%.
b Upper limit of quantitation (ULQ) was determined as the highest standard concentra
ithin 30%.
c % Mean inter-run CV was calculated using three quality control samples with value at
Biomedical Analysis 50 (2009) 823–830 825

assessed for their technical range, accuracy and precision before
they were used in this study. Table 1 provides the calculated lower
limit of quantitation (LLQ) and upper limit of quantitation (ULQ) for
each assay as defined by the lowest or highest reference standard
concentration in which the deviation from nominal values and the
coefficient of variation (CV) between replicates were within 30%.
The data in Table 1 show that the albumin, elastase, lactoferrin,
and myeloperoxidase assays all had LLQ values in the single ng/mL
range, and IL-6, IL-8, and NGF assays had low pg/mL ranges. The
measured ULQs for these assays ranged from 0.65 to 1000 ng/mL.
We assessed the reproducibility of these assays using a minimum of
four replicates of each quality control sample on each plate (intra-
assay) and repeating the assay at least three times on different days
(inter-assay). At least three quality control samples with biomarker
concentrations falling in the low, middle and high regions of the
calibration curves were used to control the inter-assay variability.
The results in Table 1 show that each of these assays had good
reproducibility (less than 25% CV). Fig. 1 shows representative 4-
parameter-based curves generated from the reference standards for
each biomarker assay used in this study. Based on the data in Table 1
and Fig. 1, we determined that each of these assays would provide
useful and reliable data to complete the biomarker analysis.

3.2. Measurement of biomarkers in clinical samples

Once the technical performance of these assays was estab-
lished, we wanted to establish baseline levels of each biomarker
in our clinical samples. Nasal lavage fluids collected from assumed
normal healthy volunteers as described in Section 2, were ana-
lyzed for each biomarker. Each of the lavage samples was analyzed
at a range of sample dilutions to ensure that the analytes were
within the technical range of the assays. We determined that sam-
ples should be diluted 1/2 or 1/4 for elastase, IL-6, IL-8, NGF
and MPO, while the analysis of albumin and lactoferrin required
at least a 1/100 dilution. Fig. 2 shows the measured concentra-
tions of each biomarker. Box–whisker diagrams generated with
JMP 7.0.1 were used to graphically summarize the distribution of
the results and identify concentration range for each biomarker
tested. More than 98% of the samples contained measurable con-
centrations of the albumin, elastase, lactoferrin and MPO. The
concentration ranges of albumin and lactoferrin were 1–50 �g/mL
(albumin) and 0.5–50 �g/mL (lactoferrin). The measured concen-
tration ranges of the other biomarkers were 10–150 ng/mL for
elastase, 0.2–200 ng/mL for MPO, and 60–1000 pg/mL for IL-8. How-
ever, IL-6 could only be quantified in 19% of the samples, since most

fell below the lower limit of quantitation for the assay (4.8 pg/mL).
We also found that only 28% of samples had quantifiable levels of
NGF (above LLQ of 5 pg/mL). These findings are similar to published
studies showing low levels of IL-6 and NGF in nasal lavage from
healthy volunteers [6,25]. The mean concentration of IL-6 in healthy

ULQb % Mean inter-run CVc Sample dilution

1000 ng/mL 9.7 1/125
225 ng/mL 8.7 1/4

3000 pg/mL 22.6 1/2
1000 pg/mL 12.7 1/2

650 pg/mL 24.2 1/2
100 ng/mL 15.3 1/100–1/6000

25 ng/mL 22.8 1/4

tions where the deviation from nominal values and the replicate imprecision are

tions where the deviation from nominal values and the replicate imprecision are

low, middle, or high regions of the calibration curve for each biomarker.
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ig. 1. Biomarker standard curves. Standard curves for each assay determined from
nit (RLU) of each standard concentration plotted against the nominal concentratio
Chicago, IL). Duplicated measurements are shown for each standard concentration

olunteers was approximately 5 pg/mL as reported by Bachert et al.
25], and a range of 3–40 pg/mL of NGF concentrations was reported
n the study by Millqvist et al. [6]. However, increases in IL-6 or NGF
oncentrations are often associated with disease or drug-induced
lteration in the nasal epithelium, mucosa, and olfactory regions,
hus these assays could still prove useful in analysis of these type
amples. Based on the small percentage of measurable IL-6 and
GF in these healthy lavage samples, we did not perform further

tatistical analysis on these data.

