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Enzymatic rotating biosensor for ciprofloxacin determination
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Abstract

The high sensitivity that can be attained using an enzymatic system and mediated by catechol has been verified by on-line interfacing of a rotating
biosensor and continuous flow/stopped-flow/continuous-flow processing. Horseradish peroxidase, HRP [EC 1.11.1.7], immobilized on a rotating
disk, in the presence of hydrogen peroxide, catalyzed the oxidation of catechol, whose back electrochemical reduction was detected on a glassy
carbon electrode surface at −200 mV. Thus, when ciprofloxacin (CF) was added to the solution, this piperazine-containing compound participate
in Michael addition reactions with catechol to form the corresponding piperazine–quinone derivatives, decreasing the peak current obtained, in
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roportion with the increase of its concentration. The highest response for CF was obtained around pH 7. This method could be used to determine
F concentration in the range of 0.02–65 �M (r = 0.999). The determination of CF concentration was possible with a detection limit of 0.4 nM,

n the processing of as many as 25 samples per hour. Application of this analysis to different pharmaceutical samples containing CF supports the
tility of the HRP-rotating biosensor.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Ciprofloxacin (CF) [1-cyclopropyl-6-fluoro-1,4-dihydro-4-
xo-7-(piperazinyl)quinolone-3-carboxylic acid] (Scheme 1),
elongs to the quinolones, which are synthetic antibiotics, chem-
cally related to nalidixic acid. These drugs form a group of
ntimicrobial agents with different chemical structures and spec-
ra of activity.

Almost all of the recent clinically useful quinolones bear a
uorine atom in the C-6 position and thus, these antibacterial
gents are called fluoroquinolones. Ciprofloxacin (belonging
o the second-generation fluoroquinolone) is the most potent
uoroquinolone against Gram-positive and Gram-negative bac-

eria through inhibition of their NAD gyrase, a critical
nzyme to bacterial chromosome replication [1,2]. It is used
n a wide range of gastrointestinal, urinary, and respiratory
ract infections; ocular and skin infections as well as in
atients with intra-abdominal infections in combination with
ntianaerobic agents [3,4]. Recently, CF significance as effec-

∗

tive drug in Bacillus anthracis infection treatment essentially
increased, because of bacteriological (anthrax) terrorists’ attack
threats.

Therefore it is necessary to arrange sensitive and fast
methods for determination of this antibacterial agent. Numer-
ous methods have been reported for the determination of
ciprofloxacin using techniques such as spectrophotometry [5–9],
fluorimetry [8,10], high performance liquid chromatography
with UV or fluorescence detection [11], capillary electrophore-
sis [12–15], and immunoassay [16]. Automatic methods based
on flow injection analysis (FIA) have also been proposed using
both spectrophotometric [17,18] and chemiluminescent [19]
detection.

To the best of our knowledge, no study involving an enzy-
matic biosensor behavior for CF has been reported. Thus,
in this paper, we present and discuss for the first time the
electrochemical and enzymatic reaction for CF determina-
tion, which results in a single, fast and inexpensive analyt-
ical method, as well as a very sensitive devise based on
HRP-rotating biosensor systems. The measuring principle of
this biosensor is shown in Scheme 2. Horseradish peroxi-
dase (HRP) in the presence of H O , catalyses the oxidation
Corresponding author. Fax: +54 2652 43 0224.
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of catechol (Q) [20] whose electrochemical reduction back
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Scheme 1. Chemical structure of ciprofloxacin.

has a peak potential of 70 mV (see below). However, when
piperazine-containing compound is added to the solution, it
readily reacts with quinone derivative (P), through the Michael
addition, decreasing the peak current obtained in proportion
with the increase in concentration of the compound containing
piperazine.

