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Abstract
Solid surface room-temperature phosphorimetry was used to quantify enoxacin. Phospho-

rescence (340/460 nm) was induced by using Pb(NO
3
)

2 
in cellulose substrates.The absolute 

limits of detection were 0.6 and 1.1 ng (for 5 μL sample volume) calculated respectively by 

measuring phosphorescence obtained using normal scan mode and second derivative scans. 

These values indicate excellent ultra-trace capability of the method. The detectability can 

be improved at least 10 times using pre-concentration on a C18 SPE cartridge.The linear re-

sponse covered the range up to at least 124 ng. A detailed metrological study was made to 

calculate the combined uncertainty associated to the enoxacin phosphorescence measure-

ment. Satisfactory analyte recoveries were obtained for urine samples (96%) and for simulated 

counterfeit pharmaceutical formulations (from 90 to 103%). Improvement in selectivity in de-

terminations in more complex matrices was made by using the higher order (2nd) derivative of 

the emission spectra (λ
isodifferential

 = 448 nm). The results demonstrated the applicability of the 

method due to its simplicity, low cost, effectiveness and selectivity.
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1. Introduction
Enoxacin,1-ethyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-

dihydro-1,8-naphthyridine-3-carboxylic acid, see Figure 1, 

is a synthetic antibacterial agent used in human and vet-

erinary medicines mainly to treat urinary infections and 

sexually transmitted diseases [1]. The presence of the pip-

erazinyl substituent in the 7 position of the quinolone ring 

and the lack of substituents in position 5 make enoxacin 

more efficient (selective) against Gram-negative bacteria. 

The presence of the piperazinyl group also improves phar-

macokinetic of the drug and the stability of their metabo-

lites [2]. As with any other fluoroquinolone, enoxacin action 

involves the inhibition of two important enzymes for the 

bacterial chromosome replication process, which are DNA 

girase (topoisomerase II) and topoisomerase IV [3]. Enoxa-

cin is administrated, generally, in two daily doses of 400 mg, 

presenting fast oral absorption (0.5 to 2.5 h) with t
1/2 

from 

4.2 to 6.8 h [4,5]. The oral bioavailability of this fluoroqui-

nolone is about 80 to 100%. Less than 30% is bound with 

plasmatic protein [6] and about 45% of the dose is excreted 

in urine in its unchanged form [5].

Most of the methods used to determinate enoxacin 

are based on high performance liquid chromatography 

(HPLC). Samanidou et al., for instance, developed a chro-

matographic (UV photometric detection) method to 

Figure 1. Chemical structure of enoxacin.

determinate enoxacin and other three fluoroquinolones in 

medicines in blood serum [7]. The limit of detection was 

0.02 ng (in 20 μL sample) and recoveries varied from 91 to 

103%. Enoxacin in pharmaceutical formulations and human 

serum was also determined by Tuncel et al. who proposed a 

capillary electrochromatographic method with UV absorp-

tion photometri detection with satisfactory results [8]. Lu-

minescence based methods have also been proposed for 

the determination of enoxacin in pharmaceutical formu-

lations and in urine. Fluorescence intensity was improved 
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after sensitization with Tb3+ [9,10] or by using a surfactant 

organized environment [11]. Reported limits of detection 

were in the μg L-1 level.

Phosphorimetric methods present advantages in terms 

of labor and operational cost and enable the selective de-

termination of very similar substances without prior sepa-

ration by exploring slight differences in their phosphores-

cence spectral characteristics [12]. In solid surface room-

temperature phosphorimetry (SSRTP) the analytical signal 

is measured from analytes immobilized in substrates. The 

right choices of the experimental and instrumental condi-

tions when detecting traces of luminescent contaminants 

in a matrix containing other luminescent species improve 

selectivity and detectability [13,14]. However, the uncer-

tainty of the luminescence measurement must be care-

fully evaluated in order to enable reliable results, especially, 

when inhomogeneous substrates like cellulose (high back-

ground fluctuations) are used [15].

