
  
Abstract—The polarographic behaviour of formaldehyde (FA) 

was studied using cyclic and square wave polarography (SWP) 
methods. FA was derivatized with 2.4-dinitrophenylhydrazine 
(DNPH). The influence of several variables (including nature of the 
buffer, pH, concentration, scan rate, drop size, etc.) was examined in 
SWP method for FA. The best SWP responses were obtained in acetate 
buffer pH 5.0. The peak currents were measured with a static mercury 
drop electrode at -0.16 V versus Ag/AgCl. The linearity was 
established over the concentration range of 1-12 µg/mL for both 
methods in supporting electrolyte and human tissue. No electroactive 
interferences from the endogenous substances were found in the tissue 
samples. Mean recovery was 97.5%. The limits of detection and 
quantification of FA were 0.25 and 0.75 μg/mL, respectively. It was 
concluded that the developed method was accurate, sensitive, precise, 
reproducible and useful for the quality control of FA in solutions and 
spiked tissue. 
 

Index Terms—Formaldehyde, square wave polarography, tissue, 
validation. 

I. INTRODUCTION 
Formaldehyde (FA) (Fig. 1) is a colorless solution with 

pungent smell. 37% formaldehyde water solution is called 
formalin. People who inhale formaldehyde gas get congested 
and have breathing difficulty in some sever cases [1]. It is a 
well-known skin sensitizer and is a widely used preservative in 
cosmetics, metalworking fluid, textile, paper products, etc. FA 
is present in one of three sources: as free FA particularly in  
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Fig. 1. Proposed mechanism for the reaction of formaldehyde (FA) 

with 2,4-Dinitrophenyl-hydrazine (DNPH). 
 
 

cosmetics, shampoos and hair care products, as FA donated 
from a FA-releasing preservative, and as FA resins. The 
incidence of FA sensitivity varies greatly. Most of the reported 
papers ranged from 0.9% to19.2%. The incidence of FA allergy 
in patients with cosmetic dermatitis was estimated to be 1.3% - 
9.4%.1 Cosmetic sensitization to FA is considered to be the 
most frequently encountered etiology for FA allergy, followed 
by occupational sensitization [2]. However, FA allergy is 
sometimes unsuspected by the contact dermatitis specialists. 
The source of sensitization is frequently unidentifiable as 
history from the patients is often non-informative. The 
determination of a positive FA patch test reaction is difficult and 
relies on the identification of FA sources in the patient's 
environment. The prognosis of a FA-sensitive patient is poor if 
the sources of FA could not be eliminated.  

Several methods have been reported for the determination of 
FA including high-performance liquid chromatography (HPLC) 
method following a derivatization reaction with 
2,4-dinitrophenylhydrazine (DNPH) [3]. The technique has 
been reported for analyses of cosmetics [4], tap water [5], 
fish-paste products [6], natural gas and oil combustion products 
[7], aqueous extracts, and model mixtures simulating foods [8]. 
Hyphenated techniques such as GC-MS and LC-MS/MS can be 
used as a confirmatory technique. GC-ECD method uses 
pentafluorobenzyl hydroxylamine to form oxime derivatives of 
aldehydes in an aqueous solution at pH 4. The derivatives are 
extracted into hexane and analyzed by GC-ECD (detection limit 
approximately < 1 μg/L). For GC-MS, a derivative is extracted 
from aqueous solution using a suitable solvent such as toluene. 
Although the GC-MS method has better specificity, the GC-MS 
method offers a detection limit approximately 10 μg/L, inferior 
to the HPLC method. LC-MS/MS can also be done. The 
detection limit is 20 μg/L, because the MS/MS interferences are 
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eliminated. Two reports have been published for the analysis of 
FA in pharmaceutical products, enteric coating of hard gelatin 
capsules [9], and injectibles [10].  

There are some problems encountered in using such methods. 
Chromatographic methods are relatively slow and expensive 
and they require derivatization or time consuming extraction 
procedures. Thus, the use of simpler, faster and less expensive, 
but still sensitive electrochemical techniques can be considered 
as a useful alternative. The polarographic techniques present 
some advantages in relation to many other analytical 
techniques. Progress obtained with pulse techniques have 
increased the range of practical applications of polarography by 
enabling determinations of electroactive species at lower 
concentrations. When compared to chromatography, the 
polarographic procedures have several advantages such as their 
low cost and short time required for analysis. On the other hand, 
electroanalytical methods offer useful applications in kinetic 
and equilibria studies, much more than HPLC which often can 
perturb equilibria in the reaction mixture. 

