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Abstract: Cefazolin is a first-generation cephalosporin used to treat severe infections of the respi-
ratory tract, urinary tract, skin, and soft tissues. This study presents the optimal conditions for the
determination of cefazolin by thin-layer chromatography with densitometric detection. A chloroform—
methanol—glacial acetic acid mixture (6:4:0.5, v/v/v) was selected as the mobile phase, while TLC
silica gel 60F,54 plates were used as the stationary phase. Next, the developed procedure was vali-
dated in accordance with ICH guidelines. The obtained results showed that the method is selective,
precise, and accurate in a linearity range of 0.04-1.00 ug/spot (r > 0.99). Subsequently, qualitative
and quantitative analyses of formulations containing cefazolin were performed. It was found that the
amount of antibiotic is highly consistent with the content declared by manufacturers. The suitability
of the developed method for stability testing under varying environmental conditions was also
verified. It was found that under the tested conditions, the degradation process follows first-order
kinetics. The lowest stability was registered in an alkaline environment and in the presence of an
oxidizing agent, and the highest stability was recorded in water, and these results were confirmed by
the calculated kinetic parameters. The developed method can be used in qualitative and quantitative
analyses and stability studies of the analyzed antibiotic.

Keywords: cefazolin; TLC—-densitometry; validation method; stability testing

1. Introduction

Cephalosporins are a subgroup of 3-lactam antibiotics distinguished by the pres-
ence of a four-membered (3-lactam ring in their molecular structure. The antibacterial
effectiveness of cephalosporins is due to their ability to create active sites and inhibit car-
boxypeptidase and transpeptidase, enzymes involved in the synthesis of bacterial cell walls.
Consequently, they disrupt the structural cross-links of peptidoglycans in bacterial cell
walls. Cephalosporins have low toxicity, which makes them generally safe drugs. Therefore,
they are considered suitable for use during pregnancy. However, their administration can
sometimes lead to allergic reactions that manifest as skin redness, urticaria, irritation, pain
at the injection site, and dysbacteriosis. Additionally, the use of cephalosporins containing
a methyltetrazolium ring in their structures may result in hypoprothrombinemia or a
disulfiram reaction [1,2].

According to the references of the World Health Organization (WHO), the most
frequently recommended first-line antibiotics in surgical antibiotic prophylaxis and the
prevention of surgical-site infections are first-generation cephalosporins, including cefazolin
(CFZ) (Figure 1) [3-5]. The most frequently recommended antibiotic for perioperative
prophylaxis is CFZ, which can be administered intravenously or intramuscularly. It has a
beneficial effect on the skin flora, which often causes infections of the surgical site [6]. It is
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also indicated in the treatment of the following infections caused by sensitive isolates of the
indicated microorganisms: respiratory tract infections, urinary tract infections, skin and soft
tissue infections, biliary tract infections, bone and joint infections, genital infections, sepsis,
and endocarditis. CFZ is the most common and most extensively studied antimicrobial
agent with clinically proven efficacy in antimicrobial prophylaxis [7]. Although it is mainly
active against Gram-positive bacteria such as Streptococcus pneumoniae, Staphylococcus aureus,
and Streptococcus pyogenes, it is also active against some Gram-negative bacteria, such as
Escherichia coli and Proteus mirabilis [8]. In most people, the metabolism of CFZ is very
limited. After parenteral administration, approximately 100% of the dose is excreted
unchanged in the urine, about 60% of a single dose is excreted in just 6 h, and in adults
with normal renal function, 80-100% of the dose is excreted in a full 24 h. In adults,
approximately 80% of administered CFZ is reversibly bound to plasma proteins [9]. The
WHO guidelines indicate that CFZ is superior to vancomycin and clindamycin in the
prevention of surgical-site infections and that it has the narrowest spectrum of activity that
still covers the most common pathogens causing infections [10]. Due to its short half-life
(1.8 h), repeated application of it during the day is required. Therefore, a mechanism for
administering CFZ to the wound in the early stages of the wound'’s formation is necessary
until the formation of fibroblasts takes place and the wound closes [11]. However, the
effectiveness of CFZ therapy against MRSA (methicillin-resistant Staphylococcus aureus) is
limited due to drug delivery capacity, which is influenced by the extracellular polymer
matrix of the staphylococcal biofilm. Niosomes, bilayer vesicular systems based on nonionic
surfactants, are considered promising tools for solving such problems [12]. The available
literature also describes cases of adverse reactions following the use of CFZ. The clinical
symptoms of CFZ-related neurotoxicity primarily include seizures and encephalopathy.
Independent risk factors for neurotoxicity include impaired renal function, advanced
age, and the excessive dosing of any drug. Reports suggest that CFZ is particularly
associated with seizures and reversible encephalopathy associated with spatiotemporal
disorientation [13].
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Figure 1. Structural formula of cefazolin [14].