The initial reaction in the sequence (Q� P) is well estab-
lished [21–23] by NMR, pulse radiolysis [21], and a num-
ber of electrochemical techniques [22,23] used to probe the
mechanism. A substantial body of research has also been
compiled which documents the possible physiological conse-
quences of such reactions [24,25] The potential use of the sec-
ond step (1) as a method of detecting CF is explored in this
paper.
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2. Experimental

2.1. Reagents and solutions

All reagents used were of analytical reagent grade. The
enzyme horseradish peroxidase, HRP [EC 1.11.1.7] Grade
II, was purchased from Sigma Chemical Co., St. Louis. The
concentration of HRP was determined spectrophotometrically
using the Soret extinction coefficient of 102 mM−1 cm−1 at
403 nm (181 IU mg−1). Glutaraldehyde (25% aqueous solu-
tion) and hydrogen peroxide were purchased from Merck,
Darmstadt. 3-Aminopropyl-modified controlled-pore glass with
1400 Å mean pore diameter and 24 m2 mg−1 surface area,
was purchased from Electro-Nucleonics (Fairfield, NJ) and
contained 48.2 �mol g−1 of amino groups. Catechol (0.1 M)
was purchased from Sigma Chemical Co., St. Louis and gen-
erally used within 1 h. Ciprofloxacin stock standard solu-
tion (0.1 mg ml−1) was prepared with exact measurements of
ciprofloxacin hydrochloride (generously supplied by Northia
laboratory, Argentina) dissolved in 0.02 N NaOH. This solution
was stable for at least 1 week if stored away from light, at 4 ◦C.
Working solutions were prepared by appropriate dilutions with a
0.10 M phosphate buffer (pH 7.00). All other reagents employed
were of analytical grade and were used without further purifica-
tion. All solutions were prepared with ultra-high-quality water
obtained from a Barnstead Easy pure RF compact ultra pure
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cheme 2. Schematic representations of the reduction wave of the enzymatic
rocess between catechol (Q), o-benzoquinone (P), hydrogen peroxide (H2O2),
iprofloxacin (CF) and Horseradish peroxidase (HRP).
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ater system, and the samples were diluted to the desired con-
entrations using a 10 ml Metrohm E 485 burette.

.2. Flow-through sensor/detector unit

The main body of the cell was made of Plexiglas. Fig. 1 illus-
rates the design of the flow-through chamber containing the
otating enzyme biosensor and the detector system. Glassy car-
on electrode (GCE) is found on the top of the rotating biosensor.

ig. 1. Schematic representation of components in the biosensor flow cell. A,
ssembled sensor; B, upper cell body; C, top view of lower cell body; b, rotating
iosensor (with immobilized HRP); D, lower cell body; a, glassy carbon elec-
rode; b, rotating biosensor; c, O-ring; d, electrical connection. All measurements
re given in millimeters.
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Fig. 2. Block diagram of the continuous-flow system and detection arrangement.
P, pump (Gilson Minipuls 3 peristaltic pump, Gilson Electronics Inc., Middleton,
WI); C, carrier buffer line; SI, sample injection; W, waste line; R&DC, sensor and
detector cell; WE, glassy carbon electrode; RE, reference electrode (Ag/AgCl,
3.0 M NaCl); AE, auxiliary electrode (platinum); D, Potentiostat/Detection unit
(CV27, Bioanalytical Systems, West Lafayette, IN); R, Recorder (Varian, Model
9176, Varian Techtron, Springvale, Australia).

The rotating biosensor is a disk of Teflon in which a miniature
magnetic stirring bar (a Teflon-coated Micro Stir bar from Mark-
son Science Inc., Phoenix, AZ) has been embedded. Typically,
a sensor disk carries 1.4 mg of controlled-pore glass on its sur-
face. Rotation of the lower sensor was initiated by a laboratory
magnetic stirrer (Metrohm E649 from Metrohm AG Herisau,
Switzerland) and controlled with a variable transformer with an
output between 0 and 250 V, and maximum amperage of 7.5 A
(Waritrans, Argentina.). Amperometric detection was performed
using a BAS LC-4C potentiostat and BAS 100 B/W (electro-
chemical analyzer Bioanalytical System, West Lafayette IN) was
used to voltammetric determinations. The potential applied to
the GCE for the functional group detection was −200 mV versus
Ag/AgCl, 3.0 M NaCl reference electrode BAS RE-6, and a Pt
wire counter electrode. At this potential, a catalytic current was
well established.

