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Determination of the sensitivity of influenza viruses
to neuraminidase (NA) inhibitors is presently based
on assays of NA function because, unlike available cell
culture methods, the results of such assays are predic-
tive of susceptibility in vivo. At present the most

idely used substrate in assays of NA function is the
uorogenic reagent 2*-O-(4-methylumbelliferyl)-N-

acetylneuraminic acid (MUN). A rapid assay with im-
proved sensitivity is required because a proportion of
clinical isolates has insufficient NA to be detectable in
the current fluorogenic assay, and because some mu-
tations associated with resistance to NA inhibitors re-
duce the activity of the enzyme. A chemiluminescence-
based assay of NA activity has been developed that
uses a 1,2-dioxetane derivative of sialic acid (NA-
STAR) as the substrate. When compared with the flu-
orogenic assay, use of the NA-STAR substrate results
in a 67-fold reduction in the limit of detection of the
NA assay, from 200 pM (11 fmol) NA to 3 pM (0.16 fmol)
NA. A panel of isolates from phase 2 clinical studies of
zanamivir, which were undetectable in the fluoro-
genic assay, was tested for activity using the NA-STAR
substrate. Of these 12 isolates with undetectable NA
activity, 10 (83%) were found to have detectable NA
activity using the NA-STAR substrate. A comparison of
sensitivity to zanamivir of a panel of influenza A and B
viruses using the two NA assay methods has been per-
formed. IC50 values for zanamivir using the NA-STAR
were in the range 1.0–7.5 nM and those for the fluoro-
genic assay in the range 1.0–5.7 nM (n 5 6). The NA-

TAR assay is a highly sensitive, rapid assay of influ-
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The sialic acid analogue zanamivir (4-guanidino-
Neu5Ac2en) is a potent and selective inhibitor of influ-
enza virus A and B NA3 (sialidase, acylneuraminyl
hydrolase, EC 3.2.1.18), preventing the release of prog-
eny virions from infected cells and causing the forma-
tion of viral aggregates, thus limiting virus spread (1).
The equipotency of zanamivir against influenza A and
B virus NAs is in marked contrast to the only other
antiviral agents used for the treatment and prevention
of influenza virus infections, amantadine and its deriv-
ative rimantadine, which are active only against influ-
enza A viruses. This narrow spectrum of activity, com-
bined with poor side-effect profiles and the rapid
development of drug-resistant strains, has severely
limited the clinical use of both amantadine and riman-
tadine (2).

Variants of influenza A and B virus with reduced
susceptibility to zanamivir have been isolated in vitro
(3–8). However, studies by Gubareva et al. (3) have
shown that the emergence of mutants of influenza that
are resistant to zanamivir is a multistep process re-
quiring prolonged exposure to inhibitor. Furthermore,
mutations in more than one gene segment are fre-
quently involved in the development of high levels of

3 Abbreviations used: NA, neuramidase; HA, hemagglutinin; NA-
STAR, 1,2-dioxetane derivative of sialic acid; MDCK, Madin Darby
canine kidney; MUN, 29-O-(4-methylumbelliferyl)-N-acetylneura-
minic acid; DMSO, dimethyl sulfoxide; Mes, 4-morpholineethanesul-

fonic acid.
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292 BUXTON ET AL.
resistance in vitro, indicating that they are unlikely to
ccur rapidly in nature. To date, there has been only
ne case in which evidence for the emergence of resis-
ance to zanamivir in a clinical setting has been ob-
ained. In this case the prolonged administration of
anamivir to an immunocompromised patient resulted
n the isolation of a virus containing mutations in both
he NA and hemagglutinin (HA) genes after 12 days of
rug administration. The NA of this mutant was
hown to have a reduced level of sensitivity to zanami-
ir (9). Monitoring susceptibility of clinical isolates to
anamivir will therefore continue to be important as
anamivir, and other neuraminidase inhibitors, be-
ome more widely used.

Current assays used to determine the susceptibility
f influenza virus clinical isolates to zanamivir include
he plaque reduction assay, described by Hayden et al.

