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serum and urine

Yumei Long, Weifeng Li, Lihua Nie, Shouzhuo Yao *
College of Chemistry and Chemical Engineering, Hunan Uni6ersity, Changsha 410082, PR China

Received 16 March 1999; received in revised form 11 July 2000; accepted 14 July 2000

Abstract

An ion-selective piezoelectric (ISP) sensor was successfully applied for the determination of niacinamide in serum
and urine. By coating a polyvinylchloride membrane containing niacinamide–silicotungstate on one electrode of a
thickness-shear mode piezoelectric quartz crystal, the ISP device can adsorb niacinamide selectively. The amount of
coating applied to the crystal was calculated from the Sauerbrey equation by monitoring the frequency change. The
logarithm of the frequency shift was linear with the logarithm of niacinamide concentration over the range from
1.0×10−9 to 1.0×10−3 M with a detection limit of 1.0×10−9 M at pH 7.0. Influencing factors were investigated
and optimized. The results for real samples obtained by the proposed method were in good agreement with those
obtained by the conventional methods. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Niacinamide, the amide of nicotinic acid,
namely vitamin PP, occurs in living cells as an
essential substance for metabolism and is mainly
from food. But in the process of food production,
niacinamide is liable to lose and deficiency of
niacinamide in human body may cause arrythmia
[1], so it is used as food additives and dietary
supplement. On the other hand, excessive niaci-
namide may have influence on human, too. There-
fore, in the interest of pharmacokinetics study,

quantitative control and bromatology, it is neces-
sary to establish a reliable method for the deter-
mination of niacinamide in body fluids in a
clinical assay.

A great variety of methods are available for the
determination of niacinamide such as spectrome-
try [2–7], fluorimetry [8,9] etc. The spectrometric
method suffers from low sensitivity especially
when the concentration of niacinamide is very
low, hence, its applicability is limited. In fluorime-
try, use of dangerous reagents is involved and the
resulting compound is unstable. Liquid chro-
matography method (LC) [10] is simpler, faster
and more sensitive than colorimetric and fluoro-
metric methods. However, a preliminary sample
clean-up procedure by either extraction or ion-ex-
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change column chromatography is tedious. The
ion-selective electrode method [11] has the advan-
tage of its simplicity, and less expensive equip-
ment is required, but its response slope is usually
affected by the background solution to some ex-
tent. Therefore, to advance a rapid specific
method other than ion-selective electrode poten-
tiometry is necessary.

Since the first application of a piezoelectric
sensor was reported in 1964 by King [12] after
Sauerbrey derived the equation describing the fre-
quency to mass relationship [13], many reports
have been published by using piezoelectric quartz
crystal (PQC) as the sensoring element. The PQC
itself is not a selective sensor, and it may give
response to the mass change caused by any loaded
substances. Surface modification of the PQC with
a chemically selective reagent leads to a useful
sensor that selectively adsorbs the detected ion.
Selective adsorption/desorption process of the
component ions of insoluble salts at their solid/
aqueous interface were studied by several research
groups and some fundamental characteristics of
the adsorption mechanism of solid film were of-
fered. These theoretical results were proved to
agree closely with experiments and applied for
real samples detection [14–16]. Hence, in the last
few years application of PQC has been extended
to food industry [17], chromatography [18], bio-
technology and clinical diagnosis [19–21].

Based on the above-mentioned principle, a
novel all-solid-state niacinamide ion-selective
piezoelectric sensor was proposed for the determi-
nation of niacinamide and applied to real sample
assay.