The development of a new method capable of determining 
drug amount in standard solutions or biological fluids is 
important. Electroanalytical techniques have been used for the 
determination of a wide range of drug compounds with the 
advantages that there are, in most, instances no need for 
derivatization and that these techniques are less sensitive to 
matrix effects than other analytical techniques. Additionally, 
application of electrochemistry includes the determination of 
electrode mechanism. Redox properties of drugs can give 
insights into their metabolic fate or their in vivo redox processes 
or pharmacological activity. Despite the analytical importance 
of the electrochemical behaviour and oxidation mechanism of 
FA, no report has been published on the polarographic study of 
the electrochemical oxidation of FA in spiked human tissue. 

The goal of this work was the development of new 
polarographic methods for the direct determination of FA in 
standard solutions and spiked human tissue samples without any 
time-consuming extraction or evaporation steps prior to drug 
assay. This paper describes fully validated, simple, rapid, 
selective and sensitive procedures for the determination of FA 
employing square wave polarography at mercury electrode. 
Also, this work was also aimed to study the polarographic 
behavior and oxidation mechanism of FA using cyclic and SWP 
techniques.Helpful Hints 

II. EXPERIMENTAL 

Chemicals, reagents and analytical conditions 
FA (37% solution in water) and 2,4-Dinitrophenyl-hydrazine 

(DNPH) were obtained from Sigma (St. Louis, MO, USA). 
Distilled water was prepared as required by using aquaMAX™ 
ultra, Young instrument (Korea) ultrawater purification system. 
Human tissue samples were obtained from Department of 
Pathology, Erzurum, Turkey. 

A stock solution of 50  μg/mL was prepared by dissolving the 
compound in 0.25 M acetate buffer at pH 5.0. Standard 
solutions were prepared by serial dilution of the stock solution 

with selected supporting electrolyte. The calibration curve for 
SWP analysis were constructed by plotting the peak current 
against the FA concentration. The ruggedness and precision 
were checked at different days, within day and between days. 
Relative standard deviations were calculated to check the 
ruggedness and precision of the method [11]. The precision and 
accuracy of analytical methods are described in a quantitative 
fashion by the use of relative errors (bias %). One example of 
relative error is the accuracy, which describes the deviation 
from the expected results. All solutions were kept in the dark in 
a refrigerator and were used within several hours to avoid 
hydrolysis. However, voltammograms of the sample solutions 
recorded 48 h after preparation did not show appreciable change 
in assay values. 

Voltammetric measurements were obtained with Gamry 
Potentiostat Interface 1000 controlled with software PHE 200 
and PV 220. A three electrode cell system was used a static 
mercury drop electrode system (BAS 100 W/B), including a 
hanging mercury drop working electrode, a platinum-wire 
auxiliary electrode and an Ag/AgCl (KCl 3M, BAS) electrode 
as the reference electrode. All pH measurements were made 
with Model 538 pH meter (WTW, Austria), calibrated with 
standard buffers (Fixanal, Riedel-deHaen, Germany) at room 
temperature. All measurements were carried out at ambient 
temperature of the laboratory (22-25 0C). For analytical 
application, the following parameters being employed: SWP 
pulse amplitude 25 mV, frequency 15 Hz, potential step 4 mV. 

Preparation of stock standard solutions 
The stock solution of FA (50 μg/mL) was prepared and 

diluted with a 0.25 M acetate buffer at pH 5.0 to give standard 
solutions of 1-12 μg/mL. Standard calibration samples were 
prepared daily by spiking 1.0 mL of drug-free human tissue with 
1 mL of appropriate FA standard solutions to achieve final 
concentrations of 1-12 μg/mL for tissue. 

  
Preparation of quality control samples 
The concentrations of FA were 3, 7 and 11 μg/mL in human 

tissue to represent low, middle and high quality controls, 
respectively. Appropriate volumes from stock solution of FA 
were added to normal human tissue to get low, middle and high 
quality control samples and stored at -20 °C. The quality control 
samples were taken out from storage for analysis to determine 
intra- and inter-day precision and accuracy. 

 
Analysis of spiked tissue samples 
Tissue samples were obtained from the pathology laboratory. 