In this work, the phosphorescence from enoxacin was 

studied using a solid substrate (cellulose) as support aim-

ing to achieve experimental conditions to enable a sensi-

tive phosphorimetric method for the determination of this 

fluoroquinolone in pharmaceutical formulations (simulated 

counterfeit drug) and in urine. Sensitivity was improved by 

using the selective heavy atom effect and selectivity im-

proved by using second order spectrum derivativation. 

Precision was evaluated through a detailed uncertainty 

study. The proposed SSRTP method is simple enough to 

enable efficient and low cost screening of pharmaceutical 

samples.

2. Experimental
2.1. Instrumentation

Phosphorescence measurements were made on a Per-

kin-Elmer LS-55 luminescence spectrophotometer (Perkin-

Elmer, Norwalk, USA) coupled to a solid surface analysis ap-

paratus modified to allow a flow of purging dry nitrogen 

gas on the sample holder. Phosphorescence measurements 

were made using excitation at 340 nm and detection at 460 

nm (or at 480 nm after second order derivatization of the 

emission spectrum). The instrument was operated with 

1500 nm min−1 scan rate, 0.10 ms delay time and 3 ms gate 

time. Spectral bandpass was set to 15 nm. A pHmeter (MS 

Tecnopon, model MPA-210, São Paulo, Brazil) was used. 

Liquid chromatographic analysis were made on an 

Agilent Infinity 1200 series HPLC system (Santa Clara, CA, 

USA) equipped with a binary pump and a fluorescence 

detector set at 340/420 nm. Degassing of mobile phase 

solvents was made off-line in a 9 L ultrasonic bath, Model 

NSC2800 (Unique, São Paulo, Brazil). Separation was made 

on an Agilent 5 μm particle size C18 stationary phase chro-

matographic column (4.6 x 150 mm). The column was kept 

inside an oven set at 20 0C.

A laboratory-made photochemical reactor was used for 

the treatment of cellulose substrate in order to reduce its 

background. The photochemical reactor was constructed 

by using an oven unit cabinet that was adapted by placing 

on the top of its internal part, six mercury vapor sterilization 

lamps (6 W each) with most intense UV wavelengths at 253 

and in the 296-313 nm range. A Soxhlet apparatus and a 

150 W infrared lamp (Philips, Brazil) were used in the cel-

lulose cleaning process. The Statistica 7.0 (Statsoft-Inc. USA) 

software package was used for statistical calculations.

2.2 Reagents and materials

All chemical reagents were of analytical grade. Ul-

trapure water (18.2 MΩ cm-1) from an ultra purifier water 

system (Milli-Q system, gradient A10, Millipore, USA) was 

used to prepare all aqueous solutions. Enoxacin was from 

Sigma-Aldrich, USA. Methanol, perchloric acid, boric acid, 

phosphoric acid, acetic acid, sodium hydroxide and sodium 

dodecyl sulfate (SDS) were obtained from Merck (Germany). 

Acetonitrile and methanol (HPLC-grade) were from Merck, 

Brazil. Sodium hydrogen phosphate heptahydrate was from 

Vetec (Brazil). A nalidixic acid based oral drug (Naluril® with 

500 mg of nalidixic acid) from Sandoz, Argentina, was used 

as a matrix to test the determination of enoxacin. Thallium, 

thorium and lead nitrates were from Acros (USA). Filter pa-

per (Whatman N° 42) was used as cellulose substrate after 

a treatment to reduce its background. Nitrogen (99.996%) 

was from White Martins, Brazil, and it was further purified by 

passing it through an ammonium metavanadate solution 

and dried over a silica gel bed. Urine was obtained from a 

healthy volunteer.