A pump (Gilson Minipuls 3 peristaltic pump, Gilson Elec-
tronics Inc., Middleton, WI) was used for pumping, sample
introduction, and stopping the flow. Fig. 2 illustrates schemati-
cally the components of the single-line continuous-flow setup.
The pump tubing was Tygon (Fisher AccuRated, 1.0 mm i.d.,
Fisher Scientific Co., Pittsburgh, PA) and the remaining tubing
used was Teflon, 1.00 mm i.d. from Cole-Parmer (Chicago, IL).

All pH measurements were made with an Orion Expandable
Ion Analyzer (Orion Research Inc., Cambridge, MA), Model
EA 940, which was equipped with a glass combination elec-
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glass (APCPG). The APCPG, smoothly spread on one side of
a double-coated tape affixed to the disk surface, was allowed to
react with an aqueous solution of 5% (w/w) glutaraldehyde at
pH 10.00 (0.20 M carbonate) for 2 h at room temperature. After
washed with purified water and a 0.10 M phosphate buffer of
pH 7.00, the enzyme (10.0 mg of enzyme preparation in 0.50 ml
of 0.10 M phosphate buffer, pH 7.00) was coupled with resid-
ual aldehyde groups in phosphate buffer (0.10 M, pH 7.00),
overnight, at 4 ◦C. The immobilized enzyme preparation was
then washed with phosphate buffer (pH 7.00) and stored in the
same buffer at 4 ◦C between uses. The immobilized HRP prepa-
rations were perfectly stable throughout at least 1 month of daily
use.

2.4. Preparation of pharmaceuticals

Ten tablets were powdered and the amount corresponding to
100 mg of CF was weighed in a 250 ml volumetric flask, and
20 ml of 0.02 N NaOH solution was added. The flask was soni-
cated for 2 min and filled with 0.1 M phosphate buffer, pH 7.0. A
small amount of non-dissolving excipients settled at the bottom
of the flask. A 1 ml of the clear supernadant was transferred to
a 100 ml volumetric flask and diluted to mark with 0.1 M phos-
phate buffer, pH 7.0. This was injected into the sample loop by
means of a peristaltic pump.
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rode (Orion Research Inc., Cambridge, MA). This pH-meter
as calibrated with two buffers: biphthalate buffer, prepared
y dissolving 2.53 g of potassium biphthalate in 250.0 ml of
eionized water for pH 4.0 and tetraborate buffer, prepared by
issolving 0.95 g of sodium tetraborate in 250.0 ml of deionized
ater for pH 9.0.

.3. Horseradish peroxidase immobilization

The rotating disk biosensor (bottom part) was prepared by
mmobilizing HRP on 3-aminopropyl-modified controlled-pore
In the injectable preparations, the entire content was put
irectly into a 250 ml volumetric flask and the procedure
escribed above was followed.

In the ophthalmic solution a 1 ml volume of the oph-
halmic solution 3 mg ml−1 (or 0.3% labeled concentration) in
iprofloxacin base, was quantitatively transferred to a 100 ml
olumetric flask, 10 ml of 0.02 N NaOH solution was added and
he solution was diluted to volume with 0.1 M phosphate buffer,
H 7.0. The resulting solution, having a labeled concentration of
0 �g ml−1 in ciprofloxacin base was diluted with 0.1 M phos-
hate buffer, pH 7.0 by a factor of 10.

.5. Preparation of synthetic tablet samples

Synthetic tablet samples were prepared in 100 ml calibrated
asks by spiking a placebo (mixture of tablet excipients)
ith accurately calculated amount of CF. Hereafter, the pro-

edure described for the preparation of pharmaceuticals was
ollowed.

