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Background: There is considerable disagreement re-
garding the concentration of glucose in tears and its
relationship to the concentration in blood. Improved
sampling and analysis methods may resolve these dis-
crepancies and possibly provide a basis for in situ tear
glucose sensors.
Methods: We used liquid chromatography (LC) with
electrospray ionization mass spectrometry (ESI-MS) to
determine glucose in 1-�L tear fluid samples obtained
from 25 fasting study participants. Tear fluid was col-
lected with microcapillaries and a slitlamp microscope.
Results: The median (range) of fasting tear glucose
concentrations was 28 (7–161) �mol/L or 0.50 (0.13–2.90)
mg/dL. The SD of tear glucose measurements for indi-
viduals varied linearly with the mean tear glucose
concentration and was approximately half of the mean.
We found no significant difference in tear glucose
concentrations between contact lens users and nonusers
(P � 0.715). We observed significant correlations be-
tween fasting blood and tear glucose concentrations
(R � 0.50, P � 0.01).
Conclusions: Our tear fluid collection and analysis
method enables reliable measurement of equilibrium,
fasting tear glucose concentrations. These concentra-
tions are lower than those previously reported for non-
diabetic persons. Larger population studies are required
to determine correlations between blood and tear glu-
cose concentrations and to determine the utility of
contact lens–based sensors for the monitoring of diabe-
tes. Our methods are applicable for study of other tear
fluid analytes and may prove useful for monitoring
other disease states.
© 2007 American Association for Clinical Chemistry

Glucose has been a recognized component of tear fluid
since the early 1900s, but disagreement continues regard-
ing its concentration in tear fluid and its correlation with
blood glucose concentration (1–6). Literature reports of
normal tear glucose concentrations range between 0 and
9.1 mmol/L (164 mg/dL), with median values of 110–280
�mol/L (1.98 and 5.04 mg/dL) (1, 7). In a recent study of
121 persons, tear glucose concentrations ranged from

below the limit of detection to 9.1 mmol/L (164 mg/dL)
(7 ). Much of the difference in reported tear glucose
concentrations is likely from the use of different tear
collection techniques (8 ). Collection techniques causing
severe eye irritation [such as filter paper collection (6 )] are
associated with the highest tear glucose concentrations,
whereas less irritating techniques (such as glass capillary
collection) are associated with the lowest (2, 3). Chemi-
cally stimulated tears have increased tear glucose (8, 9).
Reliable tear sampling may also be confounded by indi-
vidual differences in tolerance to real or expected eye
stimulation during sampling. (See the Data Supplement
that accompanies the online version of this Technical Brief
at http://www.clinchem.org/content/vol53/issue7 for
an extensive review of the tear glucose literature.)

Improved tear fluid collection, and the ability to ana-
lyze very low volumes of tear fluid, may dramatically
improve measurement of tear fluid glucose concentra-
tions and help resolve the reported discrepancies in basal
tear glucose concentrations. Improved methods would
also enable the study of physiologic glucose transport in
the eye and advance the use of tear fluid as a surrogate for
blood in measuring other clinically important analytes.

Some groups have tried to use tear glucose to diagnose
diabetes (4, 5), and others have proposed continuous
monitoring of blood glucose concentrations by use of
contact lenses with glucose sensors (10–13). We recently
reported a photonic crystal glucose-sensing material for
noninvasive monitoring of glucose in tear fluid (10 ).
Detailed understanding of tear glucose concentration and
its regulation is critical to developing noninvasive glucose
sensors.

We recently developed an electrospray ionization mass
spectrometry (ESI-MS) method for measuring glucose in
1-�L samples of collected tear fluid (9 ). With this method,
we studied basal tear glucose concentrations in healthy
persons without diabetes.

We recruited volunteers (age 18–60 years) within and
around the University of Pittsburgh. Persons with a
history of diabetes were excluded. Blood and tear samples
were obtained after participants had fasted overnight for
at least 8 h. The samples were always collected in the
same order: capillary blood from the finger pad, tear fluid
from the left eye, and then tear fluid from the right eye.
This sequence was repeated 3 times for each study par-
ticipant, with at least 10 min between successive blood
sample collections. Glucose in capillary blood was mea-
sured with an Accu-Chek® Compact glucometer (Roche),
according to the manufacturer’s protocol.

A total of 26 volunteers completed the study; 11 wore
their usual contact lenses at the time of the study, and 15
did not wear contact lenses. The type of contact lenses
worn were daily disposable (n � 1), daily wear (n � 6),
extended wear (n � 1), and silicone hydrogel lenses (n �
2). Of the 15 non-contact lens wearers, 1 had a history of
contact lens use, but did not wear contacts on the day of
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the study. For 1 contact lens wearer, the collected tear
samples were lost because of vial breakage before analy-
sis. For 2 participants (1 from the contact lens group and
1 from the non-contact lens group), 1 of the 6 tear glucose
samples was lost because of instrument failure. The tear
glucose concentration statistics for these 2 participants
were determined from only 5 samples. The University of
Pittsburgh School of Medicine Institutional Review Board
approved all clinical procedures, and all participants
signed a detailed informed consent form.

Tear fluid samples of 1 �L were collected and analyzed
by liquid chromatography ESI-MS as previously reported
(9 ). Three aliquots of each tear sample were injected into
the analyzer to determine the mean glucose concentra-
tion. Our study found much lower tear fluid glucose
concentrations for healthy individuals than did previous
studies (see Fig. 1 in the online Data Supplement).

The population median (range) of the tear glucose
concentrations were 28 (7–161) �mol/L [0.50 (0.13–2.90)
mg/dL]. The distribution of mean tear glucose concentra-
tions was highly skewed; �28 �mol/L (0.50 mg/dL) in
50% of the study participants and �42 �mol/L (0.76
mg/dL) in 80% of the study participants. Two individuals
were observed rubbing their eyes during the course of the
study, and they had the highest mean (SD) tear glucose
concentrations: 128 (75) and 161 (71) �mol/L or 2.31 (1.35)
and 2.90 (1.28) mg/dL.

Because the SD of the mean tear glucose concentration
for each participant was proportional to the mean for each
participant, a natural log transformation was applied to
the tear glucose concentration values (see Figs. 2 and 3 in
the online Data Supplement). After transformation, stan-
dard statistical methods were applied.