2.3 Procedures

Enoxacin stock solutions (5.0 x 10-3 mol L-1) were freshly 

prepared in methanol because of the good solubility of the 

analyte in this solvent and volatility that ensures fast evapo-

ration after deposition on a solid surface. Standard solutions 

with lower concentrations (below 8.0 x 10-5 mol L-1) were 

made by further dilution of the stock in a solvent system 

composed of Britton-Robinson buffer pH 9.0:methanol (1:1 

v/v). The Britton-Robinson buffer was prepared by mixing 

acetic acid, boric acid and phosphoric acid aqueous solu-

tions. The pH of the buffer was adjusted by drop additions 

of 1.0 mol L-1 sodium hydroxide solution. 

The simulated pharmaceutical formulation samples 

were prepared by mixing a specific amount of enoxacin 

into a mass of the nalidixic acid based commercial oral 

drug (Naluril; 500 mg), which was fortified with enoxacin 

with different molar proportions (1:2 and 1:5 v/v). The 

phosphorescence measurements were made at 448 nm 

of the 2nd derivative emission spectra and 460 nm of the 

normal emission spectra. Derivative spectra were directly 

obtained from the normal spectra through mathemati-

cal conversion made by equipment software using Δλ = 

1 nm. For interference tests, samples were prepared by 

mixing a specific amount of enoxacin with nalidixic acid. 

The pharmaceutical formulation (containing nalidixic acid 
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- Naluril®) and urine were fortified with a specific amount 

of enoxacin to perform recovery tests. Aliquots of 300 μL 

of analyte spiked urine were treated with 300 μL of a 7% 

v/v aqueous perchloric acid solution. After vortex mixing 

for 10 s, samples were centrifuged for 2 min at 3000 rpm 

[16]. Pre-concentration of enoxacin in urine samples was 

made by solid phase extraction using a C18 cartridge. The 

cartridge was conditioned with 2 mL of water and then 

with 4 mL of methanol. Then, 50 mL of sample was passed 

through the cartridge, forced by a gentle vacuum, fol-

lowed by water for cleaning. Then, the analyte was elut-

ed with 2.5 mL of methanol into a 5 mL volumetric flask, 

which has its volume adjusted to the mark with Britton-

Robinson buffer (pH 9.0). A pre-concentration factor of 10 

times was achieved.

To perform phosphorescence measurements, 5.0 μL 

of the heavy atom was spotted at the center of the sub-

strate. Then, 5.0 μL of sample, standard or blank was de-

posited on the same spot. The substrate was left to dry 

(2 h) in a desiccator under vacuum before measurement. 

In order to reduce the background signal of cellulose, 

the filter paper was washed with hot water in a Soxhlet 

system for 2 h. Then, the paper sheet was exposed to an 

infrared lamp to dry for 30 min. The filter paper was cut in 

circles (1.8 cm diameter) before exposing them to UV (2 

h) inside the photochemical reactor.

Before signal measurement, the substrate was placed in 

a solid surface luminescence measurement apparatus. Exci-

tation radiation was focused in the center of the substrate, 

where the sample was spotted, and luminescence was col-

lected at an angle of 90°. Before measurement the solid 

surface was coupled to an apparatus which was purged 

with dry and deoxygenated nitrogen gas (1 L min-1 flow 

rate) for 2 min to minimize quenching effects from oxygen 

and air moisture. The laboratory relative humidity was set 

to a constant 30% and maintained by the use of a dehu-

midifier device. The waste generated (heavy atom solutions 

and substrates containing heavy atom salts) were sent to a 

specialized waste management company (Saniplan Engi-

neering and Environmental Services Ltda) that processed 

these materials on the premises established by the Rio de 

Janeiro State Environmental Agency (State Institute for the 

Environment, INEA/RJ).

Analyte recoveries achieved with the proposed 

phosphorimetric method were compared with the ones 

achieved by the HPLC method with fluorescence detec-

tion adapted from Davis et al. [17]. Separation was made 

using an isocratic elution (1 mL min-1 flow rate) with mo-

bile phase consisting on a mixture of phosphate buffer 

10 mmol L-1, pH 4.0: acetonitrile (15:85, v/v). The retention 

time for enoxacin was 3.7 min.

