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Stochastic resonance is applied to quantitative analysis for weak
chromatographic signal of roxithromycin in beagle dog plasma
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Abstract

Based on the theory of stochastic resonance, the signal to noise ratio (SNR) of HPLC/UV chromatographic signal of roxithromycin is enhanced
by cooperation of signal, noise and nonlinear system. A simple new method for the determination of low concentration of roxithromycin in beagle
dog plasma is presented. Using signal enhancement by stochastic resonance, this method extends the limit of quantitation from the reported 0.5
to 0.1�g/ml. During validation of the new method, HPLC/MS was used as a comparison technique. The results indicate that the recovery and
low concentrations of roxithromycin in beagle dog plasma were equivalent between the two methods (P > 0.05). Stochastic resonance may be a
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romising tool for improving detection limits in trace analysis.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Stochastic resonance generally occurs in bistable dynamical
ystems attacked by a weak signal corrupted by noise through
he nonlinear internal dynamics of the system, the small sig-
al is amplified by the presence of noise[1]. It has been shown

n numerous research works that the strength of signals will
ncrease and that of noise will decrease by the cooperation of
roper noise, weak signals and nonlinear system with a threshold

2–4]. Since then SR has attracted considerable interest[5–7],
.g. Wang has applied SR to analyze the weak laser-Raman spec-

rum of CCl4[8]. Pan et al. have improved the detectability of
nalytes in gas chromatography[9].

Roxithromycin is a semisynthetic macrolide antibiotic
erived from erythromycin. It is rapidly absorbed with long
limination half time and gives plasma levels that are higher than

hose of erythromycin[10]. Several chromatographic methods
ave been reported for determination of roxithromycin in bio-

ogical fluids. Electrochemical detection was employed in most

of them. In comparison with other macrolides, roxithromy
has somewhat higher absorbance at lower wavelengths. M
et al. have established a method with spectrophotometric d
tion [11]. With a limit of quantitation of 0.5�g/ml, it is difficult
to determine low concentration with UV detection in plasm

The goal of this work is to apply stochastic resonance a
rithms (SRA) to satisfy the requirement of quantitative ana
of weak chromatographic signals. The method was used to
mine the roxithromycin in beagle dog plasma with limit
quantitation of 0.1�g/ml, and a limit of detection of 0.05�g/ml.
This method greatly extended the low limit of quantitation c
pared with the published work. A HPLC/MS method, wh
limit of detection was as low as 0.05�g/ml, was also develope
to determine the concentrations of roxithromycin in plasm
order to compare with the UV. The result showed that t
was no significant difference between HPLC/UV with SRA
HPLC/MS analyses.

2. Theory and algorithm

The Langevin equation has been frequently employe
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order to describe the phenomenon of SR[8,9]:

ẋ = −U ′(x) + MI(t) + ξ(t) (1)
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where I(t) = S(t) + N(t) denotes an input signal embedded in
a noisy environment with the signalS(t) and the intrinsic
noise N(t); x is the displacement of particle;ξ(t) is exter-
nal noise added to induce SR,M is an adjustable parameter.
U(x) =−(1/2)ax2 + (1/4)bx4 is a simple double-well potential
with the constantsa andb characterizing the system. The min-
ima are located atx = ±√

a/b, wherexmin = (a/b)1/2. These
are separated by a potential barrier with the height given by
�U = a2/4b. The barrier top is located atx = 0. When the input
signal, noise and nonlinear system cooperate well, the poten-
tial barrier will lower and the signal which rest at one of the
two minima of the potential may surmount the energy bar-
rier hopping from one potential well to another. Thus, the
intensity of signals will increase and that of the noise will
reduce. The output signal of the system will be obtained with
a better SNR compared to the input[1–3,5,6,12]. Suppos-
ing the input signal is a sinusoid,I(t) = A sin(�0t), and D is
the noise intensity, whereA is the intensity of input signal
and �0 is frequency of the input signal. Based on the adi-
abatic approximate theory[13], the SNR can be described
as:

SNR=
√

2µ2A2e−µ2/4D

4D2 =
√

2�U

(
A

D

)2

e−�U/D (2)

