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A B S T R A C T

Broad-spectrum β-lactam antibiotics piperacillin (PIP) and tazobactam (TAZ) are widely co-administered in 
intensive care units (ICUs), frequently with paracetamol (PAR) for analgesic and antipyretic therapy. PAR may 
also appear as an adulterant in counterfeit medicines, posing serious risks such as reduced antibiotic efficacy, 
hepatotoxicity, and masking of clinical symptoms. These concerns are amplified in ICUs, where patients often 
experience severe or life-threatening infections. Therefore, reliable and practical analytical tools enabling 
simultaneous determination of these drugs are essential.

This study introduces two thin-layer chromatography (TLC)-based methods for simultaneous determination of 
PIP, TAZ, and PAR in pharmaceutical formulations and human plasma. The first method is based on conventional 
TLC–densitometry, while the second relies on a rapid smartphone-assisted detection approach after iodine 
visualization. Effective chromatographic separation was achieved using a mobile phase of n-butanol, glacial 
acetic acid, water, and ammonia (4:2:2:1, v/v).

The TLC-densitometric method showed linearity ranges of 1.00–20.00 μg/band for PIP, 0.50–20.00 μg/band 
for TAZ, and 3.00–20.00 μg/band for PAR, indicating good sensitivity at low concentrations. Conversely, the 
smartphone-based method demonstrated linearity ranges of 40.00–80.00, 100.00–500.00, and 60.00–100.00 μg/ 
band for PIP, TAZ, and PAR, respectively. Although less sensitive, it provides a portable, low-cost, and user- 
friendly option for on-site analysis.

Both methods were fully validated and successfully applied to pharmaceutical products and spiked human 
plasma. High Blue Applicability Grade Index and Click Analytical Chemistry Index scores confirmed their sus
tainability, practicality, and suitability for quality control, clinical laboratories, and rapid ICU drug monitoring. 
The approaches support improved therapeutic safety and rapid decision making.

1. Introduction

Piperacillin (PIP) is a ureidopenicillin-class β-lactam antibiotic with 
a broad spectrum of activity, enhanced by a polar side chain that facil
itates penetration into Gram-negative bacteria and reduces susceptibil
ity to β-lactamase enzymes [1,2]. These characteristics confer activity 
against Pseudomonas aeruginosa, a major nosocomial pathogen, earning 
PIP the designation of an antipseudomonal penicillin [2,3]. Tazobactam 
(TAZ), a β-lactamase inhibitor, is co-formulated with piperacillin to 

enhance its antibacterial efficacy against β-lactamase–producing and 
resistant bacterial strains [4]. The PIP/TAZ combination is recom
mended for the treatment of hospital-acquired and ventilator-associated 
pneumonia in intensive care units (ICUs) [5–7].

This antibacterial combination is commonly co-administered with 
paracetamol (acetaminophen) (PAR), one of the most widely used 
analgesic and antipyretic agents in ICU and postoperative care settings 
[8–10]. Due to its low cost and symptomatic relief properties, paracet
amol may also be illicitly added to counterfeit or substandard antibiotic 
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formulations to mask symptoms and create a false perception of thera
peutic efficacy [11–13]. Such adulteration can compromise appropriate 
antibiotic therapy, promote antimicrobial resistance, and increase the 
risk of paracetamol overdose and hepatotoxicity, particularly in criti
cally ill patients [11–14]. These risks underscore the need for reliable 
analytical tools capable of detecting paracetamol both as a co- 
administered drug and as a potential adulterant. Addressing this 
analytical need requires methods that are not only selective and sensi
tive, but also economical, rapid, and environmentally sustainable. The 
chemical structures of the studied drugs -Tazobactam (TAZ), Piperacillin 
(PIP) and paracetamol (PAR) - are presented in Fig. 1.