3. Results and discussion
3.1 Preliminary studies

The external heavy atom effect is an essential artifice 

to induce or amplify phosphorescence from chemical 

species as it stimulates singlet-triplet forbidden transitions 

and decreases the triplet-ground state lifetime. However, 

since phosphorescence lifetimes of substances such as 

fluorquinolones is in the μs range, they need to be im-

mobilized in a substrate in order to protect the excited 

molecule from quenching processes that usually prevail 

in solution when luminophores do not complete their ra-

diative deactivation in the ns range (as is the case of fluo-

rescence that can be easily measured in solution because 

of the allowed nature of the singlet-triplet transitions). 

Therefore, a systematic study was made to evaluate the 

effect of several heavy atoms salts in the substrate con-

taining enoxacin. For these preliminary studies, the heavy 

atom salts, CdCl
2
,TlNO

3
, Th(NO

3
)

4
, AgNO

3
 and Pb(NO

3
)

2
, 

and their amounts in the substrate were chosen based on 

previous experiences to induce room-temperature phos-

phorescence (RTP) from fluoroquinolones and other sub-

stances [15,18,19]. The study was made with the addition 

of 333 μg of TlNO
3
, 414 μg of Pb(NO

3
)

2
, 9 μg of AgNO

3
, 

505 μg of CdCl
2
 or 690 μg of Th(NO

3
)

4
 on the center of the 

substrate, and then 160 ng of enoxacin (5.0 μg of a 1x10-4 

mol L-1 solution). 

In all cases two excitation bands of similar intensities 

(with maximum intensities about 275 and 340 nm) and 

only one emission band (maximum intensity about 460 

nm) were observed. The analytical signal was significantly 

more intense by using Pb(NO
3
)

2
. Phosphorescence of low 

intensity was observed from substrates containing enoxa-

cin in the presence of TlNO
3
 and Th(NO

3
)

4
. In the presence 

of either AgNO
3 
or CdCl

2
, the measured signal was no dif-

ferent than the one of the background substrate.

Substrate background varies in intensity as a function 

of the wavelength no matter which heavy atom inducer 

is employed. The background measured at 460 nm was 

about four times less intense when excitation was made 

at 340 nm than at 275 nm (the maximum excitation wave-

lengths for enoxacin in the presence of Pb(NO
3
)

2
). There-

fore, in order to achieve improved detection limits, the ex-

citation wavelength chosen for the method was 340 nm.

3.2.Maximization of the phosphorescence from enoxacin

Enoxacin presents several groups that may be influenced 

by the variation of the pH of the carrier solution. On the oth-

er hand, such speciation in solution influences the analyte 

interaction with cellulose, affecting the phosphorescence 

from molecules immobilized on the solid surface. In order to 

evaluate how the pH of the carrier solution affects the solid-

surface room-temperature excitation of enoxacin, solutions 

were prepared in solvent systems containing 0.04 mol L-1 

Britton-Robinson buffer (pH values from 2.0 to 12.0).

In substrates containing Th(IV), phosphorescence from 

enoxacin was of low magnitude and constant over the range 

of pH values tested. In the presence of either Tl(I) or Pb(II), enox-

acin phosphorescence was low in the acid pH range of the 
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carrier solution and increased sharply in basic media, reaching 

a maximum signal with solutions at pH 9.0. The phosphores-

cence (345/460 nm) profiles are shown in Figure 2.

Figure 2. Effect of the pH of the analyte carrier solution on the phosphores-
cence of enoxacin in solid substrates containing different phosphorescence 
inducers.

The enoxacin molecular structure presents a carboxylic 

acid and secondary amine (of the piperazinyl group) which 

may receive and donate protons as the pH of the carrier so-

lution is changed. When pH value exceeds its first pK
a
 value, 

the carboxylic acid deprotonates and its negative charge 

contributes to increasing the phosphorescent signal as it 

promotes conjugation with the π electrons of the quino-

lonic ring. At higher pH values, the protonated amine from 

the piperazine ring loses the proton and phosphorescence 

increases as it benefits from the presence of the free elec-

tron pair in the molecule. 

