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Abstract It was first found that 4-(2-pyridylazo)-resorcinol
(PAR) can combine with lysozyme forming a polymolec-
ular complex, with the molar ratio of 1:12 (lysozyme/PAR)
in the medium of acetate buffer (pH 6.0). The fluorescence
spectra suggested that PAR molecules may produce self-
aggregation, and it was suggested that there are interactions
between lysozyme and PAR possibly mainly on the
cooperation of hydrophobic, electrostatic actions and
chelate bond. The coordination complex of lysozyme-PAR
can cause an enhanced resonance light scattering (RLS)
signal with the scattering peak located at 521 nm. The in-
crement of RLS intensity was linear with the concentration
of lysozyme over the range from 1 ng mL™" to 30.0 pg mL™,
with the limit of detection of 0.3 ng mL™" (30, n=5). Effect
of experimental conditions, including temperature, pH,
concentration of PAR, and the ionic strength on RLS were
also tested. The proposed RLS method was successfully
applied to analyze lysozyme in hen egg white, human
saliva and tear samples without any special pretreatment.
Compared with other methods, the proposed procedure is of
high sensitivity and selectivity.
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Introduction

4-(2-pyridylazo)-resorcinol (PAR) is a phenolic compound
with a pyridine ring in its structure, and is one of the
important reagents among heterocyclic azo dyestuffs [1].
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PAR is widely used as an indicator of metal ions for the
spectrophotometric determination [2, 3], based on the
formation of PAR-ion color complex under appropriate
conditions.

The resonance light scattering (RLS) of PAR has been
discussed [4], that PAR self-molecules formed aggregations
by hydrophobic action in neutral medium producing
enhanced RLS signal. In this work, it was also found that
PAR can produce RLS signals in aqueous solution, but the
signal was weak and not stable, while lysozyme (the
molecular structure was shown in Scheme 1) was added
the RLS intensity was enhanced gradually. It was
suggested that there would exist interactions between
lysozyme and PAR, and the molar ratio of lysozyme and
PAR to form coordination complex was 1:12, which was
estimated by spectrophotometric method. So lysozyme
can combine with 12 molecules of PAR forming the
polymolecular coordination complex.

RLS is based on the fact that the aggregation of dye
chromophore on the biological macromolecules, owing to
their interactions, giving rise to strong RLS [5, 6]. In this
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Scheme 1 The molecular structure of lysozyme

paper, the RLS procedure was proposed to deal with
lysozyme in real samples. The RLS intensity of PAR was
enhanced remarkably owing to the formation of polymo-
lecular coordination complexes of lysozyme—PAR. And the
increment of RLS intensity was in a good linearity with
lysozyme concentration in the range from 0.001 pug mL™" to
30 ug mL™", with the limit of detection (LOD) of 0.3 ng mL™.
The present method was applied for determining lysozyme
in hen egg white, saliva and tear samples, and the results
obtained from which were in a good agreement with the
references, with recoveries in the range of 91.8—115.8%.
Compared with general methods for testing lysozyme in
egg white and human body fluids, such as enzyme-linked
immunosorbent assay [7], fluorescence [8], polarography
[9], chemiluminescence [10], and RLS with different
chromophores such as Water blue [11], trimethoxyphenyl-
fluorone-molybdenum (VI) [12], Ponceau 4R [13], the
proposed method showed its potential advantages includ-
ing high sensitivity, simply handling, and good selectivity.

Materials and methods
Reagents

The reagents used were all of analytical-reagent grade, and
the doubly deionized water used throughout the procedure
was made by Milli-Q system (Millipore, Bedford, MA,
USA). Lysozyme (Sigma) was obtained from local market
applied to prepare the stock solution with the concentration
of 5 mg mL"'. PAR purchased from Xi’an Chemical
Reagent Plant (Xi’an, China) was used as supplied to
prepare a 0.05% PAR stock solution in alkaline medium,
and diluted by doubly deionized water into a 100 mL
brown calibrated flask. The acetate buffer at pH 6.0 and
NacCl solutions were used to adjust the acidity and the ion
strength of the scattering system. The stock solutions were
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stored at 4°C, from which the working strength solutions
were prepared freshly as required before testing.

Apparatus

A Hitachi F-4500 fluorescence spectrofluorimeter (Tokyo,
Japan) was used for all the fluorescence measurements,
coupled with which a computer carried out the data process
and plotting. While a UV—Vis spectrophotometer (model
Lambda-40, Perkin Elmer, USA) was employed for
acquiring the absorption spectra. And a pHs-3C digital pH
meter (Shanghai Leici Device Works, China) was applied
for pH measurements.