(10), and the neuraminidase enzyme assay. During a
phase II clinical trial (NAIB2008), Barnett et al. (11)
carried out susceptibility monitoring using both en-
zyme neuraminidase assays and plaque reduction as-
says in Madin Darby canine kidney (MDCK) cells.
They found that there was considerable variation in
susceptibility to zanamivir in the plaque reduction as-
says. In addition, the results from this assay were
found not to be predictive of sensitivity to zanamivir in
vivo since isolates, which appeared to be insensitive in
the plaque reduction assay, were highly susceptible to
zanamivir in the ferret model. The greater precision of
the fluorogenic NA assay utilizing 29-O-(4-methylum-
belliferyl)-N-acetylneuraminic acid (12) makes this as-
say more reliable for screening for changes that may
confer clinical resistance to zanamivir that arises from
mutation in the neuraminidase gene. In addition to
being highly reproducible, the NA assays were also
found to be predictive of in vivo susceptibility to zana-

ivir. However, in the same study, it was noted that
everal isolates possessed NA activity that was too low
o be measured in the current fluorogenic NA enzyme
ssay, even after maximum concentration of the virus
ample. As a result, there was no rapid method by
hich to assess the susceptibility of these isolates to

anamivir, and their drug sensitivity could only be
stablished in a costly, time-consuming, and low-
hroughput in vivo assay. The purpose of this present
tudy was to develop a new, more sensitive NA assay to
llow susceptibility monitoring of viruses with low NA
ctivity.
A chemiluminescence assay is described utilizing a

ew 1,2-dioxetane derivative of sialic acid (NA-STAR).
he dioxetanes have emerged as the most important
hemiluminogenic substrates and are described by
ronstein et al. (13) and Edwards et al. (14). The ad-

vantages of chemiluminometry in comparison to flu-
orometry are discussed and the sensitivities of the two

assays are compared.
MATERIALS AND METHODS

Materials

NA was purified from B/Beijing/1/87 which had been
grown in embryonated hens’ eggs (Solvay Duphar,
Netherlands) using established methods (15). Clinical
isolates of influenza virus from the zanamivir phase II
clinical study (NAIB2008) were passaged once in
MDCK cells. A panel of influenza A and B viruses was
also passaged once in MDCK cells and obtained from
the National Institute for Medical Research (Mill Hill,
London, UK).

29-O-(4-Methylumbelliferyl)-N-acetylneuraminic
acid (MUN) was obtained from the Sigma Chemical
Company (Poole, Dorset, UK). NA-STAR 1,2-dioxetane
chemiluminescent substrate was custom synthesised
by Tropix Inc. (Bedford, MA). Light Emission Acceler-
ator II–10% Sapphire II enhancer in 0.1% diethanol
amine, pH 10 (hereby referred to as Sapphire en-
hancer) and the white Costar microtiter plates were
also provided by Tropix Inc. Black microfluor 96-well
plates were obtained from Dynatech Laboratories Inc.
(Chantilly, VA) and white 96-well Packard Optiplates
were obtained from the Packard Bioscience Company
(Meriden, CT). Zanamivir was synthesized at Glaxo
Wellcome Medicines Research Centre (Stevenage, UK).
All other chemicals and reagents were obtained from
the Sigma Chemical Company (Poole, Dorset, UK).

Methods

Synthesis of the Chemiluminescent Substrate 6 as
Described by the Scheme (Fig. 1)

Methyl (5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-
D-glycero-b-D-galactononulopyranosyl chloride)onate 3.
The chloride 3 was prepared in two steps from the
commercially available N-acetylneuraminic acid 1, ac-
ording to the literature procedure (16). The crude
hloride 3 was purified by a silica gel plug, eluting with
00 ml of 80–90% EtOAc in hexanes. After concentra-
ion of the filtrate, the chloride 3 was obtained as an
ff-white powder and was used immediately for the
ext coupling reaction.
Methyl (2-chloro-5-(methoxy-5-chlorotricyclo[3.3.1.13,7]-

dec-2-ylidenemethyl)phenyl 5-acetamido-4,7,8,9-tetra-
O-acetyl-3,5-dideoxy-a-D-glycero-D-galacto-2-nonulopyra-
nosid)onate 4. 2-Chloro-5-(methoxy-5-chlorotricyclo-
[3.3.1.13,7]dec-2-ylidenemethyl)phenol 7 (1.65 g, 4.86

mol (Fig. 2)) and the phase transfer catalyst tetrabu-
ylammonium hydrogen sulfate (0.83 g, 2.43 mmol)
ere placed in a 100-ml round-bottomed flask and

reated with 12.5 ml of CH2Cl2 and 17.5 ml of 0.5 N
NaOH at room temperature. To the resulting two-
phase mixture a solution of the chloride 3 (1.24 g, 2.43
mmol) in 5 ml of CH2Cl2 in one portion was added.