2. Experimental

2.1. Apparatus

A schematic diagram of the proposed sensor
device is illustrated in Fig. 1. The frequency
changes of the ion selective piezoelectric sensor
were measured by a universal frequency counter.
The piezoelectric quartz crystal used was a 9 MHz
AT-cut crystal (12.5 mm diameter) having silver
electrodes (6 mm diameter) on both sides. The
AT-cut refers to quartz wafers cut at +35°15%
angle from the z-axis. As shown in Fig. 1, the
quartz crystal was fixed in a detection cell made of
PTFE, in which only one side of the quartz
crystal was allowed to be in contact with the
aqueous sample solution. The crystal holder was
directly connected to an IC-TTL oscillating cir-
cuit. The IC-TTL is the name of a kind of feed-
back circuit device, which was designed and made
by us. Detailed description can be found in a
previous paper [22]. The oscillating circuit was
supplied by a d.c. voltage regulator, and the
working voltage was set at 5 V. The crystal, the
crystal holder and the detection cell (volume 10
ml) were placed in a thermostated water bath
(2590.1°C). A computer was used for data
analysis.

2.2. Reagents

All reagents used were of analytical grade, ex-
cept the niacinamide–silicotungstate (niaci-
namide–ST) and niacinamide–phosphotungstate

Fig. 1. Schematic diagram of the niacinamide ISP sensor modified with a niacinamide–ST PVC membrane.
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(niacinamide–PT), which were synthesized in our
laboratory. Niacinamide, obtained from Shanghai
Medical Factory (China), was of pharmacopoeial
quality [1]. Double-distilled water was used
throughout.

2.3. Preparation of standard solutions

Niacinamide (1.2212 g) was dissolved in
double-distilled water and the solution was di-
luted to volume in a 100-ml standard flask,
to give a 0.1 M niacinamide stock standard solu-
tion of niacinamide. Working standards were
made by successive dilution of the 0.1 M solution
with a 0.1 M NaCl background solution of pH
7.0.

2.4. Preparation of ion-pair complexes

Niacinamide–ST was prepared by mixing 20 ml
of 0.01 M silicotungstate acid and 40 ml of 0.01
M niacinamide under stirring until the precipita-
tion was completed. Then, the precipitation was
filtered off on a porosity-4 sintered glass crucible
and washed several times with double-distilled
water. After adding several drops of ethanol, it
was evaporated under a vacuum, resulting in a
white product. niacinamide–PT was prepared in a
similar way.

2.5. Electrode fabrication

The procedure for the surface modification of
the Ag electrode on the ISP was as follows: 10 mg
of the ion-pair complex (niacinamide–ST or
niacinamide–PT), 100 mg of the powder of
polyvinylchloride (PVC), and 0.2 ml of dibutylph-
thalate were mixed thoroughly and dissolved in 10
ml of tetrahydrofuran (THF). A small portion of
thus obtained solution was spread on the surface
of the Ag electrode of the PQC under rapid
rotation. Then the coated crystal was kept at 40°C
for 6 h to evaporate the THF, leaving a transpar-
ent uniform film of coating on the surface. When
not in use, the modified sensor was stored in a
desiccator.

2.6. Process of preconditioning

The ISP sensor was preconditioned by immers-
ing into a 1.0×10−5 M solution of standard
niacinamide solution for 12 h. Then it was washed
with double-distilled water until the frequency
was close to the value after modification when put
in air, and fluctuated only 1 Hz within 3 min. The
same modified sensor was used repeatedly to com-
plete a series of detection to avoid the effect of the
membrane thickness. A 0.1 M NaCl solution (pH
7.0) was used as a background solution.

2.7. Measuring procedure

Before the experiment 30 min was required to
allow the oscillator to stabilize. After a steady
resonant frequency ( f1) in the background solu-
tion was achieved, a series of standard sample
solution was injected from low concentration to
high concentration. After each addition, the reso-
nant frequency ( f2) of the ISP sensor was
recorded and the respective frequency shift was
calculated:

Df= f2− f1 (1)

A calibration curve log(−Df ) vs. log C was
made, where C is the niacinamide concentration.
Then, the concentration of the unknown sample
was calculated by using the calibration curve
method or standard addition method.