And a part of of biopsy sample which is not used for 
pathological assesment was used for blank tissue. Blank tissue 
homogenates were prepared at a concentration of 10% (w/v) in 
acetate buffer (0.25 M, pH: 5.0) using an 
Ultra-Turrax homogenizer after grinding in liquid nitrogen. 1 
ml tissue homogenate sample was spiked into centrifuge tube. 
Then,  1 ml FA and 0.5 mL DNPH solutions were added. After 
vortex mixing for 5 s,  tissue sample was waited for 15 min at 60 
0C. Then, 3.5 mL of 0.25 M acetate buffer at pH 5.0 was added. 
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The concentration of FA was varied in the range of 1-12 µg/mL 
in human tissue sample. 

III. RESULT 
Effect of supporting electrolyte  
Polarographic response of FA was studied in various 

supporting electrolytes in the pH range 3.0-10.0. FA yielded a 
single oxidation wave in supporting electrolytes such as 0.25 M 
phosphate buffer between pH 2 and 12, 0.04 M 
Britton-Robinson buffer between pH 2 and 12, 0.25 M acetate 
buffer between pH 3.5 and 5.7 were used as the supporting 
electrolytes. However, a best-defined oxidation peak was 
obtained in acetate (HAc-NaAc) buffer. Therefore, this work 
was selected the HAc-NaAc buffer as supporting electrolyte.  

 
Effect of pH values 
The effect of pH values in the pH range 3.5-5.7 on both peak 

current and peak potential of the oxidation wave of FA was 
examined in the HAc-NaAc buffer. It showed that the peak 
current increased gradually upon increasing pH values from 3.5 
to 5.0 and remained nearly unchanged from 5.0 to 5.7, following 
which a sharp decrease in the current response upon increasing 
pH values from 5.0 to 5.7 was observed. On the other hand, the 
peak potential shifted with pH values from 3.5 to 5.7 toward the 
positive direction. Therefore, the HAc-NaAc buffer of pH 5.0 
was selected. 

 
Effect of buffer concentration 
The effect of the total concentration of HAc-NaAc (pH 5.0) 

buffer was tested over the range 0.025-0.40 M. The peak current 
increased gradually upon the HAc-NaAc concentration 
increasing from 0.025 to 0.15 M and then reached a current 
plateau until 0.40 M, while the peak potential Ep shifted 
positively from -0.11 to -0.17 V. The total concentration of the 
HAc-NaAc (pH 5.0) buffer used in this experiment was 0.25 M, 
consisting of 0.083M HAc and 0.167M NaAc. 

 
Electrochemical behavior of FA     
Successive cyclic voltammograms of FA obtained in 

HAc-NaAc buffer of pH 5.0 at a scan rate of 100 mV/s are 
shown in Fig. 2. The cyclic voltammogram of 20 μg/mL FA 
exhibits a single anodic peak, The study of the influence of scan 
rate shows that the peak current changes linearly with scan rate. 
The role of adsorption is further supported by the sharp form of 
the main anodic peak and by the dependence of the peak current 
on scan rate (v). For diffusion current the plot of log ip as a 
function of log v should have a slope of 0.5 and for a purely 
adsorption current a slope of 1.0 [12]. The regression of log ip 
vs log v gave a slope value of 0.48, indicating that the oxidation 
current is of diffusional nature. On the other hand, as  
 

 
 
Fig. 2. Cyclic polarogram of 20 μg/mL derivatized FA-DNPH  in 0.25 
M acetate buffer (pH 5.0) at hanging mercury drop working electrode, 

scan rate: 0.1 V/s. 
 
scan rate was increased from 10 to 1000 mV/s, the peak 
potential shifted toward more positive potential as expected for 
an irreversible oxidation process [13]. The value of αn, product 
of transfer coefficient and number of electrons transferred in the 
rate-determining step, was determined from treatment (log i vs 
E) of the polarographic curves. The value obtained (0.41) shows 
the total irreversibility of the electron transfer process. It was 
also demonstrated by the linear relationship obtained between 
the peak potential (Ep) and the logarithm of scan rate in the 
range 10-1000 mV/s. Based on the polarographic behavior of 
FA, a quantitative method was developed. To select the best 
electrochemical method, the anodic peak obtained by cyclic and 
SWP were compared with each other. In order to develop a 
polarographic method for determination of the FA, we selected 
the SWP technique, since the peaks were sharper and better 
defined at lower concentration of FA than those obtained by 
cyclic polarography with a lower background current, resulting 
in improved resolution. SWP is effective and rapid 
electroanalytical techniques with well-established advantages, 
including good discrimination against background currents and 
low detection and determination limits [14-16]. 