After an hour of vigorous stirring, the reaction mixture
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293CHEMILUMINESCENT NEURAMINIDASE ASSAY
was diluted with CH2Cl2 and poured into a separatory
funnel, containing saturated sodium bicarbonate solu-
tion. After the organic layer was separated, the aque-
ous layer was further extracted two more times with
CH2Cl2. The combined organic layers were washed

ith H2O and dried over anhydrous Na2SO4. TLC (80%
EtOAc in hexanes) showed the coupling product 4 at
R f 5 0.48 with faint shadows above and below. The
rganic solution was treated with 10 drops of Et3N and

concentrated.
The crude product was purified by the silica gel chro-

matography, eluting with 20% EtOAc in hexanes to
recover the unreacted enol ether phenol 7, followed by
80–90% EtOAc in hexanes, affording 1.242 g (62.9%) of
the product 4 as a light yellow, crispy foam. IR (CHCl3,
cm21): 3432, 3040, 2936, 1750, 1688, 1372, 1235, and
1040. The 1H NMR (CDCl3) spectrum was complicated,
but it still revealed that the sample actually was a
mixture of about 4.3:1 of the desired product 4 and
lycal from the dehydrochlorination of the chloride 3. A
lean sample was obtained by the process of removing
he O-acetyl groups with NaOMe in MeOH, and reacy-
ation with acetic anhydride in pyridine to remove the

FIG. 1. Synthesis of NA-STAR 1,2-dioxetane substrate.
lycal. The resulting 1H NMR spectrum clearly showed
the product 4 existed as a 1:1 mixture of two isomers,
based on the equal splitting of the methyl ester and O-
and N-acetyl methyl signals. The presence of two trip-
lets at 2.82 and 2.86 ppm for H-3e of the neuraminic
acid ring indicated that both of them are the a-pyrano-
sides.

1H NMR (CDCl3): d7.35 (d, J 5 8.2 Hz, 1H), 7.21 (m,
1H), 6.99 (m, 1H), 5.25–5.34 (m, 3H), 4.98–5.10 (m,
1H), 4.14–4.31 (m, 3H), 4.03 (m, 1H), 3.75 and 3.747
(2s, 3H, Me ester), 3.43 (broad s, 1H), 3.30 (s, 3H,
OMe), 2.86 and 2.82 (2t, J 5 4.3 Hz, 1H), 2.13, 2.12,
2.10, and 2.07 (4s, 6H), 2.04 (s, 3H), 2.03 (s, 3H), 1.91
(s, 3H), and 1.67–2.29 (m, 12H, 11 adamantyl H and
H-3a).

Sodium (2-chloro-5-(methoxy-5-chlorotricyclo[3.3.1.13,7]-
dec-2-ylidenemethyl)phenyl 5-acetamido-3,5-dideoxy-a-
D-glycero-D-galacto-2-nonulopyranosid)onate 5. The
impure pyranoside 4 (1.76 g, 2.1 mmol) was depro-
tected in a mixture of 6.5 ml each of THF and MeOH
with 12 ml of 1 N NaOH at 0°C. After 5 min at 0°C, the
mixture was stirred at room temperature for an hour.
The pH was lowered by the addition of solid sodium
bicarbonate (1.05 g). Most of the bicarbonate did not go
into solution; however, a clear solution was ultimately
obtained by dilution with water yielding a total volume
of 100 ml. The solution was filtered on a Buchner
funnel, rinsed with small volume of water, and purified
by reverse-phase prep HPLC with a 1-in. column
packed with polystyrene. The column was eluted with
an acetonitrile–water gradient. The fractions contain-
ing the product were pooled and lyophilized, to yield
659 mg (46.6%) of 5 as a white fluffy powder.

1H NMR (D2O): d7.42 (d, J 5 8.1 Hz, 1H), 7.32
(broad s, 1H), 7.02 (d, J 5 8.1 Hz, 1H), 3.72–3.93 (m,
5H), 3.59–3.68 (m, 2H), 3.31 (s, 1H), 3.31 (s, 3H,
OCH3), 2.90–2.99 (m, 1H, H-3e), 2.67 (broad s, 1H),
2.08–2.30 (m, 6H, adamantyl), 2.02 (s, 3H, N-Ac),
1.66–2.0 (m, 5 adamantyl H and 1-H-3a).

Sodium (2-chloro-5-(4-methoxyspiro{1,2-dioxetane-
3,29-(5-chloro)tricyclo[3.3.1.13,7]decan}-4-yl-phenyl
5-acetamido-3,5-dideoxy-a-D-glycero-D-galacto-2-nonu-
lopyranosid)onate 6. Photooxygenation of a solution
of 5 (414.5 mg, 0.635 mmol) in 20 ml of 15% MeOH in
CH2Cl2 in the presence of 20 drops of tetraphenyl-
FIG. 2. Phenolic enol ether.
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294 BUXTON ET AL.
porphine stock solution (2 mg/ml in CHCl3) was carried
out by irradiation with a 400 W sodium vapour lamp
while continuously bubbling oxygen through the solu-
tion for 25 min at 3–5°C. The reaction was monitored
using the UV spectrum: the maximum absorption of
the product shifted from 260.5 nm to 277.5 nm as the
reaction proceeded. The mixture was concentrated on a
rotary evaporator at low temperature, followed by
pumping in vacuo until a purple, glassy foam was
obtained. The crude product was soluble in 30 ml of
water containing 2 ml of saturated NaHCO3 solution.
Filtration through a Buchner funnel and rinsing with
water yielded a final volume of 50 ml. The solution was
injected in five portions on the reverse-phase HPLC
column described above. The column was eluted with
an acetonitrile–water gradient. It was found that a
broad peak eluted just before the sharp major peak.
Both product fractions exhibited chemiluminescence
upon treatment with neuraminidase enzyme (recombi-
nant from Salmonella typhimurium) obtained from Ox-
ford Glycosciences. These fractions were combined and
lyophilized to yield 418.4 mg of white, fluffy 1,2-diox-
etane product as a mixture of isomers.