One instrumental optimization was made, the delay 

time that enables best phosphorescence acquisition. The 

delay time range tested varied from 0.05 to 3 ms and, as 

expected, higher signal was achieved by using the lower 

delay time (5 times more intense than the one observed 

with 3 ms). However, the large standard deviation observed 

indicated influence from residual fluorescence from the 

substrate. In order to minimize this effect, a delay time of 

0.1 ms was chosen. The gate time of the detector (from 3 to 

9 ms) seemed to not affect the signal magnitude. Therefore, 

the 3 ms gate time was selected since it tended to enable 

spectra with reduced background.

The results obtained in the univariate studies indicated 

that Pb(NO
3
)

2
 was the best heavy atom inducer for enoxa-

cin. Two main factors may influence the magnitude of the 

phosphorescence signal: (i) pH of the analyte solution and 

(ii) mass of the Pb(NO
3
)

2
 deposited on the substrate. There-

fore, a final adjustment of conditions was made by using a 

two level central composite experimental design. This mul-

tivariate approach allowed: (i) the evaluation of possible in-

teractions between these main factors, (ii) to evaluate the 

robust range for each factor when choosing the final condi-

tion for the method and (iii) to obtain the best conditions 

for maximum signal.

Replicates (n = 5) were made only at the central point 

(0.0). For the pH of the analyte carrier solution, the chosen 

levels, around the pH that enabled the maximum phospho-

rescence, were: 8.3 (+ √2), 8.5 (+1), 9.0 (0), 9.5 (-1) and 9.7 

(-√2). The chosen levels for mass of the Pb(NO
3
)

2
 deposited 

on the substrate (with codified level in parenthesis) were: 

188 μg (+√2), 400 μg (+1), 911 μg (0), 1422 μg (-1) and 1633 

μg (-√2). This range of values was chosen as they can be 

delivered onto the center of the substrate by using 5 μL of 

Pb(NO
3
)

2
 solutions. Only one addition of 5 μL was used in 

order to avoid spreading of solution away from the center 

of the substrate.

Figure 3. A) Pareto´s chart for the circumscribed central composite design us-
ing three replicates per point and five replicates for the central point (factors: 
amount of Pb(NO

3
)

2
 and pH). B) Response surface.

According to the results in Pareto´s chart (Figure 3A) 

no relevant interaction occurs between the two factors. 

It also shows the effect of the mass of Pb(NO
3
)

2 
surpass-

Oliveira et al.



320 Br J Anal Chem

ing the critical level (with a positive statistical parameter) 

indicating that a possible adjustment of mass is need to 

enable maximum signal. However, the response surface 

(Figure 3B) and a previous univariate study indicate that 

the presence of about 1000 μg of Pb(NO
3
)

2 
enabled maxi-

mum signal. In addition signal variations tend to increase 

at higher masses of the phosphorescence enhancer, 

therefore, the adjustment of this parameter was found not 

necessary. A robust behavior in terms of the pH value was 

achieved since the measured phosphorescence intensi-

ties are statistically the same over the entire tested range. 

The values of 1197 μg of Pb(NO
3
)

2
 and pH 8.8 were chosen 

based on the results from the multivariate optimization. 

Figure 4A presents phosphorescence spectra of enoxacin 

under the optimized conditions.

Figure 4: A) Phosphorescence spectra for enoxacin in paper substrate with 
Pb(NO

3
)

2
 under the optimized conditions. B) The second derivative for the 

enoxacin phosphorescence using measurement at the isodifferential wave-
length λ

(iso)
 of 448 nm. Enoxacin/nalidixic acid molar proportions: a) 1/0; b) 

1/1; c) 1/2; d) 1/5; e) 1/10.