The equation shows that the SNR of the output signal is
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included weak signal of roxithromycin and noise around was
first chosen. In this work, the retention time of roxithromycin is
10.24 min, so we choose a section of signals during the period of
9.8–11.0 min to perform stochastic resonance. The input signal
just over the range of time from 9.8 to 11.0 min is first prepared
by normalizing in the range [−1, 1]. Therefore, all samples in
analyzed series will have the same intensity in the nonlinear sys-
tem. Then the output signal can be obtained by solving Langevin
equation. The final results can be obtained by inverse normal-
ization of the output signals. The algorithm was implemented in
matlab6.5 (Math-Works, Natick, MA, USA) by authors and the
calculations were carried out on a computer (Pentium®4 Cpu
2.00 GHZ, Memory 512 M).

3. Experimental

3.1. Materials

Roxithromycin (98.0% purity) and clarithromycin (internal
standard, 98.0% purity) were obtained from the National Insti-
tute for the Control of Pharmaceutical and Biological Prod-
ucts (Beijing, China). Methanol (HPLC-grade) and acetonitrile
(HPLC-grade) were purchased from Merk Company (Amer-
ica). Ammonium acetate, ether and sodium carbonate (analyti-
cal grade) were from Nanjing Chemical Co. (Nanjing, China).
Heparinized blank (drug free) beagle dog plasma was pro-
v ma-
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ecided by the potential barrier�U and the noise intensityD.
he SNR of the Eq.(2) has a maximum atDmax=�U/2. Based
n the theory, SR can be observed by adding external n
djusting the input signal intensity, and modulating the n

inear system simultaneously. Previous literatures[14] clearly
howed that it was impossible to do quantitative determin
y adding external noise. Because noise in analytical si

s often assumed to be Gaussian white noise, but added
al noise, which is usually simulated is somewhat colored.
ddition of external noise will damage the characteristic o

ntrinsic noise and result in the serious distortion of the obta
ignals. It is impossible to do quantitative determination u
his condition. In order to do quantitative determination, o
he parametersa andb of the system are modulated to match
nput signal including real signal and intrinsic noise to ach
R.
Eq. (1) is solved by a fourth-order Runge–Kutta meth

9,15,16]and algorithm can be described as follows:

xn+1 = xn + 1

6
(k1 + 2k2 + 2k3 + k4), n = 0, 1, · · · , N − 1

k1 = axn − bx3
n + un

k2 = a(xn + k1/2) − b(xn + k1/2)3 + un

k3 = a(xn + k2/2) − b(xn + k2/2)3 + un+1

k4 = a(xn + k3/2) − b(xn + k3/2)3 + un+1

hereun = In + ξn.
Because there were other peaks in the signal of pl

ample, which would also absorb energy from noise in S
he magnification of roxithromycin might be affected and
utput might be not ideal. Thus, it is not possible to pro

he whole chromatogram. A section of chromatograph s
,

s
r-

a
,

l

ided by the Experimental Animal Center of China Phar
eutical University. Distilled water was used throughout
tudy.

.2. HPLC/UV system

The LC-10AT vp HPLC (SHIMADZU) system was us
ith SPD-10A vp UV–vis detector. The N2000 chromatog
hy data system (Zhejiang University Star Instrument T
ology Co, Ltd.) was used with sampling frequency of 10
he samples were separated on a Hanbang C18 co
250 mm× 4.6 mm i.d., 5�m, Jiangsu Hanbon Science & Te
ology Co, Ltd., China) column. The mobile phase was a mix
f methanol–10 mmol/l ammonium acetate buffer (68:32,
djusted to pH 4.5 at a flow-rate of 1 ml/min. The detector
et at 215 nm.