.3. Influence of pre-washing on biomarker measurement in
asal lavage

A pre-wash of the nasal cavity was included in this study to help

stablish a consistent starting point for the lavage samples and to
mprove the reproducibility of the sample collections. A number
f previous studies utilized a pre-wash step [35,36], whereas oth-
rs did not [3,5,28,33]. Based on these published findings, it is not
lear if the inclusion of a pre-wash step influenced the measure-
easured optical density (O.D.), median fluorescent intensity (MFI), or relative light
each biomarker and fitted with a 4-parameter model using SigmaPlot 8.0 software

ment of the biomarker levels. Thus, we analyzed the differences
between pre-wash and lavage samples collected at each sampling
time point to assess the effect of a pre-wash on the biomarker lev-
els in the nasal lavage. The samples from the pre-washes were
collected and processed in the same procedure as that used for
nasal lavage to ensure consistency in the study. We implemented
a 10-min delay between the pre-wash and collection of the nasal
lavage. The data had a non-normal distribution, thus we utilized
both parametric (paired t-test) and nonparametric (Wilcoxon sign-
rank test) tests for the analysis. We also log-transformed the data
to reduce skewness. The pre-wash and lavage samples from the
same subject at each time point were treated as a matched pair
in the analysis to evaluate the difference. Table 2 shows the mean
difference of the pre-wash lavage samples and the corresponding

lavage samples for each biomarker and its associated p-values of
the paired t- and Wilcoxon sign-rank tests. The p-values shown in
Table 2 demonstrate a significant difference in the levels of elastase
between the pre-wash sample and the corresponding lavage sam-
ple taken 10 min later (by either test). However, the results show
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Fig. 2. Measured biomarker concentrations in clinical nasal lavage fluids. The mea-
sured biomarker concentrations (ng/mL) from all samples tested for each biomarker
were displayed. The results which are below lower limit of quantitation (LLQ) (identi-
fied by arrows) are represented by the LLQ of the assay. The box and whisker diagrams
summarize the distribution of data for each biomarker. The ends of the box are the
25th and 75th quartiles. The line across the middle of the box identifies the median
concentration. The differences between 25th and 75th quartiles are interquartile
range (IQR). The whisker lines extend to the outer-most data that falls within 1.5×
IQR lower than the 25th quartile or 1.5× IQR higher than the 75th quartile. The two
lines across the ends of whisker lines identify the concentration ranges.

Table 2
Matched pairs analysis to evaluate difference between pre-wash and lavage after
the pre-washing.

Biomarker Paired t test Wilcoxon sign-rank test

Mean difference a (lower 95%,
upper 95%)

p-Value p-Value

Albumin −0.051 (−0.109, 0.007) 0.082 0.123
Elastase −0.040 (−0.077, −0.004) 0.032 0.047
IL-8 0.041 (−0.032, 0.113) 0.272 0.113
Lactoferrin 0.002 (−0.076, 0.079) 0.958 0.535
MPO −0.050 (−0.140, 0.041) 0.280 0.065

a The biomarker concentrations (ng/mL) were log-transformed prior to the anal-
ysis. The difference here is the difference between log-transformed concentrations
for each time point.

Fig. 3. Morning-to-afternoon and day-to-day variations. The graphs show the difference
time points for each subject (A) and in the day 1 vs. day 2 for the matched clock time p
log-transformed. The results were plotted using JMP 7.0.1 software. The horizontal line in
The vertical span of each diamond represents the 95% confidence interval (CL).
Biomedical Analysis 50 (2009) 823–830 827

that there were no significant differences between the pre-wash
and lavage samples for albumin, IL-8, lactoferrin and MPO mea-
surements. These findings show that pre-washing may reduce the
levels of elastase but not the other biomarkers in the corresponding
lavage sample taken 10 min later.

3.4. Influence of pre-washing on measurement consistency

We next evaluated if adding a pre-wash step improved the
consistency of the biomarker measurement on consecutive days.
Therefore, if pre-washing improved the consistency, the levels of
each biomarker should have a higher correlation between the
same clock times on two consecutive days. We used Pearson’s
product–moment correlation analysis tool to assess the correla-
tion. The analysis showed that there was a significant correlation of
albumin measurements on consecutive days in both the morning
(r = 0.641, p = 0.0002) and the afternoon (r = 0.721, p < 0.0001) lavage
samples when there was a pre-wash step performed. We performed
the same analysis on the pre-wash lavage samples, which repre-
sented samples that did not have a pre-wash step. Interestingly,
there was no significant day-to-day correlation of albumin mea-
surements in the morning samples (r = 0.053, p = 0.788). However,
there was a significant, but relatively low level of correlation with
the afternoon samples (r = 0.429, p = 0.023). This suggests that pre-
washing the nasal cavity can improve the consistency of albumin
measurements on consecutive days. We also looked for a similar
finding with the other biomarkers, but found no significant corre-
lation with any of the other biomarkers.