Fluorescence Assay for NA Using MUN as Substrate

The NA assay using MUN as substrate was based on
the method described by Woods et al. (17), with the
exception that water was used in place of the DMSO for
the inhibitor dilutions and the concentration of MUN
used was 65 mM. This concentration had previously
been determined as the Km concentration for the en-
yme using MUN as substrate. Initially, the purified
A was titrated by serial twofold dilutions in 32.5 mM
es, pH 6.5, and 4 mM CaCl2 and the concentration of

NA against NA activity was plotted graphically to de-
termine the enzyme concentration to be used in subse-
quent inhibition assays. An exact concentration of the
enzyme stock was determined by using zanamivir as
an active site titrant. For experiments using the clini-
cal isolates, the samples were assayed undiluted. In
fluorescence, the responses obtained for the samples
(signal, S) and the blanks (background, N), expressed
in arbitrary units (relative fluorescence units, RFUs),
were divided to yield signal-to-noise ratios (S/N).
4-Methylumbelliferone was quantified by fluorometric
determination using a Wallac Victor 2 multilabel
counter (hereby referred to as Wallac counter) with an
excitation wavelength of 365 nm and an emission
wavelength of 450 nm. Wells were read at a rate of 1.0 s
per well. The data were plotted as log zanamivir con-
centration against percentage control and the IC50 val-
ues were determined using Grafit 3.09. The results
were fitted using a four-parameter logistic and IC50

values were determined using the equation, %con-

trol 5 (v 0/1 1 ([I]/IC50)

s) 1 background, where s is the
slope factor, [I] is the inhibitor concentration, and v 0 is
he maximum y range.

hemiluminescence Assay for NA Using NA-STAR
as Substrate

Influenza virus NA was initially titrated by serial
wofold dilutions in 32.5 mM Mes, pH 6.0, and 4 mM
aCl2. The concentration of NA against S/N was plot-

ed graphically to determine the enzyme concentration
o be used in subsequent inhibition assays. An exact
oncentration of the enzyme stock was determined by
sing zanamivir as an active-site titrant. For experi-
ents using the clinical isolates, the samples were

ssayed undiluted. For zanamivir inhibition assays, a
tock solution of zanamivir (3 mM) was prepared in
ater and then serially diluted from 0.55 mM to 0.028

nM in water. A volume of enzyme (40 ml), diluted in
32.5 mM Mes, pH 6.0, and 4 mM CaCl2, was preincu-
bated 610 ml zanamivir for 30 min at room tempera-
ture in white 96-well Packard Optiplates. The reaction
was initiated by the addition of 5 ml of a 1:15 dilution of
NA-STAR substrate prepared in 32.5 mM Mes, pH 6.0,
and 4 mM CaCl2. The final concentration of substrate
in the assay was 60 mM. This concentration had previ-
ously been determined as the Km concentration for the
enzyme using NA-STAR substrate. Fresh stock solu-
tions of NA-STAR (10 mM) were prepared in 0.51-M
sodium acetate buffer, pH 8.3, on a daily basis. The
reaction mixture was then incubated at 37°C for 15
min with shaking. After the enzymatic cleavage of
NA-STAR, chemiluminescent light emission was trig-
gered by adding 55 ml of the Sapphire enhancer to the
assay mixture in each well. The chemiluminescence
was read immediately in a Wallac counter (refer to
results and discussion section). A protocol with a lumi-
nescence label, no excitation, no filter, and a counting
time of 0.1 s per well was utilized. The data were
plotted as log zanamivir concentration against percent-
age control (where control consisted of enzyme and
substrate with water in place of zanamivir) and the
IC50 values were determined using Grafit 3.09. The
results were fitted using a four-parameter logistic and
IC50 values were determined using the equation, %con-
trol 5 (v 0/1 1 ([I]/IC50)

s) 1 background, where s is the
lope factor, [I] is the inhibitor concentration, and v 0 is
he maximum y range. Where signal to noise values
ere obtained for the undiluted clinical isolates, pho-

on emissions were quantified in either a Wallac
ounter or a Tropix TR717 luminometer (hereby re-
erred to as Tropix luminometer).