Contact lens use did not affect mean tear glucose (P �
0.715). Transformed tear glucose concentrations were sig-
nificantly correlated with mean blood glucose (R � 0.50,
P � 0.01, Fig. 1A). This correlation for fasting tear and
blood glucose is similar to that reported by Daum and Hill
of R � 0.53 for blood and tear glucose measurement
variations throughout the day. However, they reported a
mean (SD) population tear fluid glucose concentration of
420 (355) �mol/L or 7.57 (6.40) mg/dL.

The glucose concentrations in the right and left eyes
were highly correlated within individuals (Fig. 1B). There
was no evidence that eye-to-eye variation in individual
study participants differed significantly from variation in
a single eye over time. Furthermore, we observed no
evidence that variation in tear glucose concentration be-
tween individuals with similar blood glucose concentra-
tions was greater than variation in tear glucose concen-
tration within an individual.

The correlation between the transformed tear glucose
value and the average blood glucose concentration ap-
pears to be stronger for non-contact lens wearers than for
participants wearing contact lenses (R � 0.70 vs R � 0.22).

However, analysis of covariance does not indicate a
significant difference (P � 0.63).

The ESI-MS method used here enables reliable deter-
mination of basal tear glucose concentrations in fasting
individuals. Study participants had fasted overnight, and
had stable blood glucose concentrations over the brief
course of the study. We observed much lower basal tear
glucose concentrations than previously reported for
healthy individuals. This difference is likely a result of our
sampling methods, which were less irritating than earlier
methods that stimulated tear production chemically or
with filter paper (8 ). If our collection method had caused
significant irritation, we would have expected tear glu-
cose concentrations to increase over the course of the

Fig. 1. (A) Correlation (P � 0.01) between the mean ln(tear glucose
concentration) and the mean blood glucose concentration.
A linear regression for all participants gives y � 0.80x � 1.07 (R � 0.50). Linear
regression for the subpopulations of contact wearers and non-contact wearers
gives y � 0.570x � 0.332 (R � 0.22) for contact lens wearers and y � 0.961x �
2.079 (R � 0.70) for non-contact wearers. (B), paired tear glucose observations
within study participants. No significant differences were observed between right
and left eyes (P � 0.76, two-tailed paired t-test), but results may differ at any
given time. The left and right tear glucose determinations that are closest in time
are plotted against each other. There are hence 3 data points for each study
participant.
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study. We observed no evidence of such an increase (see
Fig. 4 in the online Data Supplement).

We observed significant variation in tear glucose con-
centrations between the 2 eyes of individual study partic-
ipants, as well as over time within a single eye. During
this study, we were cognizant of potential confounding
events such as yawning and eye rubbing. Although the
2 individuals who rubbed their eyes during the study
had the highest glucose concentrations, events like these
do not explain the large within-individual differences
observed.

Variations in tear glucose concentrations within a sin-
gle individual must derive from the sum of the biological
variance and any variances associated with sampling and
measurement. The error in our tear fluid collection vol-
umes was negligible (9 ); the SD observed for an individ-
ual was �3 times the SD of the 3 replicate mass spectral
measurements of a single tear fluid sample. The relative
SDs of these 3 replicates varied somewhat with glucose
concentration but had a median value of 14%. Thus, the
observed SD in tear glucose measurements derive mainly
from actual variations of the glucose concentration in the
different tear fluid samples.

We did not observe a systematic increase over time in
glucose concentration variations that could result from
the effect of tear depletion during repeated measure-
ments. Tear glucose concentration appeared to vary ran-
domly over the repeated sampling events.

We observed variations in tear glucose concentrations
among fasting individuals and a significant correlation
between ln(tear glucose concentration) and blood glucose
concentration. Mean fasting tear glucose concentrations
did not differ significantly in relation to contact lens use.
Further studies are needed to investigate the apparent
difference in the correlation between tear glucose and
blood in these subpopulations.

The extremely low glucose concentrations in tear fluid,
more than 100 times lower than in blood, raise questions
about the physiologic role of tear glucose. Future studies
are needed to address the correlation between tear and
blood glucose in hypoglycemic and hyperglycemic states
and in the presence of diabetes.
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Background: We developed and evaluated a genotyping
assay for detection of 50 cystic fibrosis (CF) mutations.
The assay is based on small (500 �m) electronic chips,
radio frequency (RF) microtransponders (MTPs). The
chips are analyzed on a unique fluorescence and RF
readout instrument.
Methods: We divided the CF assay into 4 panels: core,
Hispanic, African-American, and Caucasian. We ampli-
fied 18 CF transmembrane regulator (CFTR) DNA frag-
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ments covering 50 mutations by use of multiplex PCR
using 18 CFTR gene-specific primer pairs. PCR was
followed by multiplex allele-specific primer extension
(ASPE) reactions and hybridization to capture probes
synthesized on MTPs. We used 100 ASPE primers and
100 capture probes. We performed fluorescence mea-
surements of hybridized MTP kits and assay analysis
using a custom automated bench-top flow instrument.
Results: We validated the system by performing the
assay on 23 commercial DNA samples in an internal
study and 32 DNA samples in an external study. For
internal and external studies, correct calls were 98.8%
and 95.7%, false-positive calls 1.1% and 3.9%, and false-
negative calls 0.12% and 0.36%, respectively.
Conclusions: The MTP-based multiplex assay and anal-
ysis platform can be used for CF genotyping.
© 2007 American Association for Clinical Chemistry

Cystic fibrosis (CF) is caused by one or more mutations in
the gene encoding for the CF transmembrane conductance
regulator (CFTR) protein. CF occurs when both copies of
the CFTR gene function abnormally, and one functional
copy is sufficient to prevent the disease. In the Caucasian
population, CF is inherited with a frequency of 1:3300,
making it the most lethal inherited disease of childhood,
but carrier frequency and incidence of CF vary with race
and ethnic group (1 ). A single mutation causing loss
of the phenylalanine residue at position 508 (�F508)
accounts for nearly 70% of all mutations observed in
Caucasians with CF, but more than 1000 other mutations
of the CFTR gene have been reported in all races and
ethnic groups. In May 2001, the American College of
Medical Genetics published a recommended panel of 25
mutations and 6 polymorphisms for population-based CF
screening (2 ).