The plasma was prepared by a liquid–liquid extrac
ethod for spectrophotometric detection. 0.5 ml of plasma
0�l clarithromycin acetonitrile solution (internal standa
00�g/ml) were added to the centrifuge tube, and mi
hen 50�l saturated Na2CO3 solution was added and vo

ex mixed. Five milliliters of ether serving as extraction s
ent was added and the tubes were vortex mixed for 3
bout 4 ml of the organic phase was drawn out to ano
entrifuge tube after centrifugation at 2130× g for 10 min
nd was evaporated to dryness under nitrogen atmosph

he water bath at 45◦C. Before HPLC analysis, the residu
ere reconstituted by 50�l of mobile phase. The recons

uted plasma extract was centrifuged at 16,880× g for 10 min
nd 20�l of supernatant fluid was injected into the HPLC
nalysis.
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3.3. HPLC/MS system

An Agilent series 1100 HPLC with a mass detector, includ-
ing a binary pump (Model G1312A), a vacuum degasser (Model
G1322A), an autosampler (Model G1313A) and a column oven
(Model G1316A). The chromatographic conditions were a Han-
bang C18 column (250 mm× 4.6 mm i.d., 5�m) column and a
mobile phase (75:25, v/v) of methanol:water (10 mmol/l ammo-
nium acetate buffer) at a flow-rate of 1 ml/min. The mass detector
was set at SIM mode. The monitored ions were 837.5 (M + H+)
for roxithromycin and 748.5 (M + H+) for the internal standard
(clarithromycin).

Because of high sensitivity of mass detector, the plasma
sample was injected directly for determination after being depro-
teinized. 0.2 ml volume of plasma was transferred to a 1.5 ml
centrifuge tube, mixed with 50�l of internal standard solution
(5�g/ml), followed by the addition of 0.8 ml acetonitrile. The
sample was vortexed for 60 s and centrifuged at 16,880× g for
10 min and 20�l supernatant fluid was injected into HPLC for
analysis.

4. Results and discussion

4.1. Effect of the system parameters a and b on the
performance of SRA
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Fig. 1. Peak height to half-width to parametersa, b (0–0.01).

the described HPLC/UV system, and the retention time were
10.24 and 8.89 min, respectively. There were no endogenous
plasma components interfering with them both before and after
SRA. When the concentration of blood sample was lower than
0.5�g/ml, the peak of roxithromycin was too weak to per-
form quantitative analysis. So stochastic resonance algorithm
was used to extend the instrumental linear range.Fig. 4A was
chromatogram of roxithromycin of 0.05�g/ml, Fig. 4B was the
especially enlarged chromatogram of roxithromycin andFig. 4C
was the chromatogram of roxithromycin which was obtained
after SRA with the parametersa = 9.9× 10−5, b = 8.0× 10−6,
andFig. 4D was especially enlarged chromatogram ofFig. 4C. It
does seem clear that there is an increase in S/N betweenFig. 4A
and C. The peak area ratiof, which was the ratio of the peak
area of this sample after SRA to the origin peak area of the
internal standard, was applied to make the regression analysis.
Peak area ratios were plotted against roxithromycin concentra-
tions and standard curves were in the form off = A + Bx. To
evaluate linearity, plasma calibration curves were prepared and
assayed in duplicate on separate 5 days. Effective concentrations
in plasma samples were 0.1, 0.2, 0.5, 1, 2, 5 and 10�g/ml for
roxithromycin. Visual inspection of the plotted duplicate cali-
The parametersa andb in Eq. (1) not only define the heigh
f the potential barrier, but also affect the profile of the pote
ell. When the input signal was fixed, the parametersa andb
ffected the quality of final output signal directly. Therefore

s necessary to optimize the parametersa andb in order to ge
good output result. The optimization method in the refere

eported was to fix one parameter amonga andb, then to adjus
nother to optimize peaks with different height[9]. In such way
ome information obtained from the adjusting on param
f the target signal may be lost. This article presented a
ethod to optimizea andb synchronously for the first time wi

he ratio between peak height to peak half-width as evalu
ndicator. A greater value of the ratio of peak height to h
idth indicates a better output signal. Generally, our experi
howed thata andb should be small to get a satisfactory res
o we optimizeda andb in the range from 0 to 0.01 firstly wi
he results showed inFig. 1. It is obvious that parameterb has a
uch influence on the ratio thana and the result is better wh
is near to 0. Then,a andb were varied in the range from 10−6

o 10−4 and fromFig. 2, we can see that the ratio of peak he
o peak half-width becomes larger with increasingb until it has
eached the maximum whena equals to 9.9× 10−5 andb equals
o 8.0× 10−6. After that, the ratio was reduced rapidly with
ncrease ofb. Thus, witha = 9.9× 10−5 andb = 8.0× 10−6, the
ignal get the best output result.