So far, various analytical techniques have been used to determine CFZ in both pharma-
ceuticals and biological material. The most widely used methods include high-performance
liquid chromatography (HPLC), which allows for precise quantitative and qualitative
determinations of substances. The simultaneous determination of levofloxacin, CFZ, and
cefminox in human urine was performed using RP-HPLC. The analysis was performed on
a KROMASIL C18 column with a 5 mM tetrabutylammonium bromide-methanol (75:25,
v/v) mixture as the mobile phase, and the pH was adjusted to 3.58 with trifluoroacetic
acid [15]. A quantitative evaluation of CFZ in the monitoring of urinary tract infections
was performed using HPLC-UV at a wavelength of 254 nm [16]. CFZ was also determined
in human serum by HPLC, testing the stability of the method in variable environmental
conditions [17]. Baranowska et al. developed the RP-HPLC-DAD method to measure the
concentration of various drugs, including CFZ, in urine samples [18]. Due to the use of
CFZ in the treatment of postoperative infections, especially after a cesarean section, an
LC-MS/MS method was also developed for the quantification of total and free cefazolin
in maternal plasma and umbilical cord blood after its isolation using an ultrafiltration
technique [19]. The HILIC-ESI/MS methodology was used for the simultaneous quan-
tification of antibiotics such as cefuroxime, cefoxitin, and CFZ in breast milk. Protein
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precipitation with acetonitrile was followed by filtration, which facilitated injection into
the system. The established method demonstrated good accuracy and precision, rendering
it a pragmatic tool with a wide range of applications in clinical trials [20]. Through using
the HPLC-MS/MS methodology, the concentration of CFZ in the adipose tissue of patients
was determined, assessing the distribution of the drug in obese people. Sample prepara-
tion included protein precipitation using Captiva EMR-Lipid plates. The mobile phase
consisted of 5 mM ammonium formate and 0.1% formic acid in water and 0.1% formic
acid in acetonitrile (gradient elution), and the stationary phase was a Synergi Fusion-RP
column [21]. CFZ is also used in veterinary medicine to treat bacterial infections in various
animal species. A key aspect of the effectiveness of treatment is maintaining the optimal
antibiotic concentration in animal muscle tissue. Rezende et al. analyzed (3-lactam antibi-
otics and tetracyclines in cattle muscles. Their methodology included the extraction of
muscle residues with a mixture of water and acetonitrile, followed by purification with C18
solid-phase dispersion and hexane. Further analysis involved the use of ultra-performance
liquid chromatography coupled with mass spectrometry (UPLC-MS/MS), which allowed
for the monitoring of the presence of antibiotics in cattle muscles [22].

Among the various chromatographic techniques, thin-layer chromatography (TLC)
stands out as one of the most popular methods in pharmaceutical analysis [23-25]. It
serves as a key analytical tool in numerous drug studies due to its several significant
advantages (such as its ease of execution, capability to facilitate the extensive visualization
of components, the absence of specific requirements regarding high sample purity and
concentrations, the fact it is relatively inexpensive, and the fact it can be carried out
with user-friendly equipment) over HPLC [26]. The benefits of routine using TLC also
include the easier manipulation of stationary and mobile phases, the use of specific and
colored reactions, and the possibility of two-dimensional separation [27]. Currently, the
TLC method is being constantly improved through the application of new adsorbents,
the development of modern equipment, and the creation of new software to optimize
separation [28]. In the analysis of cephalosporins, TLC is employed for identification
purposes and purity control, as well as for stability and metabolism studies. It is also the
method of choice for monitoring the cross-contamination of cephalosporins with traces
of penicillin [29]. A TLC technique with densitometric detection was used to isolate
and quantify CFZ from serum and urine. A mixture of chloroform-methanol-acetic acid
(60:40:5, v/v/v) was used as the mobile phase, and Kieselgel F60,54 TLC plates were used as
the stationary phase. The drug migrated with a retardation factor (RF) of about 0.3 [30].
Zimmermann et al. determined CFZ in a powder form in an injectable solution using
TLC coupled with digital imaging after staining the spots on a chromatogram with iodine
vapor [31]. The effect of the presence of an impregnating reagent on the separation results of
individual cephalosporins (cefadroxil, cephalexin, cefotaxime, CFZ) was also investigated
using the TLC method. Na, EDTA was used as the impregnating reagent, and the mobile
phase was a mixture composed of propionic acid-2—-propanol-water (6:3:3, v/v/v) [29]. The
effect of impregnating the stationary phase with transition metal ions on the separation
efficiency of selected cephalosporins, including CFZ, was also tested. Separation was
carried out on plates impregnated with Mn?Z*, FeZ*, Co?*, Ni?*, and Cu?* in various
concentrations. Using a mobile phase containing a mixture of propanol-water-butanol
(15:3:1, v/v/v), it was possible to separate the analyzed cephalosporins. In the case of
CFZ, the best separation was observed after impregnating the plates with FeSO, at a
concentration of 0.4% [32]. The lipophilicity parameters of cephalosporins, including CFZ,
were determined using the RP-TLC method. The main aim of this study was to analyze
the properties of these substances and their dependence on changes in the composition of
mobile phases with stationary phases with different properties [33,34].