Procedure

At room temperature, 1.0 mL acetate buffer, appropriate
volume of PAR and a series of lysozyme standard solutions
or samples were added to the 10 mL comparison color tube
in order, diluted by doubly deionized water and homoge-
nized for determination. The RLS spectra were obtained by
simultaneously scanning the excitation and emission mono-
chromators of spectrofluorimeter from 400 nm to 650 nm
without any wavelength interval (Ax=Aem). And the
enhancement of the RLS intensity was calculated from
Alprs=Irrs — Iy, where I g and I, was the RLS intensity
for in the presence and absence of lysozyme, respectively.

Results and discussion

Fluorescence and RLS spectra of PAR
and lysozyme-PAR

A series of experiments were carried out for testing whether
PAR could emit fluorescence. The maximum excitation
wavelength of PAR was observed at 302 nm, and its emission
spectrum was obtained when excited at 302 nm as shown in
Fig. 1. It can be seen that the emission peak shifted to the blue
side and the maximum fluorescence intensity increased in the
concentration range of 10-70 pumol L™" then decreased with
increasing concentration (70-300 pmol L™ "), and the max-
imum emission intensity was obtained with 70 pmol L'
PAR. When PAR concentration varied from 10 pmol L™ to
150 umol L™, the emission peak was shifted from 364 nm
to 350 nm. It was interesting that the beginning points of the
spectral lines were almost identical, though the peak intensity
and corresponding wavelength changed with the concentra-
tion of PAR. If the emission wavelength was fixed at
360 nm, the relationship between the fluorescence intensity
and the concentration of PAR can be expressed in Fig. 2.
And the fluorescence spectrum of lysozyme, PAR, and
lysozyme—PAR was also obtained with the same concentration
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Fig. 1 Fluorescence spectra of PAR in acetate buffer PAR 1, 10 pmol
L% 9,300 pumol L

of lysozyme and PAR at 4 umol L™, as shown in Fig. 3; the
emission peak was located at 339 nm, 364 nm and 346 nm,
respectively. From the fluorescence spectra of PAR and
lysozyme—PAR it was suggested that PAR molecules may
self-assemble [14] and then react with lysozyme forming
polymolecular complexes.

Figure 4 showed that the RLS spectra of PAR and
lysozyme—PAR in the acetate buffer (pH 6.0) obtained by
simultaneously scanning the emission and excitation wave-
length, with the scattering peaks at 521 nm. As can be seen
that there was no significant wavelength shift in the range
of 400-650 nm, and the RLS intensity was greatly
enhanced in the presence of lysozyme, which suggested a
strong interaction existing between lysozyme and PAR. By
comparing the RLS spectra of lysozyme-PAR and the
absorption spectra of PAR, it can be found that the RLS
peaks lay in the red side of the molecular absorption band
of PAR (Apax 405 nm) in the range of 310-500 nm.
According to the light scattering theory [15], it was
suggested that the RLS peak was ascribed to the absorption
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Fig. 2 Plot of fluorescence intensity with increasing concentration of PAR
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Fig. 3 Fluorescence spectrum of lysozyme, PAR, and lysozyme-—

PAR 1, lysozyme; 2, PAR; 3, lysozyme—PAR lysozyme, 4 pumol Lh
PAR, 4 umol L'

of PAR. The RLS intensity was enhanced obviously in the
presence of lysozyme, and the increment of RLS intensity
(Algrs) was linearly proportional to the concentration of
lysozyme at 521 nm, so this wavelength was selected for
the determination of lysozyme.

Effect of temperature on RLS intensity

The influence of temperature on the RLS intensity was
weak in the range of 15-30°C, but when the temperature

9999
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Fig. 4 RLS spectra of PAR and lysozyme—PAR PAR, 20 umol L™";
lysozyme 1, 0 pug mL™'; and 10, 30.0 ug mL™'; NaCl, 0.01 mol L™ ';
pH 6.0
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was over 40°C the sensitivity of the system was obviously
decreased. And Alg; s reached a maximum at about 20°C,
considering both the sensitivity and the handling simplifi-
cation of the method the whole procedure was carried out at
room temperature 25°C.

Effect of pH on RLS intensity of lysozyme—PAR

Due to the interaction between lysozyme and PAR,
influences of pH on the RLS intensity of PAR and
lysozyme—PAR were tested by a series of solutions with
different acidity. The RLS intensity of PAR did not change
obviously with pH increasing, while that of lysozyme-
PAR changed a lot. The RLS intensity of lysozyme-PAR
increased when pH<6.0, while with pH continuing to
increase, the RLS intensity of lysozyme-PAR was
decreased. Thus pH 6.0 adjusted by acetate buffer was
selected as an optimum condition. With pH increasing,
more negative charges on PAR molecule (owns two —OH
groups on the phenyl; pKa;=3.1, pKa,=5.6) made it easy
to bind to lysozyme and enhanced the RLS intensity, on the
other hand, the increase of pH would also result in the
aggregation of negative charges on lysozyme molecules
(pI=11) [16], correspondingly the binding force between
lysozyme and PAR was weakened and RLS intensity was
diminished. Then the result of the two opposite effects
was that at pH 6.0 the combination of lysozyme and PAR
was the strongest, and the enhancement of RLS intensity
arrived at the maximum.