RESULTS AND DISCUSSION

Chemiluminescence is a highly sensitive technique

for monitoring enzyme activity due to low background
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luminescence coupled with high-intensity light output
due to enzyme catalysis. In addition, the 1,2-dioxetane
chemiluminescent substrates in particular are nonra-
dioisotopic and provide a high-intensity signal with low
background and a wide dynamic range. The benefits of
increased detection sensitivity provided by chemilumi-
nescent 1,2-dioxetane enzyme substrates compared to
fluorometric substrates have been widely demon-
strated. AMPGD, a phenylgalactose-substituted 1,2-
dioxetane chemiluminescent substrate, has been de-
scribed by Bronstein et al. (18), and has been used in
connection with reporter gene assays. Jain et al. (19)
tudied the utility of AMPGD substrate for the detec-
ion and quantification of b-galactosidase. They were
ble to detect as little as 2 fg of b-galactosidase com-

pared to 200 fg, which was detected in a fluorescence-
based assay. This increase in sensitivity is comparable
to that obtained in the present study. Van Poucke et al.
(20) also utilized this 1,2-dioxetane derivative as a
substrate and found that it afforded severalfold in-
creases in sensitivity compared to fluorescent tech-
niques.

Examples of other 1,2-dioxetane substrates include
the Galacton-STAR substrate also for b-galactosidase.
Martin et al. (21) showed that with this substrate as
little as 10 fg of purified enzyme could be detected at a
S/N ratio of 2, and with a dynamic range of 5 to 6 orders
of magnitude of enzyme concentration. Both Galacton-
STAR and NA-STAR are versatile reagents for highly
sensitive, fast, and simple detection that offer more
sensitive alternatives to current methodologies. Bron-
stein et al. (22) have also demonstrated the use of
1,2-dioxetane substrates in the detection of b-galacto-
sidase (Galacton and Galacton-plus), b-glucuronidase
(Glucuron), and secreted placental alkaline phospha-
tase (CSPD). In agreement with the findings in this
study, chemiluminometry afforded increased sensitiv-
ity over several orders of magnitude compared to that
provided by fluorescence-based assays. Use of all sub-
strates for the three enzymes resulted in a significantly
advanced level of detection compared with fluores-
cence-based assays. When considering the design of a
more sensitive neuraminidase assay, we therefore
chose to synthesize dioxetane sialosides as potential
chemiluminescent substrates of NA.

To assess the potential of NA-STAR to detect levels
of neuraminidase activity that are below the level of
quantification of the fluorogenic assay using MUN, the
limits of detection were compared in assays run under
identical conditions. The detection threshold of the
chemiluminescence NA assay using NA-STAR as sub-
strate was 3 pM (Fig. 3). This was at least 67-fold
greater than the sensitivity provided by the current
MUN fluorometric assay, with which a concentration of
NA no less than 200 pM could be detected. The detec-

tion threshold is the minimally required difference be-
tween the signal and the background (noise) which
indicates a positive response and determines the abil-
ity of an assay to detect small concentrations of ana-
lyte. Although we chose to take a S/N ratio of 2 as the
limit of detection of the assay, plots of S/N against
enzyme concentration for the two assays have similar
slopes, indicating the difference in the sensitivity of the
two assays is independent of the S/N ratio used in the
comparison.

Optimal detection sensitivity in the chemilumines-
cence assay was obtained when the reaction was ter-
minated with the Sapphire enhancer. Use of the Sap-
phire enhancer yielded a chemiluminescent signal that
was ;100 times greater than that obtained with a pH
10 glycine buffer and, although the background signal
also increased, this increase was less pronounced so
that the S/N ratio increased by a factor of 5. The use of
an enhancement solution such as the Sapphire en-
hancer reduces the water-induced quenching effect
that can occur. It functions to separate the water from
the site of chemiluminescence signal production, creat-
ing a hydrophobic environment, which increases the
quantum efficiency of light production, and produces
an intense light signal. Figure 3 also shows that a
significant change in the detectability of the chemilu-
minescence assay was observed when the enhancer
was used. The Sapphire enhancer was used in all the