.6. Dosage forms of ciprofloxacin

(A) Ciriax tablets (Roemmers lab.): ciprofloxacin hydrochlo-
ide 500 mg; (B) Septicide tablets (Bago lab.): ciprofloxacin
ydrochloride 500 mg; (C) Ciprotenk tablets (Biotenk Lab.):
iprofloxacin hydrochloride 500 mg; (D) Cipro tablets (Bayer
ab.): ciprofloxacin hydrochloride 500 mg; (E) Ciprofloxacin
orthia tablets (Northia Lab.): ciprofloxacin hydrochloride
00 mg; (F) Ciprofloxacin Northia injectable (Northia Lab.):
iprofloxacin 200 mg; (G) Cipro otico colirium (Alcon Lab.):
iprofloxacin 3 mg ml−1.
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3. Results and discussion

3.1. Broad features of the amperometric detection of HRP
in the presence of peroxide

Reactions catalyzed by enzymes have long been used for
analytical purposes, determining different analytes such as sub-
strates, inhibitors, and also enzymes. Biosensors, which com-
bine the selectivity of enzymes with the high sensitivity of
electrochemical measurements, have proved to be an excellent
tool for analytical chemistry [26].

The mechanisms of HRP catalyzed reactions can be repre-
sented as follows (Scheme 3) [27]:

In the primary catalytic cycle of HRP, the kinetics of the
reaction of E with H2O2 to yield E1 has been investigated
extensively [28,29]. Although evidence has previously been
gathered that the kinetics follows a Michaelis–Menten behavior
[30], it is only recently that its characteristics have been unam-
biguously determined [31], leading to K1,M = (k1,−1 + k1,2)/k1,1
(128 �M) and to a confirmation of the k1 value (i.e.
k1 = k1,1k1,2/(k1,−1 + k1,2) = 1.7 × 107 M−1 s−1). The reduction
of E1 and E2 by several electron donors has been reported
where they are, in most cases, both electron and proton donors.
Scheme 3 also indicates the possibility of a Michaelis–Menten
behavior for the reduction of E1 and E2 in view of the fact that
such behavior has been reported for several co-substrates.
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Scheme 4.

been previously identified. One is an irreversible set of reac-
tions yielding a verdohemoprotein (also designated as P670)
[32]. This irreversible inactivation pathway of HRP is insignif-
icant under our current experimental conditions. The second
pathway involves the formation of oxyperoxidase [33], usually
designated as compound III or E3. This compound, which does
not normally participate in the peroxidase activity of HRP, has
a structure similar to that of oxyhemoglobin [34] (Scheme 5).
In the presence of H2O2 the formation of E3 from the reaction
of H2O2 with E2 occurs at a constant rate, k4, ranging from 16
to 40 M−1 s−1, depending on pH and temperature [35]. E3 is
not necessarily a dead the catalytic cycle of HRP, it is indeed
converted back to E by spontaneous decomposition, yielding
superoxide ion.

This fact can be observed easily in experimental form when
varying H2O2 concentration from 2.5 × 10−5 to 5.0 × 10−3 M,
for 20 �M Q solutions and several concentrations of HRP, whilst
maintaining a constant Q concentration (Fig. 3). At low H2O2
concentration (0.025 mM), a linear relation can only be seen
when the enzymes concentrations are low, losing this linearity
as the enzymatic concentration increases. This change occurs
because the H2O2 concentration is insufficient to generate max-
imum catalytic activity. With 0.1 mM H2O2 concentration, a per-
fect linearity within the concentration range studied is obtained.
With 0.5 mM H2O2 concentration, the linearity is lost to low con-
centrations. This is due to the fact that the HRP is inactivated in
e

Regarding the Michaelis–Menten behavior observed for the
2/E reaction, it should be emphasized that the reduction of E2

s not a mere outersphere electron-transfer reaction but rather
nvolves the exchange of one electron and two protons, and the
leavage of the iron–oxygen bond (Scheme 4). These reactions,
r possibly other unknown mechanistic peculiarities, may be
he cause of the observed kinetics that shows saturation behav-
or when the reactant concentration is increased. Therefore the
eaction does not necessarily reflect a true Michaelis–Menten
echanism such as the one depicted in Scheme 3.
Inhibition by conversion of the initial enzyme by H2O2 into

nactive oxyperoxidase, E3, may occur even in the presence of
he oxidized form of the co-substrate. H2O2 may indeed reduce
1 into E2, albeit slowly [28], thus opening a route to the con-
ersion of E2 into E3. Two pathways for this inactivation have