3. Results and discussion

3.1. Theoretical discussion

Piezoelectric device consists of an oscillating
quartz crystal incorporating an adsorbent on its
surface. When any ion is adsorbed into or des-
orbed from the modified membrane, or when ions
with different molecular weight exchange with one
another across the membrane, the surface mass
change in the modified membrane can be mea-
sured by an ISP sensor, even though this change
may be very small.

For the majority of piezoelectric research in
analytical chemistry or biochemistry AT-cut crys-
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Fig. 2. Course of the observed frequency response of the
niacinamide–ST ISP sensor with sample-solution injections.
Final concentration of niacinamide (M): (a) 0, (b) 1.0×10−9,
(c) 1.0×10−8, (d) 1.0×10−7, (e) 1.0×10−6, (f) 1.0×10−5,
(g) 1.0×10−4, (h) 5.0×10−4, (i) 1.0×10−3.

pressed by the Freundlich isotherm [24] using
the equation

Dm=KfC1/n (3)

where n and Kf are constants and n\1.
Combining Eqs. (2) and (3) and substituting for
the various constants for the oscillating quartz
crystal, we get

Df= −2.26×106f2KfC
1
n/A (4)

For a given AT-cut crystal, the area A is a
constant, so Eq. (4) can be simplified as

Df= −K %C
1
n (5)

where K %=2.26×106f 2Kf/A, is a constant too.
The logarithmic form of the above equation is

log(−Df )=1/n log C+ log K % (6)

3.2. Sensor performance

A number of experiments were carried out us-
ing the ISP sensor. Fig. 2 shows a typical course
of the response of the ISP sensor modified with
ion-pair complex niacinamide–ST to change the
concentration in niacinamide in the sample solu-
tion. With the increment of the concentration in
niacinamide, the amount of the adsorbed sub-
stance increases, and the frequency of the sensor
gradually decreases. After each addition of the
analyte, there exists competitive adsorption on
the surface of crystal, and the resonant fre-
quency becomes stable after equilibrium is es-
tablished.

After completing detection of a series of niaci-
namide ion concentration, the adsorbed niaci-
namide species can be washed off the modified
membrane. The ISP may be recovered by wash-
ing with double-distilled water until the fre-
quency of the ISP sensor gradually increase to
reach a value ( f0) close to the steady oscillating
frequency ( f1) in the background solution ob-
tained after the precondition. In general, there
always exists a little difference between f0 and f1

finally, which is mainly due to the adsorption of
niacinamide ions at the sensor surface or the
probability of the dissolution of activants in the
renewed niacinamide ion-free background solu-
tion.

tal has usually been used due to its low temper-
ature coefficient from −55 to 85°C [23]. The
idea that adding mass to the crystal surface de-
creases the oscillation frequency was first uti-
lized by Sauerbrey [13] who derived an
expression relating the change in the frequency
to the mass of material deposited as follows:

Df= − f 2Dm/NrA (2)

where Df is the frequency change caused by the
deposited material, f is the fundamental fre-
quency of the quartz crystal oscillating in the
thickness shear mode, Dm is the change in mass,
N is the frequency constant, r, is the density of
the quartz crystal and A is the area coated. The
symbol of minus indicates that as the mass
loading increases, the frequency of the crystal
oscillating decreases. Therefore, the mass change
can be expressed by the frequency shift. When
an ISP sensor is dipped into a niacinamide
solution, an equilibrium is established between
the membrane and the solution. At a low con-
centration (50.01 M), the relationship between
the mass change of the modified membrane
and the tested ion concentration, can be ex-
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Table 1
Comparison of the niacinamide–ST ISP and the niacinamide–PT ISP sensors

niacinamide–PT ISP sensorniacinamide–ST ISP sensor

Rb (%) Mc (%) SD Added (mg) Founda (mg)Founda (mg) Rb (%)Added (mg) Mc (%) SD

0.145 100.70.14690.002 0.122 0.12390.004 100.8
99.3 0.2460.29090.005 0.25090.0030.292 101.6

0.44390.0040.441 100.5 100.2 0.62 0.358 0.35890.005 99.7 100.5 0.78
100.7 0.492 0.49190.005 99.80.601 0.60590.003

99.8 0.520 0.52390.007 100.60.64290.0020.643

a Mean values9standard deviations (n=3).
b R=recovery.
c M=average recovery.