3.5. Morning-to-afternoon changes

Previous studies showed that the levels of albumin, fibrinogen
and secretory IgA changed at different times during a 24-h period, in
accordance with a diurnal cycle [29,30,37]. It was important for us to
investigate if our panel of biomarkers was influenced by this cycle,
since future clinical studies would involve more than one time point
throughout the day. We compared the measured concentration of
each biomarker collected in the morning versus an afternoon time
point 6 h later. The time interval for nasal lavage samples in the

study has been selected to coincide with the 6-h post-dose time
point in the future drug study. The 6-h time point post-dose in the
drug study is expected to capture the acute drug-related effect.

The design of the planned clinical study incorporated a pre-wash
step 10 min prior to the collection of the lavage samples. We mea-

between the measured levels of each biomarker in the morning vs. the afternoon
oints for each subject (B). The measured biomarker concentrations (ng/mL) were
the center of means diamond shows the mean of the difference for each biomarker.
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Table 3
Analysis of variance to evaluate difference between afternoon and morning samples.

Biomarkers Least squares mean ± std error

Morning Afternoon p-Value
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lbumin (�g/mL) 14.7 ± 0.2 8.0 ± 0.2 0.0001
lastase (ng/mL) 81.8 ± 0.1 62.1 ± 0.1 0.0001

L-8 (pg/mL) 388.0 ± 0.1 268.3 ± 0.1 0.0046

ured the level of each biomarker in the morning and afternoon
avage samples as described in Section 2. We also log-transformed
hese data to reduce the observed skewness. Fig. 3A shows the
ifference between the morning and afternoon biomarker levels

rom each subject on the same day. Consistent with the finding
n previous studies [29,30], the levels of albumin were lower in
he afternoon in comparison to the morning. Interestingly, the data
how a similar pattern for elastase and IL-8. We performed fur-
her analysis using an analysis of variance (ANOVA) model with
actors as subject (as a random factor), study day, time point and
tudy day by time point interaction. Table 3 shows the least squares
ean concentrations of these three biomarkers at the morning and

fternoon sampling time points and the associated p-values of the
nalysis. The results confirmed that all the three biomarkers were
t significantly lower concentration in the afternoon in compar-
son to the morning time point (p < 0.05). Using either statistical

odel, we found no significant changes in concentrations between
he morning and afternoon time points for the other biomarkers.
hese findings suggest that the levels of albumin, elastase, and IL-8
hanged at different time points within a day, implying that these
iomarkers are influenced by diurnal cycles.

.5.1. Day-to-day changes
We compared the measured concentrations of these biomarkers

t matched clock times on different days. Fig. 3B shows the differ-
nce between matched clock times on consecutive days for each
ubject. The analysis showed that there were no significant mean
ifferences from zero between the two consecutive days at the 95%
onfidence level. The same ANOVA used in assessing morning-to-
fternoon effects above was also applied to analyze the day-to-day
hanges. The p-values from the ANOVA for the effect of study day
ere >0.05 for all the biomarkers analyzed. Based on these findings,
e report no significant differences with any of the biomarkers as
easured at the same time on consecutive days.

. Discussion

In this study, we assessed a panel of clinical biomarkers in
ssumed-healthy volunteers that could be used to monitor changes
n the nasal epithelium, mucosa, and olfactory nerve regions. Effects
f assay performance, pre-washing the nasal cavity, and sample col-

ection timing on biomarker baseline values were investigated. We
ound that the biomarker assays for albumin, elastase, IL-8, lactofer-
in, and myeloperoxidase provided sufficient sensitivity, precision
nd technical ranges for use in clinical samples. However, the assays
sed to measure IL-6 and NGF were found only to be suitable for
nalysis of clinical samples for significant increases. We found that
he levels of albumin, elastase, and IL-8 had concentrations that
aried between morning and afternoon within the same day. The
ata also demonstrate that pre-washing the nasal cavity prior to
ollecting nasal lavage caused a significant decrease in elastase lev-
ls and improved the consistency of albumin measurements on

onsecutive days.

Among the seven biomarkers included in this panel, albumin
nd lactoferrin were the most abundant (1–50 �g/mL), followed
y elastase (10–150 ng/mL) and MPO (0.2–200 ng/mL). IL-8 con-
entrations ranged from 60 to 1000 pg/mL, whereas, IL-6 and NGF
Biomedical Analysis 50 (2009) 823–830

concentrations were less than 30 pg/mL in most samples. The
biomarker concentrations reported in this study are comparable
with the results previously published in numerous studies using
immunoassays [5,6,13,24,29,34,35,38].