Scheme 3.
xcess of H2O2. At higher H2O2 concentrations, such as 5 mM,

Scheme 5.
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Fig. 3. Catalytic current as a function of the HRP concentration recorded at
−200 mV vs. Ag/AgCl 3 M NaCl in a phosphate buffer (pH 7.00) containing
1.0 �M Q, and 0.025 (�), 0.1 (©), 0.5 (�), and 5 (♦) mM H2O2.

inhibition by conversion of the initial enzyme by H2O2 into E3 is
observed throughout the entire HRP concentration range stud-
ied. In this case linearity is observed but the catalytic current
obtained is less significant than in the optimal case.

3.2. Electrooxidation of catechol in the absence and
presence of ciprofloxacin

Cyclic voltammetry of a 1 mM solution of catechol (Q) in
an aqueous solution containing 0.10 M phosphate buffer pH 7.0
as a supporting electrolyte, shows one anodic (A1) and a corre-
sponding cathodic peak (C1), both of which correspond to the
transformation of Q to o-benzoquinone and vice versa within a
quasi-reversible two-electron process (Fig. 4, curve a). A peak
current ratio (IC1

p /IA1
p ) of near unity, particularly during the
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Fig. 5. Typical voltammograms of 1.0 mM Q at a glassy carbon electrode (3 mm
diameter) in aqueous solution containing 0.1 M phosphate buffer (pH 7.00) at
various CF concentrations, CCF: (a) 0.0, (b) 0.18, (c) 0.34, and (d) 0.58 mM.
Scan rate: 100 mV s−1; T: 25 ± 1 ◦C.

repetitive recycling of potential, can be considered as a crite-
rion for the stability of o-quinone produced at the surface of the
electrode under the experimental conditions. In other words, all
hydroxylation [36–39] or dimerization [40,41] reactions are too
slow to be observed on the time scale of cyclic voltammetry.
The oxidation of Q in the presence of CF as a nucleophile was
also studied. Fig. 4, curve b, shows the cyclic voltammogram
obtained for a 1 mM solution of Q in the presence of 0.58 mM
CF. The voltammogram exhibits an anodic peak at 542 mV ver-
sus Ag/AgCl 3 M NaCl, and the cathodic counterpart of the
anodic peak A1 tends to disappear.

The influence of increasing CF concentration on the electro-
chemical behavior of Q was also investigated and subsequent
responses are shown in Fig. 5. The height of the oxidation peak
was found to decrease with increasing additions of CF, resulting
in the loss of the corresponding reduction peak consistent with
the EC type mechanism proposed in Scheme 2. The successive
decrease in the height of the Q oxidation and reduction peaks
can be maybe linked to the fact that the increasing concentration
of CF serve to scavenge the oxidized form of Q such that on the
forward and reverse sweep there is little available to participate
in the electrochemical reaction.

Given that the direct oxidation of CF at the electrode does
not occur within the potential window studied (Fig. 4, curve c),
the decrease in the magnitude of the Q oxidation peak can be
attributed solely to the Q–CF adduct formation.
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ig. 4. Cyclic voltammograms of 1 mM Q: (a) in the absence, (b) in the presence
f 0.58 mM CF, and (c) 0.44 mM CF in the absence of Q, at glassy carbon elec-
rode (3 mm diameter) in aqueous solution containing 0.1 M phosphate buffer
pH 7.00). Scan rate: 100 mV s−1; T: 25 ± 1 ◦C.
The influence of pH on the peak potential (Ep) of the reaction
as assessed through examining the electrode response to Q–CF
btained in solutions buffered between pH 4 and pH 8. The posi-
ion of the redox couple was found to be dependent upon pH with
shift of 61 mV pH−1, indicative of n electron n proton behav-

or with n likely to be two [42]. A quantitative evaluation of the
change peak current (�I) response to increasing additions of