3.3. Effect of ion-pair complexes

Niacinamide sensitive ISP sensor of all-solid-
state construction with different ion-pair com-
plexes were tested to compare their response
functions. Table 1 gives the results with two kinds
of such ion-pair complex materials tested as coat-
ing for adsorption of niacinamide. The average
recovery was 100.2% and the S.D. was 0.62 for
the niacinamide–ST ISP, while for the niaci-
namide–PT ISP was 100.5% and 0.78, respec-
tively. The results indicated that the
niacinamide–ST ISP gave higher sensitivity, so it
was used for all subsequent work.

3.4. Influence of pH

pH dependence of the responses of the sensor
was examined by measuring the frequency
changes of the ISP sensor in the niacinamide
solution. The pH was adjusted by adding appro-
priate volume of 0.1 M hydrochloric acid or 0.1
M sodium hydroxide solution using a 50 ml mi-
crosyringe. It is seen from Fig. 3, pH values
between 5 and 8 no significant change in the
frequency response was observed. Taking the situ-
ation of the human body into account, pH 7 was
adopted in this work.

3.5. Thickness of membrane

In most cases, as the amount of coating mate-
rial increases, the frequency shift increases, and

the sensitivity is raised, too. However, the re-
sponse time and recovery time of the ISP sensor
are also prolonged. In addition, when the amount
of coating material increases to a certain value,
the response sensitivity of the sensor will not
increase any more because of the saturation of the
coating material on the crystal surface. An over-
thick film may lead to ceasing of oscillation of the
ISP device or change its mode of oscillation [23].
On the other hand, an over-thin film causes a
long-term shift in the response frequency as well
as a narrow linear range. In this paper, a mem-
brane coating equivalent to 10 000 Hz frequency
shift has been adopted.

Fig. 3. Influence of the solution pH on the frequency response
of the sensor: (	) 1.0×10−6 M niacinamide; (�) 1.0×10−5

M niacinamide.



Y. Long et al. / J. Pharm. Biomed. Anal. 24 (2001) 361–369366

Table 2
Ion selectivity of a niacinamide ISP sensora

KijInterfering ion K=KijMn/Mi

=Dfi/Dfn

Copper sulfate 0.027 0.020
0.0300.040Calcium nitrate
No interferenceGlucose −0.053
No interference−0.020Isoniazid
0.061Ammonium chloride 0.027
0.0280.040Vitamin C

0.060Chlorphenamine maleate 0.019
0.027Lactose 0.010
0.047 0.018Promethazine

hydrochloride
0.020Urea 0.047

0.0140.033Trimethoprim
−0.067 No interferenceBenzydamine

hydrochloride
0.047Tetramethylammonium 0.077

iodide
0.080 0.075Tetraethylammonium

iodide
0.127Tetrapropylammonium 0.083

iodide
0.187Tetrabutylammonium 0.094

iodide
0.273Cetyltrimethylammonium 0.117

iodide

a K, response selectivity coefficient; fi, frequency response of
the sensor to 1.0×10−3 M interfering ion; fn, frequency re-
sponse of the sensor to 1.0×10−3 M niacinamide; Mi, molecu-
lar weight of the interfering ion; Mn, molecular weight of
niacinamide.

3.6. Influence of temperature

The temperature of the detection cell can influ-
ence the frequency response of the piezoelectric
crystal sensor dramatically, so all the measure-
ments should be performed under constant tem-
perature. In this work, the detection cell was kept
at 2590.1°C by using a thermostated water bath
and the temperature of environment was about
16°C.

3.7. Selecti6ity

The effect of potential interfering elements and
other commonly met compounds on the response
of the proposed ISP sensor was examined by
measuring the selectivity coefficient by the separa-
tion solution method.