We describe a new platform for performing a multi-
plexed genotyping assay based on radio frequency (RF)
microtransponders (MTPs) and provide a working exam-
ple, the CF assay. CF mutations tested and the rationale
are provided in Table 1 and Supplemental Data (see the
Data Supplement that accompanies the online version of
this article at http://www.clinchem.org/content/vol53/
issue7. We designed this assay to be ethnic-group specific,
thus simplifying the design and potentially reducing
costs. The mutations are grouped into 4 panels: core,
Caucasian, Hispanic, and African-American. Because the
assay is ethnic specific, efficiency is increased, with fewer
DNA probes and reagents needed. A patient would be
tested with 2 panels, the core panel and one ethnic panel;
more than one ethnic panel might be used for patients
with complex ethnic backgrounds.

The key element of the assay method is the MTP (Fig.
1A), a monolithic 500 �m � 500 �m integrated circuit chip
that can transmit its identification code by RF. Each chip
consists of photocells, read-only memory (ROM), transmit

logic circuitry, and an antenna loop. Visible light, typi-
cally red or green, is pulsed at 1.5 MHz to provide power
and a stable clocking signal for the logic circuitry. The
circuitry accesses the contents of ROM (the ID value) and
modulates the current through the antenna in correspon-
dence with the ID value. The resulting variable magnetic
field in the vicinity of the MTP can then be measured with
a nearby receiving coil and decoded to provide the ID
value, which identifies the oligonucleotide immobilized
on the MTP. The current MTP design uses 10 bits to
encode the ID value, allowing 1024 unique values; how-
ever, the ROM contains an additional 40 unused bits, so
the MTPs could be manufactured to have as many as 250

(�1015) unique ID values. Before use, the MTPs are coated
with a polymer that places both hydroxy and amino
groups on the surface of the chip. Such derivatized MTPs
are subjected to oligonucleotide synthesis.

In preparation for the flow reader analysis, the MTPs
are suspended in a liquid medium that prevents sedimen-
tation of MTPs but allows flow characteristics comparable
to water when sheared. The suspension is repeatedly
passed through a narrow channel of the instrument,
where the ID values are read and fluorescence measure-
ments are made. The flow system is designed to support
a transfer rate of up to 1000 MTPs/s. The time needed to
read the ID can be as short as 300 �s and the time to read
fluorescence 1–2 ms. Multiple forward and reverse passes,
typically 50 total passes, of the MTPs through the flow
channel are required to obtain enough data for analysis.
The instrument in the present study, Tsunami IV, uses a
532-nm, 300-mW laser for both RF identification and
fluorescence at a single location on one side of the flow
channel. We used custom software named Retro for data
analysis. Both the flow reader and MTPs are described in
more detail in a recent report (3 ).

The principle for detecting mutations is allele-specific
primer extension (ASPE) (4, 5) on the PCR-amplified
CFTR DNA; the schematic of the assay is shown in Fig.
1B. For each mutation, 2 primers were prepared, one
specific to the wild-type allele and another specific to the
mutant allele. The sequence differences between the 2
primers are the tag sequence at the 5� end and a single
nucleotide at the 3� end (an “anchor” sequence). Thus, for
any particular allele, only 1 primer was extended in a
reaction with DNA polymerase in the presence of 4
dNTPs. After the ASPE reaction, the target DNA was
hybridized to a capture probe, the sequences of which are
complementary to tag sequences commonly referred to as
universal tags (4, 6–8). The capture probe is a synthetic
oligonucleotide (24 nucleotides) covalently bound to the
MTP surface. Because the tag sequence was present at the
5� end of allele-specific primers, the capture reaction was
very specific. In the ASPE reaction, we used biotin-labeled
dCTP in place of dCTP. Thus, the ASPE target typically
contained several biotin moieties, which were subse-
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quently visualized as a result of a binding reaction with
phycoerythrin-labeled streptavidin (phycoerythrin is a
pigment-carrying, highly fluorescent protein from red
algae). The fluorescence was then read in the flow reader
instrument.

Eighteen pairs of PCR primers were designed using an
in-house custom software package, SimuPlex (9 ). Simu-
Plex accepts a sequence file comprising all the loci for
which PCR primers are to be designed. The SimuPlex then
identifies all qualified primers that meet the criteria
defined in the parameter file and executes a local BLAST
(Basic Local Alignment Search Tool) search that filters out
undesired primers. Once the candidates are filtered,
SimuPlex creates a “seed” multiplex set and then uses a
simulated annealing algorithm to search the surrounding
solution space for even better multiplex sets. The melting
temperature (Tm) and free-energy calculations are based

on the most accurate and up-to-date formulas and ther-
modynamic data sets (10, 11 ). The results of a multiplex
PCR reaction for which primers were designed using
SimuPlex software is shown in Fig. 1C.

Allele-specific primers containing 24-nt tag sequences
were designed using 3 custom programs written in Python:
ExtractProbes.py, FindOptProbe.py, and Tags2Probes.py.
The tag sequences were at the 5� end of the primers, and
allele-specific sequences were at the 3� end. The allele-
specific sequences varied in length, but always possessed a
Tm of 50 °C. For each biallelic single nucleotide polymor-
phism analyzed by ASPE, 2 allele-specific primers (ASP)
were synthesized, with each ASP differing in the tag se-
quence and in the polymorphic nucleotide contained at its 3�
terminus.

We conducted 2 separate series of experiments to
validate the performance of the assay. In the internal

Table 1. CF genotyping results for the core panel from internal validation.a

1 2 3 4 5 6 7 8 9 10 11
Sample Allelic Variant G542X A455E G551D 3659delC R334W 1078delT 1717-1G>A R553X R560T R1162X R347P

1 Wild-type DNA . . . . . . . . . . .
2 �F508/�F508 . . . . . . . . . . .
3 3120 � 1G	A/621 � 1G	T . . . . . . . . . . .
4 R553/�F508 . . . . . . . m . . .
5 G551D/wild-type . . m . . . . . . . .
6 3659delC/�F508 . . . m . . . . . . .
7 �I507/wild-type . . . . . . . . . . .
8 711 � 1G	T/621 � 1G	T . . . . . . . . . . .
9 621 � 1G	T/�F508 . . . . . . . M* . . .