3.3.Interference test

The evaluation of the selectivity of the method was 

tested in the presence of a quinolone, nalidixic acid. This 

agent is commonly used for antibacterial treatments be-

fore the use of more specific and/or stronger fluoroquino-

lones such as enoxacin. In addition, nalidixic acid may be 

used as a cheaper component replacing fluoroquinolones 

in counterfeit formulations. The test was performed by us-

ing synthetic mixtures containing different enoxacin/nali-

dixic acid concentration ratios. The selectivity was evalu-

ated by the ratios between the phosphorescence mea-

sured from an enoxacin (I
eno

) solution, called reference 

standard, and from synthetic mixtures of enoxacin (in 

the same concentration as the reference standard) mixed 

with increasing concentrations of nalidixic acid (I
eno

/I
(eno + 

nalid. ac.)
). In mixtures containing concentrations up to two 

times more nalidixic acid than enoxacin, no interference 

was observed as the I
eno

/I
(eno + nalid. ac.)

 ratio is equal to uni-

ty. However, as the concentration of nalidixic acid is in-

creased, phosphorescence from the interferent becomes 

relevant and makes the I
eno

/I
(eno + nalid. ac.)

 value decrease to 

0.9 and to 0.65 respectively in samples containing con-

centrations of nalidixic acid five and ten times higher than 

the concentration of enoxacin).

In order to improve the capability to detect enoxacin 

in substandard formulations containing nalidixic acid, the 

second derivative of the phosphorescence emission spec-

tra was used. The second derivative was found to enable 

good resolution for the enoxacin phosphorescence in an 

environment with contributions from nalidixic acid and 

from the substrate (Figure 4B). Measurements at the isod-

ifferential wavelength (λ
iso

), 448 nm, enabled the detec-

tion of enoxacin free of interference in samples contain-

ing concentrations of nalidixic acid five times higher than 

the concentration of enoxacin.

3.4.Analytical figures of merit

Analytical figures of merit were obtained for enoxacin 

in the conditions set for its determination by using both 

normal scanning and second derivative scanning since 

luminescence scanning strategies and wavelength set for 

measurement are different for each situation.

The analytical response in normal scanning is rep-

resented by the linear equation y = 4.41 x 106x + 17.55 

(where y is the measured phosphorescence net intensity 

and x is the concentration of the analyte calculated by the 

linear model) and it was obtained by simple linear regres-

sion due to the homoscedastic nature of variances. This 

linear response (R2 = 0.997) covered the enoxacin con-

centration range between the LOQ and 124 ng (7.7x10-5 

mol L-1).The linear equation of the curve made by using 

second derivative scanning was y = -1.06 x 106x + 0.25 (R2 

= 0.997).

Detection capability was reported in terms of mass 

values in the substrate (absolute limits of detection, ALOD, 

and quantification, ALOQ) and also (in parenthesis) the 

values in terms of the concentration of the analyte in the 

solution placed on the center of the substrate reported 

either as limit of detection, LOD, or limit of quantification, 

LOQ. The ALOD of 1.1 ng (7.0 x 10-7 mol L-1) at λ
em

= 460 nm 
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and 0.6 ng (3.7x10-7 mol L-1) at λ
iso

= 448 nm were achieved. 

ALOD was calculated as C
xb+3sb

 V M, where C
xb+3sb

 is the ana-

lyte concentration, in mol L-1, that enabled a signal magni-

tude equal to the blank average signal (x
b
) plus three times 

the standard deviation from 10 blank determinations (s
b
), 

M is the molar mass of enoxacin and V is the volume of 

the analyte solution deposited on the substrate (5 μL). The 

LOD was calculated based on C
xb+3sb

. The ALOQ (LOQ) val-

ues were 5 ng (3.1 x 10-6 mol L-1) at λ
em

= 460 nm and 2.4 

ng (1.5 x 10-6 mol L-1) at λ
iso

= 448 nm. These values were 

calculated based on the C
xb+10sb

V M and C
xb+10sb 

criteria. The 

improvement in ALOD and ALOQ by using the second de-

rivative spectra was due to the decrease of the variances of 

the blank signal. 