All measurements were carried out in a aqueous
solution containing 0.1 M NaCl (pH 7.0), and the
chloride ion and sodium ion did not seriously
interfere with the response of the present ISP
sensor. At first, we defined Kij=Dfi/Dfn as the
response-selective coefficient, here Dfi is the fre-
quency shift response of the ISP sensor to 1.0×
10−3 M solution of the interfering ion, Dfn is the
frequency shift response to 1.0×10−3 M solution
of niacinamide. Taking the molecular weight into
account, we can acquire the equation for the
response selectivity coefficient (K), and K can
express selectivity more precisely,

K=KijMn/Mi

where Mi is the molecular weight of the interfer-
ing ion and Mn is the molecular weight of niaci-
namide. Differences in the selectivity coefficient of
more than 0.05 were regarded to result from
interference. Table 2 shows the results of some
interfering ions. We can see that (1) there is no
significant interference from copper sulfate, cal-
cium nitrate, glucose, isoniazid, vitamin C, benzy-
damine hydrochloride, chlorphenamine maleate,
lactose, urea, promethazine hydrochloride,
trimethoprim; (2) for symmetrical quaternary am-
monium ions, there is a regular change of selectiv-
ity with the number of carbon atoms in the ion.
Hence, a plot of log Kij vs. the number of carbon
atoms in the quaternary ammonium ion gives a

Fig. 4. Relationship between log Kij and number of carbon
atoms in the symmetrical quaternary ammonium ions (nc).
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straight line (Fig. 4). Least squares analysis of this
line gives
log Kij= −1.52+0.050 log nc (r=0.997)
(r is the correlation coefficient, nc is the number of
carbon atoms)

A possible explanation for this was given by
Martin et al. [25]. As for the homologues of
surfactants, the greater the number of carbon
atoms, the stronger the adsorbability.

3.8. Calibration cur6e and application of the ISP
sensor

Fig. 5 shows the calibration curves for the
niacinamide determination. The results indicate
that the frequency decreases along with an incre-
ment in the niacinamide concentration over the
range from 1.0×10−9 to 1.0×10−3 M in a
background solution of pH 7.0 containing 0.1 M
NaCl. The regression equation for the niaci-
namide–ST ISP is

log(−Df )=2.90+0.15 log C (r=0.993)

while for the niacinamide–PT ISP is

log(−Df )=2.80+0.15 log C (r=0.994)

Obviously, the resulting linear relationship agreed
well with the theoretical discussion.

In order to utilize the method to analyze human
body fluids, serum (sodium citrate was added to
avoid coagulation, and pH was adjusted to 7.0)
and urine (containing 0.1 M NaCl, and pH was
adjusted to 7.0) were examined. Fig. 6 shows plots
of the logarithm of the frequency shift vs. loga-
rithm of the niacinamide concentration in the
background solution (containing 0.1 M NaCl and
pH was adjusted to 7.0) and human body fluids
using the niacinamide–ST ISP sensors. The re-
sponse ranges were 2.0×10−8–2.0×10−5 and
3.0×10−8–1.4×10−5 M for serum and urine
respectively. The regression equation obtained
with serum sample is:

log(−Df )=3.80+0.33 log C (r=0.987)

while the regression equation obtained with urine
sample is:

log(−Df )=3.33+0.26 log C (r=0.996)

where r is the correlation coefficient. All these
curves were in good agreement with the Fre-
undlich isotherm [24].

The proposed sensor was applied to a quantita-
tive assay of niacinamide in serum and urine. The
results are shown in Table 3. The average recov-
ery was 101.2% and the S.D. was 1.60 for the
niacinamide–ST ISP in serum sample, while in
urine sample was 100.5% and 0.95, respectively.
The results were in good agreement with those
obtained from the spectrometry method.