FIG. 3. Comparison of the detection threshold of the fluorescence
and chemiluminescence assay. The ratio of signal to noise at differ-
ent concentrations of NA (indicated by the x axis) was determined

sing NA-STAR (F and ■) or MUN (Œ) as substrate. (1.0 nM NA is
equivalent to 0.0028 mg of NA/55 ml assay volume, based on a subunit

olecular weight of 50,000). NA was diluted prior to assay in 4 mM
aCl2 in combination with either 32.5 mM Mes, pH 6.5, for the

fluorescence assay or 32.5 mM Mes, pH 6.0, for the chemilumines-
cence assay. The NA-STAR and MUN assays were conducted as
outlined under Materials and Methods. Chemiluminescent light
emission was triggered by adding either Sapphire enhancer, pH 10
(■), or 500 mM glycine buffer, pH 10 (F). The data displayed are the
mean and where errors are large enough to be displayed, these
represent the mean 6 SE (n 5 3).
experiments carried out in this study. A variety of
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different enhancement solutions is available and the
choice of enhancement solution depends on the partic-
ular requirements of an assay. A study by Jain et al.
(19) was carried out with the use of Emerald enhancer.
Conversely to the findings in this study, they found no
significant change in the detectability of the assay us-
ing the enhancer. This may be because although the
signal intensity is higher using the Emerald enhancer,
the background noise is also higher.

In addition to an increase in the sensitivity of the NA
assay, the chemiluminescent assay also offered an in-
creased dynamic range over that of the fluorescence
assay. This allowed the potential for a more accurate
discrimination between small differences in NA con-
centration to be made. At the detection threshold, the
chemiluminescent signal/photon count obtained was
approximately 7000 at an enzyme concentration of
0.003 nM, rising to counts of ;7 3 106 at an enzyme
concentration of 10.5 nM, which was the maximum
enzyme concentration used in this study. In this study,
the chemiluminescent signal therefore ranged over
four orders of magnitude (Fig. 4A). In contrast, at the
detection threshold of the fluorescence assay, the
counts obtained were approximately 1 3 105 fluores-
cence units at an enzyme concentration of 0.2 nM,
rising to counts of ;1 3 106 at an enzyme concentra-
tion of 10.5 nM. For the enzyme concentrations used,
the dynamic range (signal range) of the fluorescence
assay was therefore no more than two orders of mag-
nitude (Fig. 4B).

During the development of the chemiluminescent
assay, a color-quenching effect was noted when assay-
ing clinical samples. This was found to be due to the
phenol red used as a pH indicator in the tissue culture
medium present during the amplification of the virus

FIG. 4. Graphs showing the dose–response curves generated by dif
assay (A) and the fluorometric MUN assay (B) were conducted as de
4 mM CaCl2 in combination with either 32.5 mM Mes, pH 6.5, for the
assay. The concentrations of NA used are indicated on the x axis. Th
to be displayed, these represent the mean 6 SE (n 5 3).
stock. In an attempt to solve this problem the Emerald t
enhancer was used in place of the Sapphire enhancer
because the Emerald enhancer causes light to be emit-
ted in the green part of the spectrum, and hence was
expected to reduce the colour quenching effect. How-
ever, no improvement was observed using this en-
hancer. To reduce the quenching effect, it therefore
became necessary to reduce the final concentration of
phenol red in the assay. A quench curve for phenol red
was constructed (Fig. 5) and 2 mg/liter was established
as the maximum tolerable concentration of phenol red
in the assay. If it is necessary to remove any phenol red
present in a sample prior to assay, this could be
achieved by dialysis or gel filtration. However, effects

ent substrates for neuraminidase. The chemiluminescent NA-STAR
bed under Materials and Methods. NA was diluted prior to assay in
orescence assay or 32.5 mM Mes, pH 6.0, for the chemiluminescence
ata displayed are the mean and where error bars are large enough

FIG. 5. Quench curve for phenol red. The NA-STAR assay was
conducted as outlined under Materials and Methods. The NA was
diluted in 32.5 mM Mes, pH 6.0, 4 mM CaCl2 6 phenol red in

inimum essential medium (MEM) prior to assay, such that the
nal concentration of NA in the assay was 10.5 nM. The final con-
entrations of phenol red in the assay were as indicated by the x axis.
he data displayed are the mean and where errors are large enough
fer
scri
flu
e d
o be displayed, these represent the mean 6 SE (n 5 3).
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on stability and concentration of the sample could re-
sult in considerable loss of enzyme activity. This could
be very detrimental to those samples in which there is
little enzyme activity present in the first instance, such
as those from the NAIB2008 clinical trial. We therefore
recommend that phenol-red-free medium be used in
the amplification of the virus stock.