The aim of the present study was to develop optimal chromatographic conditions and
validate the procedure developed for the determination of CFZ, using TLC combined with
densitometric detection. In the second part of our work, we evaluated the suitability of
the developed method for qualitative and quantitative analyses of preparations available
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on the Polish market containing CFZ in their composition. Then, the suitability of the
developed method for analyzing CFZ stability in variable environmental conditions and at
various temperatures and times was examined.

2. Materials and Methods
2.1. Chemicals and Apparatus

A standard substance of CFZ (PHR 1291, LRAD1028) was obtained from Sigma
Aldrich, St. Louis, MO, USA. Preparations containing CFZ were purchased from a local
pharmacy. Chloroform and methanol gradients for HPLC were purchased from Witko
(Lodz, Poland), and 88.12 g/mol ethyl acetate was purchased from P.P.H. “STANLAB” Sp.
J. (Lublin, Poland). Additionally, acetic acid, sodium hydroxide, hydrochloric acid, and
hydrogen peroxide, all of which were of analytical grade, were sourced from Chempur
(Piekary Slaskie, Poland). A densitometer (TLC Scanner 3 with Cat4 software, Camag,
Muttenz, Switzerland), Linomat V (Camag, Muttenz, Switzerland), analytical balance
(WPA 120C1, Radwag, Radom, Poland), and dryer (EcoCell BMT, Brno, Czech Republic)
were used. Chromatographic plates, such as TLC Silica gel 60 Fys54 (No. 1.05554.0001),
HPTLC Cellulose (No. 1.16092.0001), and TLC silica gel 60 RP-18 F254s (No. 1.05559) were
purchased from Merck (Darmstadt, Germany).

2.2. Sample Preparations

To obtain a standard solution, approximately 10 mg of the standard CFZ substance was
weighed in a 10 mL volumetric flask and dissolved in methanol. The resulting solutions
were stored away from sunlight in a refrigerator at a temperature of 2-8 °C in accordance
with the manufacturer’s instructions. An analogous procedure was followed for the tested
preparations containing CFZ. The solutions of the preparations were prepared by weighing
the appropriate amount and then dissolving it in 10 mL of methanol. To achieve lower
concentrations of the tested substances, the prepared solutions were diluted with methanol.
The obtained solutions were stored in a refrigerator at a constant temperature of 2-8 °C
and protected from sunlight.

2.3. Chromatographic Conditions

The prepared solutions were applied to TLC silica gel 60 Fys4 (Merck, Germany) chro-
matographic plates using a Linomat V applicator. The plate dimensions were 100 mm in
length and 70 mm in width. Each spot on the plate had a width of 10 mm, with a 10 mm
distance between spots. The distance between the edge of the plate and the starting point of
the first spot was 10 mm. The solutions were applied at a constant application rate of 250 nL/s.
The plates were dried at room temperature. Then, the plates were developed to a diameter of
95 mm in a chromatographic chamber that had dimensions of 20 x 10 cm (Sigma-Aldrich,
Laramie, WY, USA), contained the mobile phase, and was previously saturated (15 min)
with a selected mobile phase. The obtained chromatograms were subsequently subjected to
further analysis.

2.4. Validation of the Method

Validation testing is conducted to demonstrate that the tested procedure is scientifically
relevant, reliable, credible, and able to serve its intended analytical purposes. The purpose
of validation in the case of a quantitative method is to ensure that the true value of the test
sample is estimated with the greatest possible accuracy and precision [35].