.2. Analysis of the roxithromycin and the recovery of the
wo methods

As shown inFig. 3, roxithromycin and internal standa
ere separated well from the biological background u
 Fig. 2. Peak height to half-width to parametersa, b (10−6 to 10−4).



310 W. Zhang et al. / J. Chromatogr. B 831 (2006) 307–312

Fig. 3. (A) Chromatogram of a blank plasma sample; (B) especially enlarged chromatogram of a blank plasma sample; (C) especially enlarged chromatogram of
a blank plasma sample by SRA witha = 9.9× 10−5 andb = 8.0× 10−6; (D) a blank plasma sample spiked with roxithromycin at 1.5�g/ml and I.S obtained by
HPLC/UV.

bration curves and correlation coefficients = 0.9994 confirmed
that the calibration curves were linear over the concentration
ranges 0.1 to 10�g/ml for the analyte. Typical standard curve
wasf = 5.265× c − 0.2738, wheref represents the ratios of rox-
ithromycin peak area to that of I.S. andc represents the plasma
concentrations of roxithromycin. The corresponding confidence
intervals (α = 0.05) was intercept:−1.629 to 0.8834 and slope:
5.088–5.671.

Fig. 5 was a typical chromatogram of roxithromycin
and internal standard analyzed by HPLC/MS. The approxi-
mate retention times of roxithromycin and internal standard
were 4.678 and 4.260 min, respectively. The calibration curve
also showed good linearity over the concentration range of

Table 1
Recovery

Content
(�g/ml)

HPLC/UV/SRA (n = 5) HPLC/MS (n = 5)

Recovery (%) (R.S.D.%) Recovery (%) (R.S.D.%)

0.1 98.62 9.84 102.4 7.53
1 96.53 5.26 99.37 4.86

10 102.3 3.64 101.5 3.21

0.1–10�g/ml in plasma. The assay methods were validated in
terms of recovery. It was evaluated by processing three differ-
ent concentration levels of the samples (each level analyzed five
times). The data are given inTable 1, and the results showed that
the two methods had no significant difference.

4.3. Comparisons between HPLC/UV with SRA and
HPLC/MS

The blood samples were determined at concentrations at 0.1,
0.2 and 0.4 ng ml−1 by different methods—HPLC/UV with SRA
and HPLC/MS (each level analyzed five times).Table 2showed
that there was no significant difference.

Table 2
Comparisons between HPLC/UV with SRA and HPLC/MS

Content
(�g/ml)

HPLC/UV/SRA (n = 5) HPLC/MS (n = 5)

Content (ng/ml) (R.S.D.%) Content (ng/ml) (R.S.D.%)

0.1 0.1024 12.48 0.1040 10.16
0.2 0.2024 8.42 0.2098 7.13
0.4 0.3889 7.82 0.4037 6.18
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Fig. 4. (A) Chromatogram of the internal standard and roxithromycin at 0.05�g/ml; (B) especially enlarged chromatogram of roxithromycin at 0.05�g/ml; (C)
chromatogram of roxithromycin at 0.05�g /ml by SRA witha = 9.9× 10−5 andb = 8.0× 10−6; (D) especially enlarged chromatogram of roxithromycin at 0.05�g/ml
by SRA witha = 9.9× 10−5 andb = 8.0× 10−6.

Fig. 5. Chromatogram of roxithromycin at 6.0�g/ml and the internal standard in plasma obtained by HPLC/MS.

5. Conclusion

The accurate quantitative analysis of roxithromycin in plasma
showed that SR could not only improve the quantification limit
of instruments but also kept good quantitative linearity between

concentration and peak strength. This method gives analysts a
completely different way to improve the instrumental detectabil-
ity. The new method is applied to trace analysis in a biological
sample. It can be expected that the proposed SRA may be a
promising chemometrics method for trace analysis.
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