10 G85E/621 � 1G	T . . . . . . . . . . .
11 A455E/�F508 . m . . . . . . . . .
12 R560T/�F508 . . . . . . . . m . .
13 N1303K/G1349D . . . . . . . . . . .
14 G542X/G542X M . . . . . . . . . .
15 W1282X/wild-type . . . . . . . . . . .
16 2789 � 5G	A/2789 � 5G	A . . . . . . . . . . .
17 3849 � 10C	T/3849 � 10C	T . . . . . . . . . . .
18 1717-1G	T/wild-type . . . . . . m . . . .
19 R1162X/wild-type . . . . . . . . . m .
20 R347P/G551D . . m . . . . . . . m
21 R334W? . . . . m . . . . . .
22 R117H/�F508 . . . . . . . . . . .
23 2184delA/�F508 . . . . . . . . . . .
24 1898 � 1G	A/�F508 . . . . . . . . . . .
a Mutation calls for 2 alleles are abbreviated as follows: dot, wild-type/wild-type; m, wild-type/mutant; M, mutant/mutant; *, incorrect call; blank, not assayed for

the particular mutation in accordance with the work plan. Mutation panels are defined as follows: core, 1–24 (using the numbers on the top of table); Caucasian,
M1101K, Y1092X, 2183delAA	G, 3199del6*, 394delTT, 405 � 3A	C; Hispanic, �F311, D1270N, G330X, I506T, R75X, S549N, W1089X, Y1092X, 1812-1G	A,
2055del9	A, 2183delAA	G, 3199del6*, 406-1G	A, 935delA; African-American, �F311, A559T, G480C, R1066C, R1158X, S1255X, S549N, 1812-1G	A,
2307insA, 405 � 3A	C, 444delA, 3791delC. Mutation panels are based on literature data (14–19). Genotyping results for Caucasian, Hispanic, and African-American
panels are presented in the online Data Supplement.

The treated multiplex PCR products (10–20 ng of each DNA fragment) were added to the ASPE reaction mixture, final volume 40 �L, containing 20 mmol/L Tris-HCl
(pH 8.0), 50 mmol/L KCl, 25 nmol/L allele-specific primers, 5 �mol/L biotin-CTP, 0.1% Triton-100, 28 �mol/L dCTP, 100 �mol/L dNTP (dCTP�), and 3 units Tsp DNA
polymerase. The reactions were incubated at 96 °C for 2 min to denature DNA, followed by 30 PCR cycles (94 °C for 30 s, 60 °C for 1 min, and 74 °C for 2 min) and
72 °C for 7 min.

Hybridization of MTPs was performed in the 1� prehybridization buffer 
50 mmol/L Tris-HCl, pH 8.0, 150 mmol/L sodium chloride, 0.1% (wt/vol) SDS, 0.5% (wt/vol)
Ficoll (type 400), 5 mmol/L EDTA, pH 8.0, 200 �g/mL sheared, denatured salmon sperm DNA, 1 �g/�L BSA� at 48 °C for 10 min. After removing the prehybridization
buffer, the MTPs were hybridized in 1� hybridization solution (80 �L ASPE products and 80 �L 2� hybridization buffer) at 48 °C for 2 h and rinsed 3 times.

Streptavidin-phycoerythrin conjugate was diluted 1:10 in PBS (1.06 mmol/L potassium phosphate monobasic, 155.17 mmol/L sodium chloride, 2.97 mmol/L
sodium phosphate dibasic, pH 7.4), and 10 �L was added to 120 �L 1� washing buffer at a final concentration of 8 �g/mL. The MTPs bearing the hybridized DNA
were incubated in the above solution for 30 min at room temperature in the dark, rinsed, and analyzed.
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study, we used 23 standard (Coriell) genomic DNA
samples. In addition, we used 32 coded genomic DNA
samples in an external study completed in Dr. Dermody’s
laboratory at the University of Medicine and Dentistry of
New Jersey. During the course of this project, 	100 CF
reagent sets were prepared. Each reagent set consisted of
a vial containing derivatized MTPs that compose the
mutation panel and the assay file on electronic media.
Typically, 3 MTPs were used for each probe to achieve
multiple readouts for statistical accuracy.

The results from the internal study (Table 1) indicate
that correct calls were 98.8% of all determinations (807
total calls), and false-positive and false-negative calls
were 1.1% and 0.12%, respectively. The results from the
external study are shown in the Supplemental Data.
Correct calls were 95.7% of all determinations (1086 total
calls), and false-positive and false-negative calls were
3.9% and 0.36%, respectively. In addition, 27 synthetic
60-nt oligonucleotides were designed to simulate DNA
mutations not present in the Coriell DNA samples. Assays
performed on the synthetic samples resulted in 100%
correct calls of homozygous mutation.

We are generally pleased with the results obtained in
both the internal and external testing. The overall percent-
age of correct calls was high: 98.8% and 95.6%, respec-
tively. Especially encouraging were high fluorescence
ratios (wild type-to-mutant oligo probe), approaching 100
in many cases, indicating a high potential of the assay for
DNA testing, and in particular CF testing. The wrong calls
seem to be clustered for specific mutations, suggesting
difficulties with certain oligonucleotides or PCR products.

In summary, MTPs were used as solid phase in a CF
assay. Although the reported rate of false positives (1%–
4%) is higher than in commercially available CF assays
[Luminex (12 ), Roche, and Applera (13 )], we are confi-
dent that it can be improved, because the biochemical
basis of the assay is well understood and the biochemical
principle is similar to that implemented in the Luminex
CF assay (12 ). The main advantage of the MTP platform is
the large number of ID codes available, currently 1024 but
readily expandable. The expansion might be justified if
the number of mutations being tested for increases, or if
other types of assays require a higher multiplex level.
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Fig. 1. (A), microtransponders used in the assay, the integrated circuit side and the back of the microtransponder (dark gray squares).
To coat MTPs, the chips were treated with coating solution containing 3-aminopropyltriethoxysilane. Capture probes were synthesized on the coated MTPs at PrimeSyn.
The capture probe sequences were complementary to the tag sequences in each allele-specific primer; in addition, they had a spacer of 9 T residues at the 3� end.
(B), schematic of the assay. (C), multiplex PCR results. Eighteen DNA fragments were PCR amplified from the CFTR gene. Lane 1, 100 bp DNA ladder; lane 2, 18-plex
standard; lane 3, 18-plex-PCR-1; lane 4, 18-plex-PCR-2; lane 5, 6-plex-PCR-1; lane 6, 6-plex-PCR-2; lane 7, 6-plex-PCR-3. The presence of proper PCR products was
confirmed on a 10% polyacrylamide Tris-boric acid-EDTA gel. All 18 DNA fragments can be readily identified by PAGE (lanes 5–7) when the PCR is done in 3 sets of 6
amplicons each.