Thin-layer chromatography (TLC) is a versatile, cost-effective, and 
environmentally favorable analytical technique widely used for the 
separation, identification, and quantification of compounds in diverse 
matrices [15]. TLC is highly versatile, permitting the analysis of a wide 
range of compounds, including both polar and nonpolar substances, 
through the use of various stationary phases and solvent systems. It 
provides rapid results, is inexpensive, requires minimal training, and 
does not rely on complex instrumentation, making it an accessible and 
efficient analytical tool for a broad range of applications [16]. From a 
green analytical chemistry perspective, TLC enables simultaneous multi- 
sample analysis using minimal solvent volumes, reduced waste gener
ation, and simplified sample preparation, making it particularly suitable 
for routine pharmaceutical quality control and resource-limited settings 
[17–19]. Furthermore, TLC visualization approaches provide rapid, 
portable, and low-cost screening tools, especially when coupled with 
smartphone-based image acquisition and processing [18–20]. This 
technique eliminates the need for energy-intensive or sophisticated 
instrumentation [20,21]. Images acquired under visible or UV light are 
subsequently analyzed using dedicated readily available applications or 
software that apply simple image processing algorithms to quantify spot 
intensity [22]. This approach provides rapid, portable, low-cost, and on- 
site screening tools [23].

Several analytical methods have been reported for simultaneous 
determination of piperacillin and tazobactam in pharmaceutical for
mulations, including colorimetric techniques [24] and UV- 
spectrophotometric methods [25,26]. Additionally, methods for their 
determination in human plasma have been developed using HPLC with 
UV detection [27–30] or mass spectrometry [28,29], as well as capillary 
electrophoresis [31]. Paracetamol has been determined in combination 
with other drugs using chromatographic methods.

Although chromatographic and spectrometric methods have been 
reported for the determination of piperacillin (PIP) and tazobactam 
(TAZ) and paracetamol (PAR), either alone or with other drugs [24–31], 
no method has been described for their simultaneous determination in 
pharmaceutical formulations and human plasma. This analytical gap is 
particularly relevant for ICU drug monitoring and counterfeit medicine 
detection, where rapid, reliable multi-analyte screening is needed due to 
frequent co-administration and the risk of adulteration. Accordingly, 
this study develops and compares two TLC-based approaches - densi
tometric and smartphone-based - for the simultaneous determination of 

PIP, TAZ, and PAR in human plasma and for PIP and TAZ in dosage 
forms, with the ability to detect undeclared PAR. The proposed methods 
are simple, rapid, low-cost, and low-solvent alternatives to conventional 
chromatographic techniques, requiring minimal sample preparation and 
instrumentation while enabling high-throughput, on-site analysis suit
able for quality-control and clinical laboratories.

2. Experimental

2.1. Instruments

The TLC system used comprised a Linomat autosampler (CAMAG, 
Muttenz, Switzerland), a CAMAG micro-syringe (100 μL), and a CAMAG 
TLC Scanner 3 operated using winCATS software. Visualization of the 
developed plates (Desaga, Wiesloch, Germany) was performed using a 
short-wavelength UV lamp emitting at 254 nm. TLC plates precoated 
with silica gel GF254 (20 × 10 cm, 0.25 mm thickness) were obtained 
from Merck (Darmstadt, Germany). Image acquisition for the 
smartphone-based detection method was carried out using an iPhone XR 
camera.

Plasma samples were vortexed using a vortex mixer (DLAB Scientific, 
China) and subsequently centrifuged using a benchtop centrifuge 
(Centurion Scientific Ltd., UK; 1200 series).

2.2. Materials and reagents

Piperacillin (PIP), tazobactam (TAZ) and paracetamol (PAR) were 
supplied by Rameda Co. (Giza, Egypt). The purities of PIP and PAR were 
evaluated in accordance with the British Pharmacopeia (BP) and found 
to be 100.04% and 99.58% respectively [32]. The purity of TAZ was 
assessed according to the United States Pharmacopeia (USP) and found 
to be 100.02% [33]. All solvents utilized in the study were of HPLC 
grade, and all reagents were of analytical pure grade. n-Butanol, 
methanol, and glacial acetic acid were obtained from Alfa Chemical 
Company (Cairo, Egypt). Ammonium hydroxide (NH4OH) and distilled 
water were supplied by PioChem Company (Giza, Egypt). The com
mercial pharmaceutical formulation Piprataz® powder for I⋅V. infusion 
(4 g PIP/0.5 g TAZ) manufactured by Laboratorio Reig Jofre, S.A. 
(Barcelona, Spain) was imported by Hikma importation (Cairo, Egypt).