An additional problem encountered during the devel-
opment of the chemiluminescence assay was the effect
of “cross-talk” when the assay was run in 96-well mi-
crotiter plates. Cross-talk is the leakage of light from
one well into an adjacent well and can contribute a
significant error in wells with low signal which are
next to wells of higher signal. Cross-talk occurs via two
distinct pathways, one being the instrumentation and
the other the type of microplate. The cross-talk perfor-
mance was evaluated for both the Wallac counter and

TAB

Comparison of the Tropix Luminometer and the Walla

Plate type

Tropix lumin

S/N at
0.0021 nM

NA

White Packard Optiplates 10.7
White Costar plates (Tropix) 3.0
Black Dynatech plates 4.3

Note. The S/N ratios were obtained using all three plate type
oncentration of NA at approximately the detection threshold of th
ighest possible enzyme concentration that could be used for each
quated to 1.05 nM with the Tropix luminometer and 10.5 nM with
nder Materials and Methods. The data displayed are the mean, wi

FIG. 6. A comparison of white plates and black plates for use in the
as outlined under Materials and Methods. The NA was diluted in
concentration in the assay was 10.5 nM. Identical samples of NA an
in both plate types. Chemiluminescent light emission was triggered b

the mean and where errors are large enough to be seen, these represen
the Tropix luminometer, and also for three different
microtiter plates, black Dynatech plates, white Costar
plates, and white Packard Optiplates (Table 1). Gen-
erally the cross-talk measured with the Tropix lumi-
nometer was 10-fold lower than that measured with
the Wallac counter for all three plate types. The per-
centage cross talk measured was lowest for the black
plates; however, this is due to the fact that these plates
absorb a large amount of the emitted light, and hence
the overall signal is also low. Black plates are generally
regarded as poor performers for chemiluminescence-
based assays (Tropix web page, http://38.248.78.65/
717faq.htm). Figure 6 compares the counts obtained
using black plates and white plates. The two different
white plates gave similar cross-talk performance for all
three plate types on both instruments. On the whole
the Tropix luminometer performed better then the

1

ounter—Signal to Noise and Cross-talk Performance

ter Wallac counter

rosstalk (%)
at 1.05 nM

NA

S/N at
0.0021 nM

NA

Crosstalk (%)
at 10.5 nM

NA

0.009 1.2 0.05
0.003 1.5 0.06
0.002 3.0 0.02

n both the Tropix luminometer and the Wallac counter using a
ssay (;2–3 pM). The cross-talk performance was measured at the
strument without causing the generated data to be off-scale. This
e Wallac counter. The NA-STAR assay was carried out as outlined
n 5 3.

-STAR chemiluminescent assay. The NA-STAR assay was conducted
mM Mes, pH 6.0, 4 mM CaCl2 prior to assay such that the final

A-STAR substrate reaction mix were placed into wells A7 and H12
he addition of 500 mM glycine buffer, pH 10. The data displayed are
LE
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t the mean 6 SE.
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Wallac counter, although it has the disadvantage that
it can be used solely for luminescence applications. The
Wallac counter is more economical in that it can be
used for a variety of different assay technologies.

To assess the effect of the cross-talk on zanamivir
IC50 determinations, an IC50 value was determined for
a NA concentration with low signal (S/N 5 2). The
same determination was carried out a second time, but
this time in close proximity on the microtiter plate to a
NA concentration with high signal (S/N 5 40, 80, and
160). No effect on the IC50 value of the enzyme at low
S/N was observed. However, in all susceptibility as-
says, the level of input virus used influences the IC50

values determined. It was therefore decided to stan-
dardize the level of virus used in the chemilumines-
cence assay so that the S/N obtained was no more than
40/1. Controlling the amount of virus in this way re-
duces the level of variability that may occur in the
assay with higher viral levels, avoids incorrect report-
ing of resistance, and also eliminates any cross-talk.
Using the Wallac counter with white Packard Opti-
plates there is negligible cross-talk at a S/N of 40/1.

A proportion of the clinical isolates from the phase II
clinical trial (NAIB2008) was found to have undetect-
able NA activity in the current fluorogenic assay. When
tested in the chemiluminescence assay, NA activity

TABLE 2

Comparison of the Fluorescence and the Chemilumines-
cence Assays Using Clinical Samples from the NAIB2008
Trial

Clinical samples
from NAIB2008

Fluorescence
assay (S/N)

Chemiluminescence
assay (S/N)

7221 BQL BQL
7221 (conc) BQL BQL
7222 BQL BQL
7222 (conc) BQL BQL
7227 BQL 10
7230 BQL BQL
7230 (conc) BQL 1.4
7236 BQL 11
7238 BQL 35
7239 BQL 29
7241 BQL 2.4
7244 BQL 27
7245 BQL 11
7257 BQL 14
7260 BQL 17

Note. The clinical samples were assayed undiluted using either
UN or NA-STAR as substrate at a concentration of 100 mM. The
A-STAR and MUN assays were conducted as outlined under Ma-

erials and Methods except that the concentration of MUN and
A-STAR used was 100 mM. Where samples were concentrated