 
Validation of the method 
The validation was carried out by establishing specificity, 

linearity, accuracy, precision, limit of detection (LOD), limit of 
quantification (LOQ), ruggedness, recovery according to ICH 
Q2B recommendations [17]. 

 
Linearity 
Standard solutions were prepared as 1-12 μg/mL (1, 2, 4, 6, 

8, 10 and 12  g/mL) for SWP (Fig. 3). Calibration curve was 
constructed for FA standard by plotting the concentration of  
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Fig. 3. Square wave polarograms obtained for the determination of FA 
in spiked tissue (a: Supporting electrolyte, b: FA, (1) 1 µg/mL, (2) 2 
µg/mL, (3) 4 µg/mL, (4) 6 µg/mL, (5) 8µg/mL, (6) 10 µg/mL, (7) 12 

µg/mL derivatized FA-DNPH. 
  
 
compound versus peak current responses. The calibration curve 
was evaluated by its correlation coefficients. The correlation 
coefficients (r) of all the calibration curves were consistently 
greater than 0.99. The linear regression equations were 
calculated by the least squares method using Microsoft Excel® 
program and summarized in Table I. 
 

 
TABLE I: REGRESSION DATA OF THE CALIBRATION LINES FOR QUANTITATIVE 

DETERMINATION OF FA. 
Parameters SWP 

                                                                    Supporting electrolyte    
Tissue 
Measured potential (V) -0.15 -0.16 

Linearity (μg/mL)  1-12 1-12 

Slope 0.2931 0.3094 

Intercept  1.2411 1.1177 

R                                                                    0.998 0.994 

Sa 0.0586 0.0234 

Sb 0.544 0.643 

LOD (μg/mL) 0.20 0.25 

LOQ (μg/mL) 0.60 0.75 

Precision (RSD%) 

Accuracy (% relative error) 

2.32 

-2.29 

5.94 

4.70 

Repeatability of peak current (RSD%)a 1.78 2.73 

Repeatability of peak potential (RSD%) 1.01 2.86 

Reproducibility of peak current (RSD%) 2.14 3.14 

Reproducibility of peak potential (RSD%) 2.13 2.96 

 

RSD: Relative standard deviation, aAverage of six replicate determinations, Sa: 
Standard deviation of intercept of regression line, Sb: Standard deviation of 
slope of regression line, R: Coefficient of correlation, LOD: Limit of detection, 
LOQ: Limit of quantification. 
 
 
 

Accuracy and precision 
Accuracy of the assay methods was determined for both 

intra-day and inter-day variations using the six times analysis of 
the quality control (QC) samples. Repeatability refers to the use 
of the analytical procedure within a laboratory over a short 
period of time that was evaluated by assaying the QC samples 
during the same day. Intermediate precision was assessed by 
comparing the assays on different days (2 days). The intra-day 
accuracy ranged from -2.29 % to 4.70% and precision from 
2.32% to 5.94%. The results obtained from intermediate 
precision (inter-day) also indicated a good method precision. 

  
Limits of detection (LOD) and quantification (LOQ) 
The LOD and LOQ of FA by the proposed methods were 

determined using calibration standards. LOD and LOQ values 
were calculated as 3.3 σ/S and 10 σ/S, respectively, where S is 
the slope of the calibration curve and σ is the standard deviation 
of y-intercept of regression equation (n=3) [17]. The LOD and 
LOQ values of the method was summarized in Table 1. 

 
Ruggedness  
In this study, the SWP determination of FA was carried out 

by a different analyst in same instrument with the same standard. 
The results showed no statistical differences between different 
operators suggesting that the developed method was rugged. 

 
Stability 
To evaluate the stability of FA, standard solutions were 

prepared separately at concentrations covering the low, medium 
and higher ranges of calibration curve for different temperature 
and times. These solutions were stored at room temperature, 
refrigeratory (4  C) and frozen (-20  C) temperature for 24h 
and 72h. Stability measurements were carried out with SWP 
method. The results were evaluated comparing these 
measurements with those of standards and expressed as 
percentage deviation and FA was found as stable at room 
temperature, 4 and -20  C for at least 72h. 