Interestingly, the levels of some biomarkers fluctuate through-
out the day as we found for albumin, IL-8, and elastase. Evidence
of circadian modifications in concentrations of biomarkers such as
slgA, albumin and fibrinogen in nasal lavage has been reported pre-
viously [28,29,37,39]. Passali and Bellussi [30] reported that there is
a circadian pattern in the production of secretory immunoglobins,
with concentrations which reach maximal values at 4:00 am. Greiff
et al. [29] showed that the levels of albumin and fibrinogen obtained
at morning time (4:00 am) were significantly greater than the levels
at the afternoon time (16:00). The albumin levels at 8:00 and 12:00
were also higher than that at 16:00, although the difference was not
statistically significant. Our results on changes in albumin levels in
nasal lavage between morning and afternoon (Fig. 3A) were con-
sistent with the previous finding of the diurnal effects. In addition,
we demonstrated similar morning-to-afternoon changes in elas-
tase and IL-8 concentrations in nasal lavage. The diurnal differences
in nasal lavage proteins could be related to many factors such as
nasal cycle, variation of local production or plasma biomarker lev-
els, and nasal clearance regulated by mucociliary transport. Passali
et al. [28] reported that the patency degree of nasal fossa changes
at interval of 30 min to 4 h. It was suggested that the periodic
congestion and decongestion of the nasal venous sinuses asso-
ciated with the nasal cycle may contribute to plasma exudation
and nasal fluid formation [40]. Greiff et al. hypothesized that the
recumbent position during night may lead to affect nasal cycle and
increased airway microvascular pooling of blood, and thus, results
in increased plasma exudes in the morning hours [29]. Passali et al.
[28] reported that sIgA concentration in nasal lavage was related
to mucociliary transport, indicating the role of nasal clearance on
sIgA concentrations. In our study, with a pre-wash step prior to the
lavage sample collection, the nasal clearance effect was minimized.
The morning-to-afternoon changes on albumin, elastase and IL-8
concentrations were mainly contributed by the rate of plasma exu-
dation or local production. At the current state of knowledge, the
detailed mechanisms of the within day changes is still speculative.
It is interesting that we did not observe any significant changes
in lactoferrin and MPO concentrations between the morning and
afternoon sampling. As these biomarkers in this panel were pro-
duced from different cells, it is not surprising that the mechanisms
regulating their secretion are different. Unlike albumin, elastase and
IL-8 which were at least partially from plasma extrudes or nasal
epithelia, lactoferrin was secreted by glandular cells that cover the
surface of mucosa [14]. Thus, the nasal cycles that affect plasma
extrudation may not affect lactoferrin secretion. Another possibil-
ity of no significant morning to afternoon effect is that the sample
size in this study may not be sufficient to determine any significant
morning-to-afternoon changes on lactoferrin and MPO.

Different factors such as humidity, temperature, sneezing, or
length of time between samplings can influence clearance of
mucosal surface materials and thus affect nasal biomarker levels
[28,41,42]. A pre-wash step was expected to reduce any pre-
existing secretions, extraneous matter and accumulated debris.
Consequently, the results in lavage samples after the pre-wash
were expected to reflect mostly the newly secreted biomarker lev-
els. Therefore, the variations caused by any uncontrollable effects
on nasal clearance should be minimized. A number of previous
studies utilized a pre-wash step [35,36], whereas others did not

[3,5,28,33]. It was not clear whether pre-wash steps had any effects
on the nasal biomarker measurements. In this study, we compared
biomarker concentrations from pre-wash and lavage samples after
pre-washing. Our results showed that the difference in the mea-
sured biomarker concentrations between the pre-wash and lavage
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amples was significant for elastase (Table 2). Furthermore, the pre-
ash increased the correlation of albumin measurements between

he matched clock times on two consecutive days. The decrease
n the biomarker level after the pre-wash likely resulted from
emoval of the biomarker in the pre-existing secretion. The increase
n day-to-day correlation indicated that the pre-wash increased
eproducibility in measurement of albumin, presumably by reduc-
ng the variability related to nasal clearance. The extent of the effect
f a pre-wash is biomarker dependent as each biomarker has its
wn rate and mechanism of secretion and clearance. In this study,
e did not observe any significant effect of a pre-wash on IL-8,

actoferrin or MPO levels in nasal lavage. Interestingly, a previous
tudy showed that some biomarker concentrations including lacto-
errin and IL-8 dropped to ∼60% in nasal fluid 30 min after the
nitial sampling [13]. The difference between studies remains to
e understood. Many factors including different sampling proce-
ures and subject populations could have affected study outcomes.