2.3. Solutions

2.3.1. Stock standard solutions
Stock standard solutions of 1 mg/mL of PIP, TAZ, and PAR were 

prepared for densitometric and smartphone-based methods. Accurately 
weighed amounts of 10.0 mg of each drug were transferred to separate 
10 mL volumetric flasks, dissolved, and completed to the mark with 
methanol.

2.3.2. Laboratory - prepared mixtures
Different aliquots of PIP, TAZ and PAR stock solutions were 

Fig. 1. Chemical structures of piperacillin (PIP), tazobactam (TAZ), and paracetamol (PAR).
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accurately transferred to a set of 10 mL volumetric flasks and diluted to 
the mark with methanol to prepare mixtures containing different ratios 
of the three drugs.

2.4. Procedures

2.4.1. Chromatographic conditions
Aliquots of sample solutions were applied to TLC plates using the 

autosampler in the form of bands of 5 mm width. The mobile phase 
consisted of n-butanol, glacial acetic acid, water and ammonia (4:2:2:1, 
by volumes). Linear ascending development was carried out in a twin- 
trough chamber pre-saturated with the mobile phase for 30 min at 
room temperature (25 ± 2 ◦C) to a distance of 8.0 cm. The developed 
plates were subsequently dried in air.

2.4.2. Construction of calibration curves and plate detection (densitometric 
method)

Aliquots from the stock standard solutions were applied to TLC plates 
to construct calibration curves. Volumes of 1.0 μL to 20.0 μL of PIP, 0.5 
to 20.0 μL of TAZ, and 3.0 μL to 20.0 μL of PAR were applied to TLC 
plates, yielding final concentrations of 1–20 μg/band for PIP, 0.5–20 μg/ 
band for TAZ, and 3–20 μg/band for PAR. Chromatographic develop
ment was performed as described previously. The developed plates were 
scanned at 254 nm using the TLC scanner, and calibration curves were 
constructed by plotting the integrated peak area against the corre
sponding concentration using polynomial regression to account for 
nonlinear detector response.

2.4.3. Construction of calibration curves and plate detection (smartphone- 
based method)

Aliquots from the stock standard solutions (1 mg/mL each) were 
applied to TLC plates as follows: 40.0–80.0 μL for PIP, 100.0–500.0 μL 
for TAZ, and 60.0–100.0 μL for PAR were applied to the TLC plates, 
corresponding to final concentrations of 40–80 μg/band, 100–500 μg/ 
band, and 60–100 μg/band, respectively. Chromatographic develop
ment was performed as described previously. For spot visualization, a 
screw-capped TLC chamber containing a small amount of solid iodine 
crystals and powdered silica (“iodine chamber”) was used. The devel
oped plate was then placed in the iodine chamber for 10 min or until the 
spots turned yellow-brown. A photograph of the plate was captured 
using a smartphone camera at a distance of 10 cm against a white 
background under a desk lamp as the light source [14]. The intensity of 
each spot was quantified using the “Color Picker” software application 
(version 5.0.6, available at https://play.google.com/store/apps/details 
?id=gmikhail.colorpicker), the intensity of each spot color was deter
mined. The calculated color intensity values were plotted against the 
corresponding concentrations to construct the calibration curves.