2.4.1. Linearity Range

The linearity of an analytical procedure is its ability to obtain test results that are
linearly proportional to the concentration of analyte in the sample. The linear relationship
should be evaluated using at least 5 concentrations of a standard solution. The test results
should be rated using appropriate statistical methods, for example, linear regression,
determining a calibration curve using the following equation: y = ax + b. In this equation,
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the slope coefficient is a, and the intercept term is b. The relationship between the variables
is characterized by the correlation coefficient r, which ranges from 0 to 1. We performed a
residual analysis, which allowed for the observation of differences between the actual and
predicted values. This analysis helps determine whether the selected model has been fitted
correctly. A good correlation is indicated by a distribution of random residuals close to
zero. Cook’s distance (Cd) measures the degree of change in regression coefficients when
a specific case is removed from the calculation. Declares the possible impact of points on
the disturbance of the regression model. Mahalanobis distances (MDs), which represent
the distance of a given measurement point from the center, help identify whether specific
observations are outliers in a given study. A high Mahalanobis distance value suggests that
a particular observation differs significantly from the others in the study.

2.4.2. Accuracy

The accuracy of an analytical procedure expresses the correspondence between the
measured and the reference values. High accuracy is considered when the differences
between the two presented values are small. It should be assessed using at least 9 de-
terminations at a minimum of 3 different concentration levels covering a defined range.
Accuracy is given as the percentage recovery of a known amount of analyte added to the
sample or as the difference between the mean value and the assumed true value, along
with confidence intervals. Equation (1) was used to calculate the percentage recovery:

R = (A — Ai)/Ai x 100% (1)

where A is defined as the peak area [mm?] obtained for the sample solution after the
addition of a certain amount t of the analyte, and Ai is defined as the peak area [mm?]
obtained before the addition of the analyte. To consider the tested analytical procedure as
accurate, the calculated recovery percentage needs to be in the range of 95-105%.

2.4.3. Precision

Precision refers to the degree of dispersion between a series of measurements obtained
by repeatedly taking the same homogeneous sample under specified conditions. Precision
is expressed in terms of repeatability, intermediate precision, and reproducibility. For the
evaluation of precision, it is required to determine two parameters: the relative standard
deviation (RSD) and the coefficient of variation (RSD%). Equation (2) was used to calculate
these parameters.

RSD% = SD/X x 100% )

To confirm a good evaluation of the analytical method under study, the value of RSD%
should not exceed 5%.

Repeatability is achieved when the same samples are tested using the same method,
carried out by one analyst, in the same laboratory using identical equipment and in a
short time. Intermediate precision refers to a given sample, but its value is influenced by
the presence of various analysts and the equipment they use (not necessarily the same),
variable analysis times, and the reagents used. Reproducibility is obtained for the same
sample on the basis of an interlaboratory study conducted by different analysts using
different equipment over a longer period of time.

2.4.4. Limit of Detection (LOD)

The limit of detection (LOD) is the lowest amount of an analyte in a sample that can
be detected but not necessarily quantified as an exact value. In practice, it is the lowest
concentration of an analyte that is distinguishable from noise. It can be determined by
visual evaluation or using a mathematical equation (Equation (3)) based on the parameters
of the calibration curve.

LOD = (3.3 x Se)/a 3)

where Se—standard error of estimation; a—the slope of the calibration curve.
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2.4.5. Limit of Quantification (LOQ)

The limit of quantification (LOQ) is the lowest amount of an analyte in a sample that
can be quantified with sufficient precision and accuracy. It is a parameter of quantification
especially for low-level compounds in sample matrices. The LOQ can be determined, like
the LOD, by optical estimation or by applying a formula, Equation (4), using the parameters
of a calibration curve.

LOQ = (10 x Se)/a 4)

where Se—standard error of estimation; a—the slope of the calibration curve.

2.4.6. Specificity

Specificity refers to a method’s ability to unambiguously evaluate an analyte in the
presence of other components that might be expected in a sample, such as various impurities
or excipients. In practice, the specificity of a method can be checked by enriching pure
substances (active substance or product) with appropriate levels of impurities or excipients
and demonstrating that the presence of these materials does not affect the test result.

2.4.7. Robustness

Robustness is an assessment of the suitability of an analytical procedure in an operating
environment. Robustness testing should demonstrate the reliability of the procedure with
respect to small, intended changes in parameters. Deliberate changes in the test conditions
and stability can be analyzed by changing the incubation conditions, sample degradation
factors, analysis duration, or the temperature and determining their effect on the results.

2.5. Stability Analysis

A 0.02% solution of the standard substance was prepared and successively mixed with
0.02 mol/L HCL, 0.02 mol/L NaOH solution, 6% H>O, solution, and distilled water in a
volume ratio of 1:1. The resulting solutions were successively incubated at 25 °C, 60 °C,
75 °C, and 90 °C. At specified time intervals (0, 1, 2, 3, and 4 h), samples were collected and
analyzed under the conditions developed earlier.