Table 1 Tolerance of foreign species®

Effect of the concentration of PAR on RLS intensity

The effect of PAR concentration was examined by testing
the RLS intensity with a series of PAR standard solutions
0.5, 1,5, 7, 10, 20, 30, and 40 umol L_]). The optimum
concentration for the assay was obtained from the plot of
Algrs against PAR concentration. The highest Alp; g was
found with a 20 umol L™' PAR, which was applied in
further research.

Effect of ionic strength on RLS intensity

The effect of ionic strength on the lysozyme—PAR system
was carried out by testing the effect of different concen-
trations of NaCl on RLS intensity. The RLS intensity was
stable as NaCl concentration was lower than 0.01 mol L_l,
and it was reduced when more than 0.01 mol L™". It was
possible due to the decrease of the binding force between
PAR and lysozyme, because the shielding effect of the
charges on lysozyme resulted from increasing ionic
strength, which was not beneficial to the formation of
lysozyme—PAR complexes. And then 0.01 mol L' NaCl
was selected to adjust the ionic strength of the system.

Performance of proposed method for lysozyme
measurements

Under optimum conditions, a series of lysozyme standard
solutions were examined for drawing a working curve. It

Species Concentration pmol L™ Error % Species Concentration pmol L™ Error %
NH," (chloride) 50.0 4.55 Mn?" (chloride) 2.0 2.42
Br 50.0 -0.78 Pb>" (nitrate) 1.0 4.93
L-His 20.0 2.07 Zn*" (sulfate) 1.0 3.61
L-Cys 20.0 4.20 Hg®" (nitrate) 1.0 2.75
L-Glu 20.0 -1.01 Fe*" (sulfate) 1.0 2.26
L-Phe 20.0 1.99 Mg>" (chloride) 1.0 1.44
L-Thr 20.0 =3.77 Sn** (chloride) 1.0 1.44
DL-Ala 20.0 4.91 Cr’" (chloride) 1.0 3.44
L-Pro 20.0 3.93 Ca** (nitrate) 1.0 4.15
Ba”" (chloride) 20.0 1.68 AP (nitrate) 1.0 439
Glucose 20.0 1.02 Ni?* (chloride) 0.4 -2.91
L-Trp 10.0 3.69 Fe*" (nitrate) 0.4 4.34
L-Leu 10.0 1.46 Co?" (chloride) 0.2 4.22
L-Asp 10.0 1.78 Cd*" (nitrate) 0.2 2.66
Glycin 10.0 2.27 Trypsin 0.09 2.13
SCN™ 10.0 2.22 Cytochrome C 0.04 4.12
HPO,*” 10.0 4.52 Ag" (nitrate) 0.01 3.69
I 10.0 4.23 Egg albumin 0.01 3.75
POS" 10.0 421 v-IgG 3.5%x1073 1.45
Cu®" (sulfate) 2.0 —4.66

2 Conditions: lysozyme 0.1 ug mL™"; pH 6.0.
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was found that the enhancement of RLS intensity was
linear with the concentration of lysozyme in the range from
1.0 ng mL™" to 30.0 ug mL™" with the LOD of 0.3 ng mL ™"
(30, n=5). The working regression equation was

Alrrs = 318.1Chsomyme + 534.9, R* = 0.9988.

The relative standard deviations (RSDs) of five determi-
nations were 2.03%, 1.29%, and 0.94% for 0.01, 0.1, and
1.0 ug mL™" lysozyme, respectively.

Interfering studies

The influence of foreign substances on the determination
results was investigated. For the purpose, 0.1 pg mL™'
lysozyme containing increasing amounts of interfering
species were analyzed. The results were summarized in
Table 1, and it can be seen that the inorganic anions and
amino acids had little influence on the determination under
the permission of 5% error. And components abundant in
hen egg white such as egg albumin, glucose and minerals
and other proteins in saliva and tear also had no obvious
effect on the determination of sub-nanogram level of
lysozyme.