To construct the multiplex primer set, all the primer pairs were combined at a final concentration of 74 nmol/L each, although in some cases an adjustment was
made to achieve more efficient amplification. PCR reactions were performed on the GenAmp PCR System 9700 (Applied Biosystems). The 18- and 6-plex amplifications
were performed in 30-�L reactions containing 3 units AmpliTaq Gold DNA polymerase (Applied Biosystems), 10 mmol/L Tris-HCl (pH 8.3), 50 mmol/L KCl, 1.5 mmol/L
MgCl2, 250 �mol/L deoxynucleotide triphosphates (dNTPs: dATP, dCTP, dGTP, and dTTP), 6 �L primer mix, and 0.65 �L DNA template at a concentration of �184.4
ng/�L. Forty thermal cycles were implemented, and the extension temperature was between 55 and 64 °C.

Equal volumes of all PCR products to be simultaneously assayed were pooled and enzymatically treated to degrade the excess PCR primers and dNTPs using 1 unit
shrimp alkaline phosphatase and 2 units ExoI exonuclease per 10 �L of the PCR products in a reaction performed at 37 °C for 30 min, followed by a 15-min incubation
at 80 °C to inactivate the enzymes.
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Background: Molecular genotyping of Bacillus anthra-
cis, the etiologic agent of anthrax, is important for
differentiating and identifying strains from different
geographic areas and for tracing strains deliberately
released in a bioterrorism attack. We previously de-
scribed a multiple-locus variable-number tandem repeat
(VNTR) analysis (MLVA) based on 25 marker loci.
Although the method has great differentiating power
and reproducibility, faster genotyping at low cost may
be requested to accurately identify B. anthracis strains
in the field.
Methods: We used the High Resolution Melter-1 (Idaho
Technology) and a saturating dye of double-stranded
DNA (LCGreen I) to identify alleles via PCR and
melting-curve analysis of the amplicons. We applied
high-resolution melting analysis (HRMA) to a collection
of 19 B. anthracis strains.
Results: HRMA produced reproducible results for 6 of
the 25 B. anthracis loci tested. These easily interpretable
and distinguishable melting curve results were consis-
tent with MLVA results obtained for the same alleles.
The feasibility of this method was demonstrated in
testing of different allelic variants for the 6 selected loci.
Conclusions: The described HRMA application for
screening B. anthracis VNTR loci is fast and widely
accessible and may prove particularly useful under field
conditions.
© 2007 American Association for Clinical Chemistry

Bacillus anthracis, the etiologic agent of anthrax, is a
spore-forming gram-positive bacterial species that, be-
cause of its highly pathogenic nature, environmental
resistance, and relatively easy dissemination, is included
among the major pathogens considered likely bioterror-
ism agents. Although genetically homogeneous (1 ), this

bacterium has been genotyped (2 ), and molecular geno-
typing of B. anthracis played an important role in differ-
entiating and identifying the strains used in the 2001
bioterrorism attack in the US (1, 2). Recent efforts to
evaluate the diversity of B. anthracis isolates from different
geographic areas have improved our knowledge of the
phylogeny and geographic distribution of different ge-
netic variants (gene clusters) of this species (3–7). Studies
have also tried to trace strains deliberately released into
the environment back to their origins (8 ). The method
universally adopted for genotyping B. anthracis strains is
multiple-locus variable-number tandem repeat (VNTR)
analysis (MLVA). This technique involves amplifying
multiple chromosomal loci carrying VNTRs and sizing
the fragments to classify allelic variants on the basis of
length polymorphisms (8, 9). The level of intraspecific
polymorphism for tandemly repeated sequences varies
among loci, and this variation needs to be evaluated
experimentally with collections of representative strains.

Previous reports proposed that the MLVA method be
used with 6 chromosomal and 2 plasmid marker loci
(MLVA8) and that amplicon size be analyzed by agarose
gel electrophoresis (9–11). This method has recently been
updated for the analysis of 25 marker loci (MLVA25) by
measuring PCR fragment size with an automated capil-
lary DNA sequencer (12 ). The latter method allows a
more sensitive differentiation of closely related strains,
but accurate analyses require expensive platforms and
well-organized laboratory facilities. In this study, we have
examined the feasibility of a high-resolution melting
analysis (HRMA) for rapidly and easily recognizing and
differentiating VNTR allelic variants. This technique uses
the High Resolution Melter-1 (HR-1; Idaho Technology),
which has recently been adopted for genotyping and
screening mutations in several different research and
clinical applications (13–17). This method consists of a
rapid (2 min after the PCR), closed-tube assay that detects
sequence variation within specific genetic loci via melting
curve analysis of the amplicons with a saturating dye of
double-stranded DNA (LCGreen I). We applied HRMA
initially to a B. anthracis collection at the Istituto Superiore
di Sanità, Rome, Italy. This collection consists of 12
strains—10 previously analyzed with MLVA25 and 2 new
isolates of a B. anthracis strain involved in a recent case of
human anthrax in Italy (18 ). One of these latter isolates
was from necropsy materials from a sheep killed by
anthrax, and one was isolated from the shepherd’s cuta-
neous lesion. Eight of the 10 previously characterized
strains were from animals (ST1761 and ST2844 strains
belong to B. anthracis clusters B2 and D, respectively), and
2 were vaccine strains (Pasteur and Sterne strains) (Table
1). We extracted total genomic DNA from the 12 strains
and amplified the 25 VNTR loci as previously described
(12 ) with the LCGreen I dye to fluorescently label double-
stranded DNA in a LightCycler 2.0 instrument (Roche
Diagnostics).