2.6. Analysis of Pharmaceutical Formulations

Approximately 10 mg of each preparation was weighed and dissolved in 10 mL of
methanol. Lower concentrations were then prepared by dilution with methanol. The
prepared solutions were stored at a constant temperature of 2-8 °C and protected from
sunlight. Standard solutions and samples were applied to the chromatographic plates
using a Linomat V applicator, and our analysis was performed as described above.

3. Results and Discussion

The first step of our research was the development and optimization of the chro-
matographic separation conditions. Based on the available literature, it was decided to
experimentally test two mobile phases: (A) chloroform-methanol-glacial acetic acid (6:4:0.5
v/v/v) and (B) chloroform—ethyl acetate—glacial acetic acid-water (4:4:4:1 v/v/v/v). Three
types of chromatography plates were also tested, namely TLC silica gel 60 Fys54, HPTLC
Cellulose, and TLC silica gel 60 RP-18 Fy54. The prepared 0.1% standard solution of CFZ
was applied to chromatography plates in three different volumes: 1 uL, 5 uL, and 10 uL.
After separation, the plates were dried at room temperature without access to light. The
obtained chromatograms were visually evaluated using a UV-Vis lamp at wavelengths of
254 and 366 nm and then subjected to densitometric detection.

Comparing the obtained chromatograms recorded for both tested phases, the RF
values were 0.52 (A) and 0.35 (B). It was found that for the B phase, the analysis time was
37 min, while using the A phase, compact and well-developed peaks were obtained in a
shorter time (29 min). The best chromatographic separation was obtained on TLC Silica gel
60 Fps4 plates (Figure 2).
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Figure 2. Example of a densitogram recorded for cefazolin.

Based on the observed results, chloroform—methanol-glacial acetic acid (6:4:0.5 v/v/v)
as the mobile phase and TLC Silica gel Fps4 plates as the stationary phase were selected for
further analysis. The detection wavelength was set at 254 nm (Figure 3).
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Figure 3. Densitometrically recorded absorption spectrum of cefazolin.

No changes were observed in the presented parameters when varying the chamber
saturation time within the range of 15 £ 2 min and introducing a slight change (£5%) in
the composition of the mobile phase (robustness).

The next step was to validate the developed method in accordance with the International
Council for Harmonization (ICH) guidelines in order to demonstrate its reliability [34].

To evaluate the linearity of the optimized procedure, a solution of the CFZ standard
substance was used, which was applied to the plates in amounts of 0.04, 0.1, 0.2, 0.5, 0.7,
1.0, 1.2, 1.4, and 1.6 pL. Based on the recorded densitograms, the relationship between
the obtained surface areas and the amount of the tested substance in the sample was
determined. The calculated value of the linear correlation coefficient (r) (close to 1, r? > 0.99)
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indicates a good correlation between the peak area and CFZ concentration in the range of
0.04-1.00 pg/spot (Figure 4a). There were no outliers in the study, as indicated by the low
average values for Cook’s distance (0.2319) and Mahalanobis distance (0.8332) (Figure 4b).

6000 200 = o
\\t\ /’/
5000 150 e I _’,-/’
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.LT‘4000
£ w
E 3 50 =
o
@ 3000 i .
M = *
+ Z 0
2 o
2000
-50
1000 -
*
.
0 -150 et
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.2 0.4 0.6 0.8 1.0 1.2
concentration [ug/spot] concentration [pg/spot]
(a) (b)

Figure 4. Plot of surface area [mm?] vs.

concentration of cefazolin solution [pg/spot] (a); plot of

residues (b).

LOD and LOQ were then calculated (according to Section 2.4.4 and 2.4.5), obtaining
values of 0.0840 pg/spot and 0.2546 ng/spot, respectively. The obtained parameters were
characterized by low values, which indicated the high sensitivity of the developed method.

In order to assess the accuracy of the method, the percentage recovery of a known
amount of analyte added to the tested sample was determined at three concentration
levels: 80, 100, and 120% of the value taken as real. Three replicates were carried out for
each assay. The percent recovery for each individual measurement was calculated. At the
indicated concentration levels, the average recovery value was within the range of 95-105%,
and the RSD% was <0.34%, which confirms the appropriate accuracy of the developed
method (Table 1).

For the evaluation of the direct precision of the method, 0.001% CFZ standard solution
was prepared and applied to chromatographic plates in a volume of 20 uL per spot in
triplicate. To assess indirect precision, the test was repeated the next day. The obtained
results and statistically developed parameters are shown in Table 1. It can be seen that
RSD%, under the analyzed conditions, was less than 5%, which is the value required to
confirm the precision of a given method.