F, as a function of solution pH, is highlighted in Table 1. The
I reported hereafter is the difference between the reduction

urrent (from addition of Q) and the current due to the addition
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Table 1
Influence of pH on the magnitude of the oxidation signal for 1.00 mM Q in the presence of several CF concentrations

CF added (�M) �I (�A) ± S.D.

pH 4.00 pH 5.00 pH 6.00 pH 7.00

0 0 0 0 0
20 3.13 ± 0.01 5.59 ± 0.01 8.50 ± 0.01 10.85 ± 0.01
40 5.27 ± 0.02 11.44 ± 0.02 16.73 ± 0.02 21.67 ± 0.02
60 8.01 ± 0.01 16.96 ± 0.02 24.99 ± 0.02 32.03 ± 0.03
80 9.73 ± 0.01 21.46 ± 0.03 32.79 ± 0.02 41.19 ± 0.02
100 11.82 ± 0.02 26.23 ± 0.02 39.42 ± 0.03 48.43 ± 0.03
120 13.88 ± 0.02 30.39 ± 0.03 44.56 ± 0.03 55.03 ± 0.04
140 15.58 ± 0.03 33.13 ± 0.03 48.37 ± 0.03 60.49 ± 0.03
160 17.30 ± 0.03 35.55 ± 0.03 51.48 ± 0.03 64.72 ± 0.04

of CF. The subsequent response was that decreased steadily as
the acidity of the solution was increased. This can be attributed
to the fact that as the pH of the solution was lowered, the piper-
azine functionality increasing protonated (CF, pKa ∼ 8.24) and
hence the nucleophilic character of the piperazine moiety dimin-
ished. Increasing the pH clearly improves the response, but
an operational limit is reached once neutral conditions prevail.
Alkaline solution severely compromises the enzyme stability
as well as the response; as the increased presence of nucle-
ophilic hydroxyl ions compete with the less prevalent piperazine
compound. Therefore, the pH value used was 7.00 in 0.1 M
phosphate buffer in concordance with the steadier pH of the
enzyme.

3.3. Effect of biosensor rotation and
continuous-flow/stopped-flow operation

The implementation of continuous-flow/stopped-flow pro-
gramming and the location of two facing independent biosensors
(Fig. 2), permits: (a) utilization of relatively low enzyme load-
ing conditions, (b) instantaneous operation under high initial
rate conditions, (c) easy detection of accumulated products, and
(d) reduction of the apparent Michaelis–Menten constant, K′

M.
Therefore, a more complete reagent homogenization is achieved
because the cell works as a mixing chamber by facilitating the
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and the ease with which it can be applied to the determination
of CF at low levels.

If the sensor in the cell is devoid of rotation, there is prac-
tically no response. If a rotation of 900 rpm is imposed on the
sensor located at the bottom of the cell (with immobilized HRP),
the signal is dramatically enlarged. As shown in traces d in
Fig. 6, if the lower sensor is devoid of rotation the response
is lower because diffusional limitations control the enzyme-
catalyzed reaction. This trend indicates that, up to velocities of
about 900 rpm, a decrease in the thickness of the stagnant layer
improves mass transfer to and from the immobilized enzyme
active sites. Beyond 900 rpm, the initial rate is constant and
chemical kinetics control the overall process. As observed earlier
[43], although the mass transfer is taking place under conditions
similar to a thin-layer bounded diffusion with imposed turbu-
lence, the dependence seems to agree with the response at a
rotating disk electrode. Fig. 6 shows the effect of rotation under
continuous- and stopped-flow conditions. Response to 1.0 mM
Q under continuous flow is relatively small but comparatively
larger if the sensor is rotated (compare traces b and c in Fig. 6). It
produces a significant signal that increases almost linearly over
time when the disk is rotated. Under stopped-flow conditions
there is also a response, but smaller than with rotation. These
responses indicate that the utilization of the biocatalytic action
of the immobilized enzyme preparations is better under rotation
of the sensor at the bottom of the cell.
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rrival of substrate at the active sites and the release of products
rom the same sites. The net result is high values of current (see
able 2). The main advantages of this system are its simplicity

able 2
alues of K′

M (apparent Michaelis–Menten constant)

otation
elocity (rpm)