Our study showed that DNA quality and final concen-
tration were critical variables for obtaining reproducible
melting curves for identical loci. We tested the reproduc-
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ibility of this assay with triplicate samples of 0.5–500 ng of
column-purified chromosomal DNA and PCR products as
potential templates for PCR and HRMA. We also tested
DNA obtained by boiling bacterial suspensions for 20 min
(19 ); we compared the results with these DNA templates
with those obtained for column-purified chromosomal
DNA. We obtained optimal reproducibility with 20–40 ng
of column-purified chromosomal DNA per PCR reaction
tube and further improved reproducibility by reducing
the amount of LCGreen I dye used per reaction tube to
half that recommended by the manufacturer (13–17).
Reducing the dye amount probably limits the availability
of the fluorescent dye, thereby producing a constant
number of labeled molecules; use of half the recom-
mended LCGreen I produces lower fluorescent signals in
the PCR (see Fig. 1A in the Data Supplement that accom-
panies the online version of this Technical Brief at http://
www.clinchem.org/content/vol53/issue7). This modifi-
cation produces better melting curve reproducibility in
the HRMA for different amplicons and different amounts
of DNA templates in each PCR reaction tube [see (16 ) and
Figs. 1 and 2 in the online Data Supplement].

Under these conditions, HRMA gave reproducible in-
traexperimental melting curves for the same alleles, which
permitted the differentiation of alleles with different
numbers of repeat units (ru) (Fig. 1). Bovo et al. (20 ) have
described multiple-band artifacts that are produced by
improper reannealing of repetitive microsatellite se-
quences when too many PCR cycles are used. We did not
observe this effect for the B. anthracis loci under our
experimental conditions (see above and Fig. 3 in the
online Data Supplement). These observations suggest that

HRMA can be used as an initial and low-cost method for
screening B. anthracis VNTR allelic variants. We also
tested the interexperimental reproducibility of HRMA by
comparing the melting curves obtained for the same
allelic variant in different experimental runs. Despite our
application of the standardized conditions we have de-
scribed, interexperimental reproducibility needs to be
improved. Melting curve shape was reproducible, but the
curves did not always perfectly overlap. Nonetheless, our
use of triplicate measurements of each reference allelic
variant can improve interexperimental comparisons of
allele melting curves.

We applied this experimental approach to all 25 B.
anthracis VNTR loci and eventually selected 6 loci that
yielded easily differentiated melting curves and a high
capacity for distinguishing different strains.

We then included 7 additional strains (12 ) with differ-
ent allelic variants for these 6 loci in the collection of
tested strains (Table 1) to verify the feasibility of HRMA to
detect all the different variants previously described for
these loci (Fig. 1).

For the large amplicon of the BamS31 locus, which
MLVA25 scored as having a high differentiating power,
we added a 5�-CGC CGC CCG CCG CCC GCC-3� clamp
at the 5� ends of the previously described forward and
reverse primers to improve melting curve resolution for
alleles carrying 15, 55, 64, 65, 83, or 84 ru (panel BamS31
in Fig. 1) (12, 17). It is noteworthy that HRMA was able to
correctly identify all of the other allelic variants (differing
by just 1 ru to 69 ru) for the rest of the loci, with the
exception of the BamS23 10.5 ru variant, which we could
not differentiate from the 10 ru allele. For example, the

Table 1. Allelic variants for 6 selected loci for the Bacillus anthracis B. anthracis strains analyzed in this study.a

Strain or genotypec Source VrrA VrrB1 VrrB2 BamS1 BamS23 BamS31 Clusterb

LT1 Animal 10 16 7 13 11 65 A1a
LT2 Animal 10 16 7 13 11 64 A1a
LT3 Animal 10 16 7 13 11 65 A1a
LT4 Animal 10 16 7 13 11 64 A1a
LT5 Animal 10 16 7 13 11 64 A1a
Pasteur Vaccine 10 16 7 13 11 64 A1a
Sterne Vaccine 10 16 7 16 11 65 A3a
Ferrara Animal 10 16 6 13 11 64 A1a
ST1761 Animal 9 15 7 14 10 84 B2
ST2844 Animal 11 16 8 11 10.5 15 D
Sheep Animal 9 11 7 14 10 83 B3
Farmer Human 9 11 7 14 10 83 B3
12c Animal 10 16 7 13 5 64 A1a
31c Animal 10 16 7 13 11 55 A1a
35c Animal 8 16 7 13 11 64 A1a
42c Animal 10 12 7 13 11 64 A3a
44c Animal 10 16 7 13 9 64 A3a
55c Animal 11 16 4 11 10.5 15 D
61c Animal 9 19 7 11 10 64 B1

a Allelic variants are reported as the number of repeat units as measured by the MLVA25 method in Lista et al. (12).
b B. anthracis clusters were previously assigned in the MLVA25 genotype analysis 
Lista et al. (12)�.
c Selected reference strains of definite genotypes were included to analyze all the known allelic variants that have been described for the 6 loci. Numbers refer to

genotypes of strains reported in the supplementary data file in Lista et al. (12).
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allelic variants for the VrrA, VrrB1, and VrrB2 loci that
differed by 1 ru yielded nicely differentiated melting
curves (panels VrrA, VrrB1, and VrrB2 in Fig. 1). The
assay is also reproducible, because duplicate amplifica-
tions and HR-1 analyses produced identical curves for
each allelic variant (Fig. 1).

We applied optimized HRMA to a cluster analysis of
the 12 strains. A genotype cluster analysis of the 6 loci
evaluated with HRMA distinguished 7 genotypes,
whereas a cluster analysis based on the MLVA results
distinguished 10 genotypes (see Fig. 4 in the online Data
Supplement). The HRMA method was still able to identify
the major branches, however. HRMA was unable to
separate the very close relationships between the LT5,
LT2, LT4, and Pasteur strains (0.1 linkage distance) iden-
tified with the MLVA25 method (12 ).

We obtained identical allelic variants for the sheep and
shepherd (farmer) isolates, demonstrating that the pa-
tient’s cutaneous lesion was caused by the B. anthracis
strain in the animal. This conclusion was tentatively
suggested during the epidemiologic investigation of this
anthrax case (18 ), and we have confirmed that inference.
Based on the HRMA and the MLVA25 analyses, we have
assigned these 2 strains to B. anthracis cluster B3.