The specificity of the method was assessed in terms of potential impurities and inter-
ference from excipients in pharmaceuticals. The registered chromatograms and absorption
spectra for the CFZ solutions obtained from pharmaceutical products did not show any
additional peaks compared to those obtained for the reference substances. Therefore, it can
be stated that the proposed procedure is selective and specific for the antibiotic.

The next stage of the study was to examine the quantitative composition of selected
CFZ-containing preparations. Based on the obtained peak areas recorded for the standard
and preparation solutions, the CFZ content was calculated. The results were converted
into the percentage of CFZ according to the manufacturer’s composition statement on
the product leaflet. Three replicates were performed for each assay. The obtained results
are shown in Table 2. The analysis demonstrated a high level of agreement between
the experimentally determined composition of each analyzed preparation and the value
declared by the manufacturer (>92% compliance).
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Table 1. Statistical parameters of the validated method.

Parameter Statistical Evaluation

a=4892.52; b = 864.41; Sa = 147.23; Sb = 80.45;
Linearity Se =124.61; r = 0.9981;
r2 =0.9963; F = 1104.26

LOD [ug/spot] 0.0840
LOQ [pg/spot] 0.2546

x = 101.68
SD =0.34
Sx =0.20

RSD% = 0.34%

x =98.31

SD =0.27

Sx =0.16
RSD% = 0.28%

x = 98.05

SD =0.11

Sx =0.06
RSD% = 0.11%

x = 1931.30
SD =23.98
Sx =10.72

RSD% = 1.24%

x = 2106.54
SD =27.94
Sx =12.49
RSD% =1.32%
Note: a—the slope of calibration curve, b—the intercept, Sa—standard deviation of the slope of the calibration curve,

Sb—the standard deviation of the intercept, r—regression coefficient, Se—standard error of estimation, ¥—arithmetic
mean, SD—standard deviation, Sx—standard error of the mean, RSD [%]—relative standard deviation [%].

80%

Recovery 100%

120%

intra-day

Precision

inter-day

Table 2. Evaluation of cefazolin content in the tested preparations (1 = 3).

. Calculated CFZ Percentage of .
Preparation Content [g] Declared Content [%] Statistical Parameters

0.9110 95.48 x = 0.9140

Drue 1 0.9158 95.98 Sx =0.0030

& 0.9216 96.59 SD = 0.0060
0.9078 95.14 RSD% = 0.65%

0.8785 92.74 x = 0.8861

Drug 2 0.8958 94.57 Sx =0.0044

& 0.8787 9276 SD = 0.0089
0.8917 94.14 RSD% = 1.00%

Note: x—arithmetic mean, Sx—standard error of the mean, SD—standard deviation, RSD [%]—relative standard
deviation [%].

The next stage of the work involved assessing the suitability of the developed analytical
procedure for testing the stability of CFZ in variable environmental conditions. Stability was
tested in the following environments: H,O, 0.1 mol/L HCL, 0.01 mol/L HCL, 0.01 mol/L
NaOH, and 3% HyO;. The concentration of CFZ was calculated using Equation (5):

X = (Pp x 100)/Pw (5)

where X—concentration [%], Pp—peak area registered after incubation [mm?], Pw—peak
area registered before incubation [mm?].



Processes 2024, 12, 591

10 of 17

A slight effect of temperature on the stability of CFZ in water was observed during
incubation at 25 °C. As the temperature increases, the degradation rate of CFZ increases,
which is confirmed by the decreasing peak areas corresponding to CFZ. At 90 °C, approxi-
mately 54% of the drug is lost after 4 h of incubation.

During incubation, no changes were registered in the peak area of CFZ at 25 °C in
0.1 mol/L HCL solution, while at 60 °C and 75 °C, decomposition occurred, forming
a single product after the first hour of the analysis (RF = 0.68). At 90 °C, the presence
of two additional peaks on the densitograms was registered (Rg = 0.68 and 0.81). At
60 °C, a decrease in the CFZ concentration of approx. 60% after 4 h of incubation was
registered. However, at 75 °C, a loss of about 73% was registered, and at 90 °C, CFZ
was completely decomposed. In a 0.01 mol/L HCL solution, CFZ was decomposed by
approx. 19% after 4 h of incubation at 25 °C, and no additional peaks were observed on
the recorded densitograms. In the densitograms obtained for the solutions incubated at
elevated temperatures (60 °C and 75 °C), an additional peak was recorded (Rp = 0.72), while
at 90 °C, another peak was registered (Rp = 0.84), probably originating from degradation
products (Figures 5 and 6). At 60 °C and after 4 h of incubation, CFZ was degraded by
approximately 59%, while at 75 °C, there was a loss of about 64%, and at 90 °C, there was a
loss of about 86% (Table 3).