K′
M (mM)a Linear regression,

standard deviation

70 23.53 ±0.39
40 15.69 ±0.26
20 8.91 ±0.37
00 5.19 ±0.19
40 2.54 ±0.32
00 2.13 ±0.17

280.03 ±0.33

etermined as discussed in the text (temperature 20 ± 1 ◦C).
a Each value of K′

M based on triplicate of six different substrate concentrations.
b Estimated free enzyme in solution.
The current developed at the detector should be directly pro-
ortional to the concentration of analyte in the bulk of the
olution and should also increase with increasing rotation veloc-
ty. If the flow is stopped when the sample plug transported by
ontinuous flow reaches the center of the sensor, detection takes
lace under conditions similar to those of batch detection [44].

.4. Effect of cell volume and sample size

Depending on the volume of the cell in contact with the sen-
ors, the overall process becomes controlled by diffusion (large
olumes) or by the chemical kinetics of the enzyme-catalyzed
eactions (small volumes). The cell volume was changed from
00 �l to 1 ml by removing the O-rings between the upper
nd lower half of the cell. The measured current, as expected,
ecreased linearly with an increase in cell volume. This was
ue to the dilution effect favored by rotation and the fact that
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Fig. 6. Effect of sensor rotation under continuous and stopped-flow conditions. (a) Stopped-flow with rotation, (b) continuous-flow with rotation, (c) stopped-flow
without rotation, and (d) continuous-flow without rotation. The solution containing 0.1 mM H2O2 and 1.0 mM Q in 0.1 M phosphate buffer, pH 7.00. Flow rate was
1.00 ml min−1 and cell volume was 200 �l. The flow was stopped for 60 s during measurement.

the measured current is directly proportional to bulk concentra-
tion. The smallest cell volume of 200 �l was adopted for further
studies.

The measured current increased linearly with sample size, up
to 200 �l, in a cell with a volume of 200 �l. For convenience a
sample size of 200 �l was used. Sensitivity is almost tripled in
the range between 50 and 200 �l (Table 3).

3.5. CF measurement with HRP-rotating biosensor

The performance of the HRP-rotating biosensor for the mea-
surement of CF concentrations was characterized. For CF mea-

Table 3
Effect of sample sizea

Sample size (�l) I (�A) Linear regression,
standard deviation

50 5.82 ±0.28
75 14.20 ±0.17
100 23.80 ±0.14
125 36.45 ±0.29
150 51.39 ±0.15
175 60.65 ±0.21
200 64.60 ±0.18
225 65.02 ±0.33
250 64.57 ±0.30
300 64.68 ±0.27
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1
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surement, the following procedure was used: (a) a baseline
current was established with the buffer solution; (b) a solution
containing 1 mM Q and 0.1 mM H2O2 were injected into the
rotating biosensor; (c) the flow was detained and the disk was
rotated to 900 rpm, thus, a large reduction current was observed
due to the quinone derivative and after 1 min the flow was started
again; (d) a solution containing 1 mM Q, 0.1 mM H2O2, and sev-
eral CF concentrations was injected into the rotating biosensor;
(e) the flow was detained and the disk was rotated to 900 rpm,
and the reduction current was measured. The addition of CF
resulted in a current decrease. After 1 min the flow was started
again. A CF calibration plot was obtained by plotting �I versus
CF concentration.

A linear relation [Eq. (1)] was observed between the �I
and the CF concentration in the range of 0.02–65 �M (rotation
900 rpm) using this method.