Precision was evaluated through a metrological study. 

Since there is no equation to account, in detail, all sources 

of uncertainty associated to the phosphorescence mea-

surement, an incomplete model was used. In this model, 

relevant sources that contribute to the uncertainty associ-

ated to the phosphorescence measurement of enoxacin 

were divided into four different main groups: i) repeatability 

(u
r
); ii) reproducibility (u

R
); iii) analytical curve (u

curve
); and iv) 

preparation of solutions (u
s
) [20]. This study was based on 

measurements at 340/460 nm after normal scanning of the 

phosphorescence.

The u
r
 was estimated by the relative standard devia-

tion (RSD) of consecutive phosphorescence measurements 

(n=10) of the same analyte solution spiked onto different 

cellulose substrates. The study was performed with three 

different amounts of enoxacin deposited onto the sub-

strates. The results achieved were about 7% at 12 ng, 5% 

at 48 ng and 8% at 120 ng levels. The u
ip 

value was calcu-

lated based on the analysis of variance (ANOVA) compar-

ing two different analysts, each one preparing ten different 

substrates with the same analyte solution. The result was 

below 10% no matter the amount of enoxacin in the sub-

strate (see Table I).

In order to calculate u
s
, only the analyte solutions were 

taken into consideration because of the robust condition 

obtained for the setting of the pH of the analyte carrier 

solution and the phosphorescence enhancer solution. 

In this case, in order to minimize the contribution of this 

source of uncertainty, analyte solutions were prepared by 

weighing masses of analyte (or sample) and also of the 

solvent system in order to eliminate the relatively high un-

certainties associated to the use of volumetric measure-

ments. The u
s 
value was calculated as quadratic combina-

tions of the expanded uncertainties from the balance, U
bal

. 

The uncertainty was obtained from u
bal

 = U
bal

/k, where U 

values were obtained from calibration certificates and k 

= 2 (the chosen coverage factor, 95.4%). The final u
s
 value 

must be converted into concentration (mol L-1) in order 

to perform final quadratic summation for the combined 

uncertainty. This transformation was made by multiply-

ing the u
s
 in mass by the sensitivity coefficient as follows: 

u
s(conc)

 = (u
s(mass)

/M
eno

)/V, where, u
s(mass)

 and u
s(conc)

 values 

expressed, respectively, in mass (g) and in concentration 

(mol L-1); M
eno

 was the molar mass of enoxacin in g mol-1 

and V was the volume of solution in L.

Table I. Calculated uncertainties associated with the 
measurement of luminescence of enoxacin

[Enoxacin] mol L-1 (mass)

8.0 x 10-6

(12ng)
3.0 x 10-5

(48ng)
8.0 x 10-5

(125ng)

Repeatability

u
r
 (mol L-1) 5.3 x 10-7 1.4 x 10-6 6.4 x 10-6

Between Analysts

U
ip

(mol L-1) 1.0 x 10-7 8.0 x 10-7 2.0 x 10-6

Analytical curve

Sensitivity (u
m

) 1.2 x 1010 7.3 x 109

Linear coefficient (u
b
) 3.5 1.1 x 101

u
curve

(mol L-1) 6.5 x 10-7 1.4 x 10-6

Preparation of solution a Mass Volume

Balance (U
bal(k=2.00; 95%)

) 2.0 x 10-5

microliter pipettes (U
mp(k=2.32; 

95%)
)  -  8.0 x 10-7

volumetric flask (U
vf(k=2.18; 95%)

)  - 3.0 x 10-6

u
s
 (mol L-1)  3.2 x 10-8 2.2 x 10-6

Combined Uncertainty

u
c
 (mol L-1) 8.5 x 10-7 3.1 x 10-6 7.2 x 10-6

1.4ng 4.9ng 11.5ng

% 11% 11% 9%

Expanded Uncertainty

U 
(k=2; 95%)

(mol L-1) 1.7 x 10-6 6.1 x 10-6 1.4 x 10-5

In order to obtain u
curve

, the phosphorescence for each 

of the enoxacin standards (from 2 to 124 ng) was measured 

three times. The standard deviations for both the sensitivity 

of the curve (s
m

) and linear coefficient (s
b
) were obtained 

from the linear regression and their respective uncertain-

ties u
m

 and u
b
 were calculated as u

b
 = √s

b
2 and u

m
 = √s

m
2. 