Applications

Determination of lysozyme in hen egg white samples

The present method was applied for the determination of
lysozyme in hen egg white samples. Seven eggs purchased

from local market were broken, from which the egg white
was collected, and diluted with doubly deionized water in a

Table 2 Results of lysozyme in egg white samples®

Sample  Added Found RSD Recovery Content in egg
no. ngmL™ ngmL' % % white mg mL™"'
1 0 39.5 229 1039 3.95
30 70.73 0.68
2 0 139.6 1.77 953 3.96
50 187.2 1.12
3 0 84.3 1.18 94.9 3.67
70 150.8 0.58
4 0 185.4 1.09 102.8 4.27
100 288.2 0.97
5 0 115.9 2.25 99.2 3.48
30 145.7 1.21
6 0 192.9 2.08 111.6 4.14
50 248.8 1.14
7 0 213.8 1.06 95.1 3.74
70 280.4 0.95

Table 3 Results of lysozyme in saliva samples®

Sample Added Found RSD Recovery Content in saliva

no. ug mL™! ug mL™ % % ug mL™!

1 0 0.242 124 993 12.11
0.1 0.341 1.01

2 0 0.453 1.39 1158 10.59
0.1 0.569 0.47

3 0 0.599 0.73  113.1 11.98
0.1 0.712 0.86

4 0 0.594 128 946 11.88
0.2 0.783 0.62

5 0 0.686 395  96.1 10.29
0.2 0.878 2.89

6 0 0.879 1.29 918 11.95
0.2 1.081 0.55

#The average of five determinations.

calibrated flask and homogenized, and then stored at 4°C
for further analysis. According to the interference studies
other main components in hen egg white hardly interfered
with the determination, so the sample stock solutions were
used directly to determine lysozyme after diluted appropri-
ately with doubly deionized water. The results were
summarized in Table 2, and in order to testify the credibility
of the present method the recovery studies were also carried
out, which were in the range of 94.9%-111.6%. The
content of lysozyme in hen egg white was from 3.48 mg
mL™" to 4.27 mg mL™', which agreed well with that in the
literature [17].

Determination of lysozyme in human saliva
and tear samples

The proposed method was also used to determine lysozyme
in human saliva and tear samples obtained from six and three

Table 4 Results of lysozyme in tear samples®

Sample  Added Found RSD Recovery Content in tear

no. ug mL™! ug mL™" % % mg mL™!

1 0 0.264 2.02 95.5 1.318
0.05 0.312 1.71

2 0 0.456 1.21  101.0 1.282
0.1 0.557 1.07

3 0 0.366 1.52 1126 1.171
0.1 0.478 0.49

4 0 0.454 0.92 98.7 1.132
0.2 0.651 0.77

5 0 0.629 2.83 96.1 1.058
0.05 0.677 1.59

6 0 0.698 1.99 101.8 1.048
0.07 0.769 0.91

2 The average of five determinations.

?The average of five determinations.
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healthy volunteers, respectively. The samples were stored at
4°C and diluted with doubly deionized water appropriately
to ensure the concentration of lysozyme was in the linear
range. The results were summarized in Tables 3 and 4 with
the recoveries ranging from 91.8% to 115.8% for saliva and
95.5% to 112.6% for tear samples. The content of lysozyme
obtained was 10.29-12.11 pg mL™" in saliva and 1.048—
1.318 pug mL™" in tear, respectively, which was consistent
with that of reference methods [18, 19].

Possible mechanism for the interaction of lysozyme
and PAR

Based on the discussion of the fluorescence and RLS
spectra for PAR and lysozyme—PAR, it was suggested that
the interaction between lysozyme and PAR should not be
ascribed to only one intermolecular force but to the
cooperation of hydrophobic, electrostatic actions and
chelate bond reactions. It is well known that PAR has some
pairs of unshared electrons and two negative charges
available for bond formation with species under certain
conditions. A suitable molar ratio for the formation of
lysozyme—PAR complex was obtained using spectropho-
tometry with its absorption spectra illustrated in Fig. 5.
From this figure it can be observed that the characteristic
absorption of lysozyme is at 280 nm. And the relationship
between the maximum absorbance (A) for lysozyme and
the molar ratio of PAR to lysozyme (Cpar/Ciysozyme) Was

02 r

0.18

0.16

0.14 r

0.12

0'1 1 1

220 240 260 280 300 320
Wavelength nm

Fig. 5 Absorption spectra of lysozyme—PAR Lysozyme. 1 pmol L™';
PAR 1, 0 pmol L™, and 14, 16 umol L'
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012 O

Molar ratio of PAR to lysozyme
Fig. 6 Relationship of absorbance and molar ratios for PAR to
lysozyme

expressed in Fig. 6, from which it can be seen that there
was an inflexion when the molar ratio was 12. It was
implied the binding was not saturated only when Cpar/
Ciysozyme Was higher than 12. So it was educed that one
molecule of lysozyme can combine with 12 molecules of
PAR, and form a polymolecular complex by chelate bond
(may be coordination and electrovalent bond).
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