2.4.4. Application to pharmaceutical formulations
For TLC-densitometric method, an accurately weighed 1 g portion of 

Piprataz® I.V. powder was transferred to a 25 mL volumetric flask and 
diluted to the mark with methanol. A 1 mL aliquot of this solution was 
further diluted to 25 mL with methanol. From this final dilution, the 
concentrations of PIP and TAZ were 1408 μg/mL and 176 μg/mL, 
respectively, corresponding to 14.08 μg/band of PIP and 1.76 μg/band 
of TAZ when 10 μL was applied per band.

For TLC-smartphone method, an accurately weighed 4.50 g portion 
of Piprataz® I.V. powder was transferred to a 50 mL volumetric flask and 
dissolved in methanol to the mark. Different aliquots of this solution 
were further diluted to prepare concentrations of 8 mg/mL of PIP 
(equivalent to 80 μg/band) and 10 mg/mL of TAZ (equivalent to 100 μg/ 
band), when 10 μL was applied per band.

2.4.5. Application to spiked plasma samples
Aliquots of 940.0 μL from plasma were spiked with 20.0 μL of each 

drug standard solutions and vortexed for 1 min to obtain plasma samples 

containing PIP, TAZ, and PAR at concentrations of 250: 25: 25, 300: 30: 
30, and 350: 35: 35 μg/mL, respectively. These concentrations were 
selected to cover clinically relevant plasma levels. Reported peak plasma 
concentrations (Cmax) of piperacillin range from 264 to 368 μg/mL, 
while those of tazobactam range from 29 to 39 μg/mL following intra
venous administration [34,35] whereas paracetamol exhibits Cmax 
values, typically 28–31 μg/mL after therapeutic dosing [36,37]. Protein 
precipitation was achieved by adding methanol a final volume of 5 mL, 
followed by vortexing for 5 min and centrifugation at 4500 rpm for 15 
min.

2.4.5.1. TLC–densitometric analysis of spiked plasma samples. For the 
TLC–densitometric analysis, 150 μL aliquots of the resulting supernatant 
were applied to the TLC plates for determination of PIP, TAZ and PAR. 
To ensure that PAR concentrations fell within the linearity range, an 
addition technique was applied by adding 3.0 μL of a 1 mg/mL PAR 
standard solution to each spot. Accordingly, the tested concentrations 
applied to the TLC plate corresponded to 7.50: 0.75: 3.75, 9.00: 0.90: 
3.90, and 10.5: 1.05: 4.05 μg/band for PIP, TAZ, and PAR, respectively.

2.4.5.2. TLC–Smartphone analysis of spiked plasma samples. Plasma 
samples for the TLC–smartphone method were prepared as described 
above. However, due to the higher linearity ranges of the smartphone- 
based method relative to the reported plasma Cmax values of the 
three drugs, a spiking technique was applied. Each plasma sample was 
spiked with 2 mL of a methanolic standard solution containing 1 mg/mL 
of PIP and PAR and 2 mg/mL of TAZ, followed by dilution to 5 mL with 
methanol. This ensured that the concentrations of the three drugs in the 
supernatant fell within the corresponding linearity ranges of the 
TLC–smartphone method. Aliquots of 150 μL were then applied to the 
TLC plates for analysis. Accordingly, the tested concentrations applied to 
the TLC plate corresponded to 67.50: 120.75: 60.75, 69.00: 120.90: 
60.90, and 70.5: 121.05: 61.05 μg/band for PIP, TAZ, and PAR, 
respectively.

2.4.6. Practicality assessment of the proposed methods
The practical applicability of the proposed methods was evaluated 

using the Click Analytical Chemistry Index (CACI) [38] and the Blue 
Applicability Grade Index (BAGI) [39,40].

3. Results and discussion

Chromatographic techniques remain the most widely used analytical 
techniques, despite continuous advancements in analytical methods 
[23,41–43]. The present study aims to develop TLC-based methods that 
are sensitive, selective, accurate, and precise for the simultaneous 
determination of PIP, TAZ and PAR, fulfilling rigorous analytical quality 
standards. These methods also embody the principles of green analytical 
chemistry: they minimize solvent and reagent consumption, reduce 
waste generation, require only small sample volumes, and avoid energy- 
intensive instrumentation. Furthermore, smartphone-based detection 
provides a rapid, cost-effective, and portable approach, making it highly 
suitable for resource-limited settings [21,44]. Importantly, the method's 
simplicity and minimal training requirements enhance its practicality 
for routine pharmaceutical quality control, clinical laboratories, and on- 
site drug monitoring, offering a novel, sustainable alternative to con
ventional chromatographic techniques.