�I (µA) = 0.21 + 0.52[CCF] (1)

The correlation coefficient for this type of plot was typically
0.999. Detection limit (DL) is the minimal difference of concen-
tration that can be distinguished from the signal of the pure Q
solution. The DL was calculated as the amount of CF required to

Table 5
Specificity results of the HRP-rotating biosensora

S

1
2
3
4
5
6

X
S
V

v

olution containing 0.1 mM H2O2 and 1.0 mM Q in 0.1 M phosphate buffer, pH
.00. Flow rate, 1.00 ml min−1.
a The current was measured under stopped-flow conditions. Each value of

urrent is based on triplicate of six determinations.

able 4
recision and recovery rates for CF, obtained with HRP-rotating biosensor

dded mg Found (mg) ± S.D. Recovery (%) VC (%)

.00 5.02 ± 0.05 100.4 1.0
0.00 9.98 ± 0.09 99.8 0.9
5.00 15.04 ± 0.19 100.3 1.3
0.00 19.95 ± 0.28 99.7 1.4
ample number Pure sample, 15.0
(�g ml−1)

Synthetic tablet sample
(n = 5), X (�g ml−1)

15.15 15.10
14.77 14.80
15.12 15.12
14.89 14.85
15.21 15.20
14.80 14.85

14.99 ± 0.08 14.98 ± 0.07
.D. 0.19 0.17
C (%) 0.53 0.47

a X (�g ml−1), mean ± S.E., standard error; S.D., standard deviation; VC,
ariation coefficient.
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Table 6
Determination by the developed method of amount of CF contained in various CF formulationsa

Sample number Brand A
(g/tablet)

Brand B
(g/tablet)

Brand C
(g/tablet)

Brand D
(g/tablet)

Brand E
(g/tablet)

Brand F
(g/injectable)

Brand G
(mg/ml)

1 0.498 0.515 0.509 0.488 0.490 0.201 2.85
2 0.474 0.512 0.484 0.481 0.532 0.202 3.37
3 0.506 0.509 0.516 0.519 0.489 0.204 2.94
4 0.510 0.479 0.515 0.527 0.485 0.199 2.99
5 0.488 0.491 0.480 0.512 0.494 0.198 3.17
6 0.512 0.485 0.495 0.486 0.519 0.199 3.39
7 0.489 0.522 0.507 0.515 0.508 0.201 2.80
8 0.492 0.493 0.519 0.482 0.514 0.198 2.91

X 0.496 0.501 0.503 0.501 0.504 0.200 3.05
S.D. 0.013 0.016 0.015 0.019 0.017 0.002 0.230

a For Brand name see dosage forms of ciprofloxacin.

yield a net peak that was equal to three times the S.D. of the pure
Q signal. In this study, the minimal difference of concentration
of CF was ca. 0.4 nM. Quantification limit (QL) was generally
determined by the samples with known concentrations of ana-
lyte and by establishing the minimum level at which the analyte
can by quantified with acceptable accuracy and precision [45].
The precision for CF was established by analyzing eight differ-
ent standard solutions containing the lowest concentration on
the calibration graph. The variation coefficient (VC) was 11%
(it should be <20%).

Reproducibility assays were made using repetitive standards
solutions (n = 5) containing 1.0 mM Q, 0.1 mM H2O2, and
12 �M CF, and the percentage standard error was less than 3%.

Recovery studies were performed by adding a synthetic mix-
ture prepared according to the manufacturer’s batch formula
(starch, lactose, magnesium stearate, hydroxypropylmethyl cel-
lulose, cellulose micro-crystalline, and titanium oxide) to known
amount of CF. The mean recovery was 100.05% (Table 4).

For the specificity test, a synthetic tablet of CF containing
excipients (see recovery) was recorder at selected conditions.
The response of the synthetic tablet was compared with the
response of pure CF. It was found that assay results were not
changed. Therefore, excipients commonly found in typical phar-
maceutical preparations did not interfere with the quantization
of CF present as an active principle. The results are showed in
Table 5.

c
f
H
I
n

t
n
s

4

v

sor developed in this work is the first one developed for CF
determination. This type of detection (addition reaction on co-
substrates) shows promise with regards to biological and phar-
macological sensing. Also, this biosensor is able to operate as a
fast, selective and sensitive detection unit when is incorporated
into a FIA system. It provides a fast and cost effective solution
to the realization of quantitative information at extremely low
levels of CF concentrations.
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