300+

AU

250+

200

150

100+

50

10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 mm

Figure 5. Densitogram showing separation of cefazolin and its degradation products in 0.01 mol/L
HCL after 1 h of incubation at 90 °C (A—CFZ; B,C—peaks corresponding to degradation products).

In 0.1 mol/L NaOH solution, CFZ was completely degraded at all tested temper-
atures after 1 h of incubation. After preparing the solution in 0.01 mol/L NaOH, in
addition to the peak from CFZ (Rf = 0.52), an additional peak with Rg = 0.42 was recorded
(Figures 7 and 8). After the first hour of incubation at elevated temperatures, CFZ was
completely degraded, and no peaks were registered in the recorded densitograms.
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Figure 6. Absorption spectra recorded for solution of cefazolin in 0.01 mol/L HCL after 1 h incubation
at 90 °C (A—CFZ; B,C—degradation products).

Table 3. Peak areas [mm?] recorded for cefazolin under various incubation conditions.

H20 n=3)
Time [h]
25°C [%] 75°C [%] 90 °C [%]
0 7734.2 0 7734.2 0 7734.2 0
1 7543.1 248 7436.4 3.86 7231.5 6.50
2 7398.5 4.35 7041.7 8.96 6075.0 21.46
3 7203.8 6.86 6709.7 13.25 3774.8 51.20
4 7158.8 7.44 6029.4 22.05 3536.7 54.28
0.1 mol/L HCL (1 = 3)
Time [h]
60 °C [%] 75°C [%] 90 °C [%]
0 8314.6 0 8314.6 0 8314.6 0
1 6856.1 17.55 4201.4 49.47 4541.3 45.39
2 5193.2 27.55 3079.2 62.97 2038.5 75.49
3 4508.6 45.78 2559.9 69.22 1191.8 85.67
4 3312.7 60.16 2226.5 73.23 0.0 100.00
0.01 mol/L HCL (n = 3)
Time [h]
25°C [%] 60 °C [%] 75°C [%] 90 °C [%]
0 7455.4 0 7455.4 0 7455.4 0 7455.4 0
1 72429 2.86 7250.3 2.76 5701.1 23.54 4990.5 33.07
2 7076.3 5.09 5504.9 26.17 4265.4 42.79 3831.6 48.61
3 6286.2 15.69 42734 42.69 3701.0 50.36 2227.5 70.13
4 6061.8 18.70 3078.2 58.72 2675.6 64.12 1034.3 86.13

Then, the effect of 3% H,O, on the stability of the antibiotic was tested. Under
the influence of the oxidant agent, immediately after preparation, CFZ was completely
degraded. Two peaks originating from its degradation products were created, with
RF =0.21 and 0.35 (Figure 9).
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Figure 7. Densitogram showing degradation products of cefazolin obtained in 0.01 mol/L NaOH
solution at 90 °C (A—peak corresponding to the degradation product; B—CFZ).
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Figure 8. Absorption spectra recorded directly from chromatogram for cefazolin in 0.01 mol/L NaOH
solution at 90 °C. (A—degradation product; B—CFZ).
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Figure 9. Densitogram showing degradation products of cefazolin obtained in HyO; (a) immediately
(A, B—peaks corresponding to degradation products) and (b) after 1 h incubation.

The retention factor (k), the separation factor («), and peak resolution (RS) are parame-
ters that enable the numerical evaluation of peak separation. They determine whether the
peaks in the densitogram recorded for specific samples are optimally separated from each
other. These coefficients can be calculated using the formulas below (Equations (6)—(8)):

k=(1—Rp)/Rp (6)
on = (Kin+1))/kn @)
RS = (22 — 21)/(0.5 (W1 + w»)) 8

where n—peak number; z—the distance between the start line and the peak maximum;
and w—width of the peak base.

High values of the separation coefficient and resolution coefficient indicate sufficiently
large distances between the analyzed peaks (the peaks do not interfere with each other),
which confirms the usefulness of the developed procedure for stability studies (Table 4).
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Table 4. Values of separation parameters calculated for cefazolin solution in 0.01 mol/L HCL after 1
h incubation at 90 °C.