(conc), this was achieved by centrifuging the samples in centriprep
tubes with a 10,000 molecular weight cutoff point. In each case the
S/N was obtained by dividing the signal by the background and
where the signal obtained was too low to be quantified this was

denoted by BQL, below quantifiable level.
could be detected in 83% of these isolates (Table 2). The
S/N ratios were obtained with both the Tropix lumi-
nometer and the Wallac counter for the three plate
types mentioned above. Little difference in the S/N
ratios was observed for both instruments and all three
plate types (Fig. 7). When the S/N ratios were obtained
using the clinical isolates, the phenol red concentration
exceeded 2 mg/liter, which had previously been chosen
as the maximum concentration of phenol red that could
be present in the assay without causing a significant
decrease in the chemiluminescent signal. Since future
susceptibility monitoring will be carried out at a level
of phenol red that is acceptable (i.e., below 2 mg/liter),
this allows the potential for the remaining 17% of the
isolates also to be detected in the chemiluminescence
assay.

For the optimization of the NA-STAR assay, the lev-
els of calcium, as well as the pH and the length of
incubation time were varied (data not shown). There
was no change in the sensitivity of the assay when the
concentration of calcium was varied from 4 to 20 mM.
Calcium has been shown to increase the initial rate by
accelerating the enzyme–substrate interaction (23). A
concentration of 4 mM was chosen for all future exper-
iments. The effect of the pH of the reaction buffer was
studied by varying the pH between 5.5 and 6.5, since
the pH optima of viral NAs lie in this range. Similarly,
no increase in sensitivity was observed at differing pH.
No effect on the chemiluminescent signal or the S/N
was observed and a pH of 6.0 was chosen for all future
experiments. To establish the optimal incubation time,
the reactions were incubated at 5-min intervals up to

FIG. 7. A comparison of the signal to noise obtained with the
Wallac counter and the Tropix luminometer. The ratio of signal to
noise was obtained with undiluted clinical samples from the
NAIB2008 trial using either the Tropix luminometer or the Wallac
counter. Black Dynatech, Packard Optiplates, and white Costar
plates were used. The NA-STAR assay was conducted as outlined
under Materials and Methods. The data displayed are the mean (n 5
2) and show that the S/N obtained was similar for both instruments.
60 min. There was a steady increase in the chemilumi-
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nescent signal up to 15 min, where it peaked and then
proceeded to gradually decrease. As a result of this
observation, all future experiments were conducted us-
ing a 15-min incubation time. Also, after a period of 15
min, a gradual increase in the chemiluminescent sig-
nal in the blanks was observed, indicating that there
was a possibility of nonenzymatic substrate hydrolysis
occurring during longer incubation times.

Due to the relatively short-lived chemiluminescent
signal produced upon termination of the reaction,
(half-life of approximately 5 min, Fig. 8), it was impor-
tant to read the plate immediately after stopping the
reaction, and at a rate of 0.1 s per well to ensure that
consistent and accurate results were obtained.

Consistency between the fluorescence and the chemi-
luminescence assays was observed using a range of
different strains of influenza A and B viruses to deter-
mine IC50 values for zanamivir. The present study
found that zanamivir IC50s ranged from 1.0 to 7.5 nM
at a fixed concentration of NA-STAR. These values
corresponded well to those obtained using the fluores-
cence assay (1.0 to 5.7 nM) (Table 3).

In previous studies, NA assays have proven to be the
most reliable and reproducible way of monitoring the
susceptibility of influenza clinical isolates to zanamivir
(11). Furthermore, studies by Barnett et al. (11) have
clearly indicated that the NA enzyme assay is cur-
rently the only in vitro assay that is predictive of in
vivo susceptibility to zanamivir. In this study, the
chemiluminescent NA assay has proved to be espe-
cially valuable in monitoring the susceptibility of those
isolates that possessed NA activity too low to be mea-

FIG. 8. Chemiluminescence decay curve. The NA-STAR assay was
carried out as outlined under Materials and Methods. A concentra-
tion of NA was chosen such the S/N ratio was no more than 40/1 and
diluted prior to assay in 32.5 mM Mes, pH 6.0, and 4 mM CaCl2. This

as achieved by initially titrating NA with NA-STAR substrate and
lotting NA concentration against S/N using Grafit. Following
hemiluminescent light emission, photon emissions were obtained at
he times indicated on the x axis. The data displayed are the mean.

rrors represent the mean 6 SE (n 5 3).
sured in the current fluorescence assay. Therefore,
based on this comparison we would recommend that
future susceptibility monitoring of influenza NA to
zanamivir should be carried out using the NA-STAR
chemiluminogenic substrate.
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