Our application of the HRMA method to B. anthracis
genotyping opens the possibility of a rapid screening
method for B. anthracis VNTR loci and for implementing
this diagnostic procedure in the field or in the first-event
laboratory. HRMA may be helpful for evaluating B.

anthracis allelic variants if a large number of samples have
to be rapidly analyzed and compared, as may be required
in the event of a bioterrorism attack.
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Background: Whole-grain rye and wheat cereals contain
high amounts of alkylresorcinols (ARs), phenolic lipids.
ARs can be quantified in plasma. Two recently identi-
fied urinary AR metabolites, 3,5-dihydroxyphenylben-
zoic acid (DHBA) and 3-(3,5-dihydroxyphenyl)-1-pro-

panoic acid (DHPPA), may be useful as biomarkers of
intake of whole-grain rye and wheat.
Methods: We evaluated 4 pretreatment protocols for
quantifying urinary DHBA and DHPPA using HPLC
coupled with a coulometric electrode array detector.
Syringic acid was used as the internal calibrator.
Results: Measured urinary concentrations of DHBA and
DHPPA were 0.8–115 �mol/L. The mean recoveries of
all added concentrations were 85%–104% for DHBA and
86%–99% for DHPPA, depending on the degree of the
purification. The protocol versions with less purifica-
tion correlated well with the protocol including highest
purification. The correlation coefficients (r2) were
0.9699–0.8153 for DHBA and 0.9854–0.8371 for DHPPA.
Conclusion: Although the protocol with the most puri-
fication steps was most specific, all protocols were
suitable for measuring DHBA and DHPPA in urine. The
rapid protocol with simple hydrolysis could be used in
large-scale clinical studies. Additional investigation is
needed to clarify whether these metabolites are useful
biomarkers of whole-grain intake and helpful in the
exploration of its association with human diseases.
© 2007 American Association for Clinical Chemistry

Epidemiological studies indicate that the consumption of
whole-grain cereal products is beneficial, possessing
health-promoting effects and decreasing the risk of sev-
eral chronic diseases (1, 2). Partly owing to a lack of
reliable biomarkers, investigation of the association of
whole-grain intake with disease prevalence has been
difficult. Alkylresorcinols (ARs) are found in high concen-
trations in rye and wheat whole-grain cereals and have
been proposed to function as plasma markers of whole-
grain intake (3–5). ARs are absorbed via the lymphatic
system and have a rather short elimination half-life (6, 7).
According to Ross et al. (8 ) the urinary secretion of intact
ARs is minor. The urinary metabolites identified as 3,5-
dihydroxybenzoic acid (DHBA) and 3-(3,5-dihydroxyphe-
nyl)-1-propanoic acid (DHPPA) (8 ) were suggested by
these authors to function as biological markers of whole-
grain intake in humans. We describe a method for quan-
tification of these metabolites in human urine.

We purchased acetonitrile, ethyl acetate, and methanol
from Rathburn Chemicals; ortho-phosphoric acid from
Riedel-de Haën; acetic acid, formic acid, potassium dihy-
drogenphosphate, and sodium acetate from Merck; syrin-
gic acid (SyrA), and sulfatase from Sigma-Aldrich; �-glu-
curonidase from Fluka; DHBA from Aldrich; and DHPPA
from IsoSep AB.

We obtained 30 urine samples from 15 volunteers who
consumed whole-grain wheat or rye bread for 1-week
periods (9 ) and 3 urine samples from 3 volunteers with
celiac disease who consumed no wheat or rye products.
The Ethics Committee of the Department of Medicine,
Helsinki University Central Hospital, Helsinki, Finland
approved the study. All study participants gave informed
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consent before the study, and gave permission to publish
the results.

We used an HPLC system (ESA Biosciences) equipped
with a model 540 autosampler, 2 model 580 solvent
pumps, and a model 5600 coulometric electrode array
detector (CEAD) with 8 electrode pairs. DHBA was quan-
tified at 670 mV, DHPPA at 570 mV, and SyrA at 380 mV.

The analytes were separated using mobile phases con-
sisting of 50 mmol/L phosphate buffer pH 2.3/methanol
90/10 (by volume) (phase A), and 50 mmol/L phosphate
buffer pH 2.3/methanol/acetonitrile 40/40/20 (by vol-
ume) (phase B), with a 25-min linear gradient from 0% to
100% phase B (see Fig. 1 in the Data Supplement that
accompanies the online version of this article at http://
www.clinchem.org/content/vol53/issue7). The analyti-
cal column was an Inertsil ODS-3 (GL Sciences) 3 � 150
mm, connected to a Quick Release RP-18 (Upchurch
Scientific) 3 � 10 mm guard column. Retention times,
retention time variation, detection potentials, and detector
response variation are presented in Table 1 in the online
Data Supplement.

We developed sample preparation protocol C, with the
highest amount of purification, and tested 3 modified
protocols (A, B, and D) with different degrees of sample
purification (Fig. 1).

To 100 �L of urine we added 600 ng of internal
calibrator SyrA in 8 �L of methanol. The sample was
hydrolyzed overnight at 37 °C with equal volume (100
�L) of hydrolysis solution containing 0.1 mol/L Na-

acetate buffer pH 5, 0.2 kU/L �-glucuronidase, and 2
kU/L sulfatase. After incubation, 3 50-�L aliquots A, B,
and C (equal to 25 �L of urine) were removed and treated
as follows (aliquots A–C correspond to the protocols
A–C):

For protocol A, 50 �L each of methanol and HPLC
mobile phase 20% phase B/phase A were added to the
sample and then analyzed with HPLC-CEAD.

For protocol B, 500 �L of methanol was added to the
sample, and further purified using DEAE-Sephadex ion-
exchange chromatography in the free base form (10 ). The
sample was applied to the column with 500 �L of meth-
anol. Neutral steroids were eluted with 6 mL of methanol
and discarded. DHBA and DHPPA were eluted with 8 mL
of 0.5 mol/L formic acid in methanol. The fraction was
evaporated, reconstituted with 50 �L of methanol, 100 �L
of HPLC mobile phase 20% phase B/phase A was added,
and the sample was analyzed with HPLC-CEAD.

For protocol C, a 50 �L aliquot was extracted twice
with 300 �L of ethyl acetate. The combined organic phase
was evaporated, reconstituted with 500 �L of methanol,
and further purified as described for protocol B.

For protocol D we added 60 �L of methanol and 120
�L of HPLC mobile phase 20% phase B/phase A to 20 �L
of nonhydrolyzed urine, and analyzed the sample directly
with HPLC-CEAD.

For all 4 protocols (A–D) 10 �l of the sample was
injected into HPLC.

Fig. 1. Sample treatment protocols for urinary
DHBA and DHPPA.
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To test if deconjugation of the metabolites occurs
during standing in the acidic environment before injec-
tion, we diluted urine followed by immediate injection.
Nine additional injections from the same vial were per-
formed during the following 8 h.