 
Recovery 
The optimized procedure was successfully applied for the 

determination of FA in spiked human tissue samples. No 
extraction steps other than the centrifugal protein separation 
were required prior to the assay of FA. Fig. 3 illustrates the 
response of successive standard additions of FA. Calibration 
equation parameters and necessary validation data were shown 
in Table I. Obtained recovery results of spiked human tissue 
samples were given in Table II. 
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TABLE II RECOVERY OF FA IN HUMAN TISSUE 
 

Added (µg/mL) 
 

Found 
 

% Recovery 
 

% RSDb 
1 0.93 ± 0.06 93.0 6.45 

2 1.99 ± 0.11 99.5 5.53 

4 3.97 ± 0.27 99.3 6.80 
6 5.89 ± 0.52 98.2 8.83 
8 7.86 ± 0.35 98.3 4.45 

10 9.91 ± 0.41 99.1 4.14 
12 11.7 ± 0.68 97.5 5.81 

 
SDa: Standard deviation of three replicate determinations,    RSD: Relative 
standard deviation,  bAverage of three replicate determinations, SDa: Standard 
deviation of three replicate determinations,RSD: Relative standard deviation 

IV. DISCUSSION 
FA is a potential mutagen and carcinogen, which also can 

result in muscle toughening and water loss in aquatic products 
[18,19]. However, it is often used illegally in the food 
processing industry because the addition of FA can prolong the 
storage life of some foodstuffs and give a face-lift by changing 
their color and smell. Moreover, enzymatic degradation of 
trimethylamine oxide in aquatic products during postmortem 
storage also can generate dimethylamine and FA [20-22]. FA is 
a small molecule and has one carbon and one heterogeneous 
oxygen atom. This molecule is not readily amenable to gas 
chromatography with flame ionization detection. Also, FA is 
not easily ionizable and cannot be easily analyzed by mass 
spectrometry. The analysis of formaldehyde is commonly 
achieved by a HPLC method following a derivatization reaction 
with 2,4-dinitrophenylhydrazine [3]. During method 
development, it became evident that FA was very sensitive to 
matrix effects during the derivatization process in tissue. 
Sample preparation techniques, such as liquid-liquid extraction 
was used in order to minimise matrix suppression effects. 

HPLC-UV method sensitivity is not enough for the 
determination of FA in tissue. For this reason, DNPH was 
chosen as a chromagenic derivatization reagent. In this study, 
the purpose of the derivatization reaction is the raise of 
sensitivity thus the possibility of working in low concentrations 
has been occurred. FA was extracted from human plasma with a 
solid phase extraction procedure in reported in other papers [20, 
23, 24]. This method is also the most comprehensive method 
which can extract FA in a single extraction procedure. The mean 
recovery is better for tissue than other papers [20,23,24]. 

Luo et al. [25] have reported HPLC method with 
fluorescence detection for the analysis of FA in human plasma. 
The calibration curve of the method was linear for FA in the 
range 1.65-16 μg/mL. Intra- and inter-day precision values were 
lower than 8.0%. The mean recovery of FA was 93.3%. The 
LOQ of method was found 0.87 μg/mL. Detection using HPLC 
method with fluorescence detection would be a more sensitive 
approach but is costly and not yet available for every laboratory.  

Voltammetry has been recently proposed as a promising new 
analytical method for electrochemical detection of drugs. 
Owing to the high sensitivity, low cost, simplicity of 
instrumentation and short analysis time voltammetric 

techniques are important methods for pharmaceutical analysis 
[26,27].  

Polarographic determination of FA at hanging mercury drop 
working electrode in tissue samples was referred to the 
regression equation. The mean relative standard deviation (RSD) 
was 5.94% using the proposed SWP method for the 
polarographic analysis. The validity of the proposed procedure 
applied to tissue samples was also assured by the recovery of 
standard additions. A mean recovery of 97.5% with RSD of 
4.70 was obtained. The results of the drug analysis obtained 
from the proposed method are in close agreement with the 
claimed value.  

V. CONCLUSION 
The novel electro-analytical method involving SWP at 

dropping mercury electrode was proposed to determine FA 
content in spiked tissue samples. The method presented for the 
quantitative determination of FA allowed the accurate 
determination and was found to be rapid, simple and highly 
sensitive. The main advantage of such a procedure is the 
possibility to determine the concentration of the active 
component directly from spiked tissue samples without any 
previous treatment, such as extraction, clean-up, derivatization 
or pre-concentration which are tedious, time consuming and 
also polluting. Therefore, the proposed method can possibly be 
used for the determination of FA in tissue samples as well as for 
clinic control laboratories. 
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