t is also possible that this study may not have enough statisti-
al power to detect any significant effect of a pre-wash on IL-8,
actoferrin or MPO levels due to large inter-subject variability. How-
ver, the results of the significant effects of a pre-wash on albumin
nd elastase measurement indicate that a pre-wash can influence
iomarker levels in nasal lavage. A pre-wash is a useful step to
emove the pre-existing secretion and accumulated debris which
re potential sources of variability influenced by uncontrollable
asal clearance.

In addition to the factors of diurnal cycles and nasal clearance,
ampling methods could also contribute to the data variability.
nlike the collection of serum or plasma samples, the nasal secre-

ion sampling methods have not been standardized. A number of
echniques including spontaneous secretion (nose blowing, suc-
ion, microsuction), absorption with filtered paper or foam sampler,
asal washing (nasal lavage and nasal spray blow) have been com-
ared previously [13,23]. Spontaneous secretions, which yielded

nsufficient amount in many cases, were not regarded as useful
or biomarker determination in healthy subjects. Absorption meth-
ds are based on capillary suction and thus remove the serous
hase of biphasic nasal mucus. Absorption with filter paper often
ielded dry specimens and was thus considered as a less suitable
ethod [13]. Riechelmann et al. [13] and Klimek and Rasp [23]

oth reported that absorption using a foam sampler was superior
o obtain specimen for measuring analytes with low concentration
n nasal secretions. Nasal lavage and nasal spray blow methods use
sotonic sodium chloride solution to wash mucosa and the solution
s recovered. The volume of solution in nasal spray blow can be kept
onsiderably smaller to minimize sample dilution. The main con-
ern of using lavage techniques is the unknown dilution factor of the
ecretions by the washing buffer. Accidental swallowing of saline
uffer by subjects during sample collection could add unpredictable
ariations in the final biomarker measurements. Consistent with
revious reports [5,13], considerable variability in the biomarker

evels among subjects was observed in this study. The mean inter-
ubject CV at each sampling time point ranged between 54% and
26%. To assess drug-induced nasal effects with such high variabil-
ty between subjects, large sample size is needed in drug trials and
ata analysis should focus on changes within subject. The unpre-
ictable dilution factor of the lavage may be one of the reasons for
he large variability. However, lavage techniques allow collection
f not only nasal secretions but also cells shed from nasal mucosal
urface. The nasal lavage technique has thus been most widely used
o assess both cellular and biochemical changes caused by disease,

ollution, or drug treatment [3,5,24,43]. In our study, a nasal lavage
ethod was used so that both nasal secretions and circulating cells

an be collected for analysis.
Sample matrix effects are also potential sources of assay variabil-

ty. In our study, we found that IL-6 and IL-8 assays performed better

[

[

[
[
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on ELISA platforms as opposed to Luminex-based assays due to the
sample viscosity problem. The nasal lavage samples exhibited vari-
ous levels of viscosity, even though 2.5 mL of saline buffer was used
per nostril for the sample collection. Thorough washing between
assay steps is critical to minimize any matrix effects and non-
specific binding. Our findings suggest that plate-based assays, such
as ELISA, are better for lavage samples than bead-based assays. One
reason for this is that bead-based assays often utilize filter plates to
facilitate the washings which are prone to filter clogging and debris
trapping, and promote bead aggregation during the assay process.
Sample pretreatment steps such as filtration, dilution, sonication,
etc. should be carefully evaluated to reduce these problems without
compromising analysis sensitivity and biomarker integrities.

Understanding the variation in baseline values is essential for
determining the power of a study in assessing therapeutic or clinical
effects. Establishing a consistent starting point for the lavage sam-
ples, such as including a pre-wash of the nasal cavity can improve
the reproducibility of the sample collections. In clinical studies,
drug effects were often assessed by collecting samples at multi-
ple time points. As diurnal fluctuations are common in many nasal
lavage biomarkers, careful design with placebo controls for diur-
nal effects is necessary to exclude confounding diurnal effects. In
studies with a single point per day, it is important to compare sam-
ples collected at matched time points. The evaluation on intra- and
inter-subject variation, circadian rhythm, and effects of sampling
and assay methods in this study has provided important informa-
tion in determining optimal subject number and sampling schedule
for the desirable end-points of a clinical study.
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