Fig. 5. Frequency shift vs. concentration of niacinamide plots
for the niacinamide ISP sensor with different ion-pair com-
plex: (	) the niacinamide–ST ISP sensor; (�) the niaci-
namide–PT ISP sensor (C is the concentration of
niacinamide).

Fig. 6. Calibration graph of the niacinamide–ST ISP sensor:
(	) in 0.1 M NaCl background of pH 7.0; (�) in urine
(containing 0.1 M NaCl, pH 7.0); (�) in serum (containing
sodium citrate in case of agglutination, pH 7.0) (C is the
concentration of niacinamide).



Y. Long et al. / J. Pharm. Biomed. Anal. 24 (2001) 361–369368

T
ab

le
3

D
et

er
m

in
at

io
n

of
ni

ac
in

am
id

e
in

hu
m

an
se

ru
m

an
d

ur
in

e
us

in
g

th
e

ni
ac

in
am

id
e–

ST
IS

P
se

ns
or

U
ri

ne
b

Se
ru

m
a

A
dd

ed
(m

g)
F

ou
nd

c
(m

g)
F

ou
nd

c
(m

g)
R

ec
ov

er
y

(%
)

A
ve

ra
ge

re
co

ve
ry

(%
)

S.
D

R
ec

ov
er

y
(%

)
A

ve
ra

ge
re

co
ve

ry
(%

)
S.

D
.

A
dd

ed
(m

g)

1.
84

5
9

0.
08

0
99

.0
1.

86
4

10
1.

8
1.

27
4
9

0.
08

6
1.

25
2

3.
95

3
9

0.
08

2
2.

07
4

10
1.

6
2.

12
4
9

0.
09

6
10

2.
4

3.
89

2
5.

46
0
9

0.
00

5
10

0.
5

10
0.

5
0.

95
5.

43
2

10
1.

2
1.

60
2.

62
2

2.
58

4
9

0.
11

5
98

.6
6.

87
6

3.
93

4
9

0.
06

2
6.

92
1
9

0.
07

8
10

0.
7

10
0.

7
3.

09
7

7.
46

5
7.

52
6
9

0.
09

2
10

0.
8

5.
12

7
10

2.
4

5.
07

4
9

0.
08

6

a
So

di
um

ci
tr

at
e

w
as

ad
de

d
to

av
oi

d
co

ag
ul

at
io

n,
an

d
th

e
pH

w
as

ad
ju

st
ed

to
7.

0.
b

U
ri

ne
so

lu
ti

on
co

nt
ai

ne
d

0.
1

M
N

aC
l,

an
d

pH
w

as
ad

ju
st

ed
to

7.
0.

c
M

ea
n

va
lu

es
9

S.
D

.
(n

=
3)

.



Y. Long et al. / J. Pharm. Biomed. Anal. 24 (2001) 361–369 369

Table 4
Comparison of the proposed method and other methods for the determination of niacinamide

CalibrationApplicationMethod Detection limit ReferenceRecovery (%)
(mM)range (mM)

Some pharmaceutically active amides 1.3×10−5Spectrophotometry 1.3×10−2 99.3 [7]
–6.5×10−5and imides

Vitamin B complex tabletsPhotochemical 4.9×10−3 [26]4.9 100.1
–8.2×10−2fluorimetry
8.2×10−1–2.5Potentiometry 8.2×102 98.3 [11]
4.1×10−2Beef and pork 4.1×101 96.3LC [2]

–2.1×10−2

1.0×10−6–1.0 1.0×10−3 100.2 This paperISP sensor In serum and urine

4. Conclusion

Table 4 gives a comparison of this novel
method with other methods. It indicates that the
ISP sensor provides a selective, sensitive and pre-
cise method for the determination of niacinamide.
This method has some advantages over other
detection methods, for example, the reagents and
instruments required are cheaper and simpler than
those required by the HPLC, NIR and UV meth-
ods. All those make it an attractive and promising
alternative for the pharmaceutical assay compared
to the other currently used methods.
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