We measured the recoveries of DHBA and DHPPA in
triplicate by supplementing 5 different concentrations of
both compounds into low endogenous concentration
urine samples. To avoid interference with the enzymatic
hydrolysis from too high concentration of methanol, the
added solutions were evaporated to dryness and recon-
stituted with a few microliters of methanol before addi-
tion of the urine. Six-point calibration curves (20–670
�g/L) were used. The mean recoveries of all added
concentrations were 85%–104% for DHBA and 86%–99%
for DHPPA, depending on the protocol used. Sample
treatment protocol C yielded the lowest recoveries (see
Table 2 in the online Data Supplement).

Reference calibrators were used to calculate limits of
detection and to test the linearity. The limit of detection,
using a signal:noise ratio of 3:1, and calculated as the
amount of analyte per injection, was 5 pg/injection for
both analytes. The limit of quantification, using a signal:
noise ratio of 10:1, varied from 28 to 80 pg for DHBA and
from 20 to 70 pg for DHPPA per injection, depending on
the treatment protocol used, and corresponding to urine
concentrations 0.17–0.48 �mol/L and 0.13–0.45 �mol/L,
respectively. Protocol C, including highest purification,
gave the lowest limit of quantification. Linearity ranged
from the limit of detection to 20 000 pg per injection for
both analytes (the upper limit not tested), with correlation
coefficients of 0.9990 for DHBA and 0.9994 for DHPPA.

Imprecision (Table 1) was evaluated by measuring 10
replicate control samples with 3 different concentrations
in a single analysis (intraassay), and during 5 separate
occasions (interassay).

The specificity of the method was based on the reten-
tion times and the oxidation patterns compared with

DHBA, DHPPA, and SyrA. Eleven other phenolic acids
were tested: 3,4-dihydroxyphenylacetic acid, 3,4-dihy-
droxyphenylpropionic acid, 4-hydroxy,3-methoxyman-
delic acid, 4-hydroxyphenyl,2-propionic acid, caffeic acid,
o-coumaric acid, m-coumaric acid, p-coumaric acid, feru-
lic acid, tannic acid, and sinapic acid. None had similar
retention times and oxidation patterns.

All urine samples (n � 33) were quantified with all
protocol versions. The quantitative results of samples
analyzed with protocols A and B showed good correla-
tions with the sample results of protocol C, using the
highest purification (see Fig. 2 in the online Data Supple-
ment). The correlation data for protocol D showed a slope
of 0.74 for DHPPA, which we presume resulted from the
lack of sample hydrolysis in protocol D, whereby the
possible conjugates were not measured.

After 10 injections of diluted urine (protocol D) from
the same sample vial, as described earlier, no change in
DHPPA concentration was observed. The measured
DHBA concentration, however, increased 15% within the
first 2 h, possibly because of initial deconjugation, after
which no change was observed (see Fig. 3 in the online
Data Supplement). In all analysis sequences, 1 blank and
1 calibrator were placed first (total run time �2 h), so all
samples were waiting at least for 2 h before injection.
Therefore no further change in DHBA concentrations in
the analyzed samples occurred, and the results did not
depend on what position in the sequence they were
located.

The calibration linearity was greater than the concen-
trations of any of the samples analyzed, and we assumed
that the linearity was sufficient for most normal urine
samples. Protocol C was first chosen to get rid of the
possible interfering compounds. When DHBA and
DHPPA were found to occur in higher than anticipated
concentrations, protocols A, and B, with less purification,
were tested, as well as simple dilution of the urine
(protocol D). The results using protocol D indicated that

Table 1. Intra- and interassay imprecision, with 3 control sample concentrations.a

Protocol A Protocol B Protocol C Protocol D
DHBAa Straight from hydrolysis No extraction Most purified Direct urine dilution

Low 4.1 (0.4) 2.4 (0.5) 1.0 (0.2) 4.1 (0.7)
Intra-/interassay CV % 3.6/8.8 12.5/21.8 9.5/16.7 7.1/15.9

Medium 15.9 (1.8) 15.9 (1.8) 14.1 (1.0) 13.9 (1.5)
Intra-/interassay CV % 3.4/11.2 6.5/11.1 4.7/7.4 7.8/10.9

High 34.7 (4.4) 36.9 (3.2) 32.6 (2.5) 46.4 (4.8)
Intra-/interassay CV % 9.7/12.7 4.2/8.5 3.3/7.7 5.3/10.3

DHPPAa

Low 8.0 (1.1) 6.2 (0.7) 5.7 (0.6) 8.0 (1.0)
Intra-/interassay CV % 1.5/13.2 5.7/11.5 4.4/10.1 3.5/12.4

Medium 23.2 (2.4) 23.4 (2.0) 23.0 (2.0) 15.1 (1.7)
Intra-/interassay CV % 2.5/10.1 4.2/8.5 6.0/8.7 8.3/11.6

High 40.4 (3.2) 44.5 (3.8) 43.3 (4.1) 26.3 (2.9)
Intra-/interassay CV % 11.1/7.9 4.9/8.5 6.7/9.5 5.9/11.1
a Values are expressed as mean (SD) �mol/L. Intraassay (n � 10), interassay (n � 5).
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DHBA and DHPPA mainly exist in the unconjugated
form in urine. The protocols A, B, and C correlated well
with each other (see Fig. 2 in the online Data Supplement),
yielding similar results. Low concentrations (�7.1
�mol/L) of DHBA and DHPPA were found in urine
samples from the volunteers with celiac disease. Gluten-
free cereals, such as corn, millet, rice, and buckwheat, in
addition to nuts and some varieties of peas, have a central
role in the diets of patients with celiac disease. The low
urinary concentrations of DHBA and DHPPA found in
the celiac patients may be attributable to intake of millet,
corn, cashew nuts, and garden pea varieties reported to
contain minute amounts of ARs (3, 11, 12). Other dietary
sources for minor formation of DHBA and DHPPA may
be flavonoids (13 ), although these form mainly monohy-
droxylated and 2,3-, 2,4- or 3,4-dihydroxylated metabo-
lites (14–16). The formation of 3,5-DHBA and 3,5-DHPPA
metabolites is also possible. Further investigations are
needed to find out if DHBA and DHPPA could be used as
biomarkers of whole-grain intake.
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