From these results, u
curve 

was calculated by using the expres-

sion: u
curve

 = [(c
ib

2 x s
b

2) + (c
im

2 x s
m

2) + (2 x c
ib
 x c

im
 x u

b
 x u

m
 

x r)]1/2, where c
ib
 and c

im
 were sensitivity coefficients and r 

is the correlation coefficient. The sensibility coefficients c
ib
 

and c
im

 are used to make uniform dimensional units of the 

uncertainties, allowing the quadratic summation to be per-

formed. Their values were obtained from c
b
 = -1/m and c

m
 

= (y-b)/m2, that were achieved from the partial derivative of 
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the calibration curve equation in respect to the linear coef-

ficient (b) and in respect to the linear coefficient (m).

The values for each of the uncertainties described above 

are listed in Table I. The combined uncertainty (u
c
) was cal-

culated by the square root of the quadratic summation of 

the four uncertainty values (Equation 1) considering that 

the contributing groups are independent from each other 

on the overall variability of the measurement. 

uc = (ur
2 + uR

2 + us
2 + ucurve

2)1/2    (1)

The combined uncertainty (u
c
) obtained was equivalent 

to 11, 11 and 9% of the original phosphorescence measured 

from 1.4; 4.9 and 11.5 ng of enoxacin, respectively. These un-

certainty values are satisfactory considering that the mea-

surement is made from solid substrates, due to fluctuations 

in phosphorescence background, even in substrates from 

the same lot and cut from the same paper sheet, and to 

small variations in the position where the analyte solution 

was spotted on the substrate which causes variations in the 

amount of analyte effectively interacting with the incident 

excitation light.

The expanded uncertainty (U) was obtained by multi-

plying u
c
 by a coverage value (k), in this case 2, in order to 

express the uncertainty at a confidence interval at some 

probability level (95% in this case). The expanded uncer-

tainty associated to the phosphorescence measurement of 

enoxacin can be seen in Table I. 

3.5. Application of the method

The method was tested through recovery studies in 

samples prepared by fortifying a nalidixic acid sample with 

enoxacin. Analysis were made in solutions containing two 

different levels of analyte concentration: 5.0 x 10-6 and 8.0 

x 10-5 mol L-1. The average recoveries for enoxacin were sat-

isfactory for 2nd derivative and the results obtained were 

between 90 and 103% (n = 5). These results were in the 

acceptable range and in agreement (at 95% confidence 

level) with the ones achieved by using the reference HPLC 

method [17]. Urine samples were also analyzed. The sam-

ples were fortified at a 6 x 10-7 mol L-1 level and submitted to 

pre-concentration on a C18 SPE cartridge. Average recover-

ies of 96 ± 2% (n =5) was achieved.

4. Conclusion
Room temperature phosphorimetry was successfully 

applied in the determination of enoxacin. The multivariate 

optimization of parameters allowed the best signal to be 

achieved. The application of the method enabled satisfac-

tory results in the analysis of simulated counterfeit drugs 

and in fortified urine samples. For the simulated drug con-

taining nalidixic acid as interferent, the second derivative 

approach minimized interferences and also allowed bet-

ter ALOD values (due to the lower noise of the blanks). For 

urine, the use of SPE allowed a 10 fold analyte concentration 

and elimination of interferences from the matrix. Precision 

of the method was accessed by calculating the combined 

uncertainty and the results were less than 11%.
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