Peak Rg k o RS
A 0.52 0.92 - -

B (2) 0.72 0.38 041 1.83
c@®3 0.84 0.20 0.52 1.36

In the next stage, we conducted kinetic studies of the CFZ degradation process. Based
on the formulas provided below (Equations (9)-(11)), we calculated the basic kinetic
parameters, namely the order of reaction, the reaction rate constant (k), the time required
for the concentration of the substance to decrease to half the initial value (t(5), and the time
required for the degradation to reach 10% of the initial value (to1).

k=2.303 x (logc1 — loge)/(t2 — t1) )
to.5 = 0.635/k (10)
toq = 0.1053/k (11)

where c1, c2—concentrations [%] after time ty, t, [h].

Based on the calculated regression parameters (Table 5), a linear dependence of CFZ
concentration during degradation over time was found at all tested temperatures, and in
each of the solutions: H,O, 0.1 mol/L HCL, and 0.01 mol/L HCL (r near 1, and high values
of the F parameter). The degradation of CFZ showed agreement with the kinetics for a
first-order reaction.

Table 5. Statistical parameters describing the Inc = {(t) relationship for the tested solutions (1 = 3).

Time [h] a b Sa Sb Se r F
H,O

25°C —0.0200 8.9499 0.0019 0.0047 0.0060 0.9865 109.491

75°C —0.0600 8.9687 0.0070 0.0172 0.0222 0.9801 73.012

90 °C —0.2215 9.0347 0.0386 0.0947 0.1222 0.9572 32.811
0.1 mol/L HCL

60 °C —0.2259 9.0384 0.0132 0.0323 0.0417 0.9949 292.676

75°C —0.3130 8.8175 0.0621 0.1523 0.1966 0.9456 25.348

90 °C —0.6628 9.0317 0.0342 0.0641 0.0766 0.9973 373.537
0.01 mol/L HCL

25°C —0.0556 8.9361 0.0092 0.0226 0.0292 0.9611 36.311

60 °C —0.2297 9.0216 0.0309 0.0758 0.0979 0.9738 55.053

75°C —0.2481 8.9025 0.0144 0.0353 0.0456 0.9950 295.328

90 °C —0.4757 9.0179 0.0544 0.1334 0.1723 0.9809 76.210

The calculated values of the kinetic parameters (Table 6) indicate the relationship
between the increase in the value of the reaction rate constant and increasing temperature
for all analyzed solutions.

The highest values of the reaction rate constant were observed for the solution of
CFZ in 0.1 mol/L HCL at 90 °C (k = 0.6477 h~!), where CFZ decomposed most rapidly.
The slowest degradation occurred for the CFZ in water at 25 °C (k = 0.0193 h™!). The k
values obtained for the CFZ in water were lower than the k obtained for the analyzed
acidic solutions (0.1 and 0.01 mol/L HCL) at all tested temperatures. In the presence of an
oxidizing agent, the analyzed cephalosporin was completely degraded directly while in an
alkaline medium after the first hour of incubation.
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Table 6. Calculated kinetic parameters of the cefazolin degradation process.

Temperature k [h1] to.5 [h] to.1 [h]
H,O

25°C 0.0193 32.90 5.45

75°C 0.0622 10.20 1.69

90 °C 0.1956 3.24 0.53
0.1 mol/L HCL

60 °C 0.2301 2.75 0.45

75°C 0.3294 1.92 0.31

90 °C 0.6477 0.98 0.16
0.01 mol/L HCL

25°C 0.0517 12.28 2.03

60 °C 0.2212 2.87 0.47

75°C 0.2562 2.47 0.41

90 °C 0.4938 1.28 0.21

4. Conclusions

The present study describes the development of a TLC method with densitometric
detection for quantitative and qualitative analyses and stability studies of CFZ in phar-
maceutical preparations. The best separation results were obtained using the chloroform-
methanol-glacial acetic acid (6:4:0.5 v/v/v) mixture and TLC Silica gel 60 Fys4 plates as the
mobile and stationary phases, respectively. Validation testing for the established procedure
was carried out in accordance with ICH guidelines. The results confirmed the suitability
of the method for the precise and accurate determination of CFZ in pharmaceuticals. In
addition, studies on the stability of CFZ under different stress conditions showed its sta-
bility in water and lower stability in an acidic environment. In an alkaline solution and
in the presence of an oxidizing agent, the analyzed substance was completely degraded
immediately or after the first hour of incubation. Stability studies confirmed the usefulness
of the developed method for testing the degradation of CFZ in different environmental
conditions. The procedure we have developed and validated can be a good alternative to
the commonly used HPLC method for both assessing the quality and content of CFZ in
pharmaceutical products, as well as testing its stability.
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