3.1. Development and optimization of TLC separation

Various compositions and ratios of mobile phases were tested to 
achieve optimal TLC separation, including ethyl acetate–
chloroform–glacial acetic acid–water, ethyl acetate–ethanol–ammonia, 
n-butanol–methanol–ammonia, ethanol–chloroform–diethyl amine, 
acetone–ethyl acetate–glacial acetic acid–water, 
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chloroform–acetone–methanol–ammonia, and acetone–ethanol–ethyl 
acetate–2% sodium dodecyl sulfate–glacial acetic acid. Among these, 
the mobile phase comprising n-butanol, glacial acetic acid, water, and 
ammonia (4:2:2:1, by volumes) provided the most effective separation 
of PIP, TAZ, and PAR while using minimal amounts of organic solvents, 
aligning with green analytical chemistry principles. Initially this mobile 
phase was tested without ammonia. However, PIP contains basic func
tional groups, particularly the amine group (Fig. 1), which can interact 
strongly with the free acidic silanol groups on the silica gel surface 
causing the drug to adhere firmly and remain at the baseline [15,45,46].

Addition of ammonia as a basic reagent to the mobile phase effec
tively resolved this issue, enabling proper migration of the three drugs. 
Using the optimized system, the three compounds were successfully 
resolved with Rf of 0.47 ± 0.02, 0.75 ± 0.02, and 0.85 ± 0.02 for PIP, 
TAZ, and PAR, respectively (Fig. 2). System suitability parameters were 
calculated to confirm the reliability and robustness of the chromato
graphic system. The results, presented in Table 1, show that the values 
obtained were all within acceptable ranges [32,33]. The developed TLC 
method is not only environmentally sustainable due to low solvent and 

reagent consumption, but it also offers a rapid, cost-effective, and 
practical approach suitable for routine pharmaceutical quality control 
and clinical laboratory applications.

3.2. Optimization of TLC-densitometric scanning

Following chromatographic development, drug spectrodensitograms 
were recorded following the chromatographic process to determine the 
optimal scanning wavelength for the TLC-densitometric method, as 
illustrated in (Fig. 3). Wavelength selection was based on a compromise 
to achieve adequate sensitivity for all three drugs simultaneously, while 
maximizing the signal-to-noise ratio and minimizing baseline noise 
[47]. Selection of the optimal wavelength ensured maximum sensitivity 
and accuracy for the quantification of PIP, TAZ, and PAR while mini
mizing background noise and interference. This approach also supports 
green analytical chemistry principles by avoiding additional reagents or 
derivatization steps, thereby reducing chemical consumption and waste.

3.3. Optimization of the smartphone-based method

The rapid advancement of smartphone technology has created new 
opportunities for its use in analytical methods [48]. Smartphones offer a 
portable, accessible, and user-friendly detection tool, supporting sus
tainable and low-cost analytical practices [23,49,50]. In this study, a 
novel smartphone-based method was developed for on-site simulta
neous detection and quantification of PIP, TAZ, and PAR (Fig. 4). The 
optimal distance between the TLC plate and the smartphone camera was 
found to be 10 cm, allowing for sharp and wide images while capturing 
the entire plate in a single frame. Increasing the distance slightly 
reduced image sharpness and resolution, while decreasing it limited the 
camera's field of view, necessitating division of the plate into multiple 
smaller sections for imaging. Iodine was used as a universal visualizing 
agent producing brown spots and enabling direct detection without 
additional reagents or energy-intensive instruments.

Fig. 2. Thin-layer chromatogram of a laboratory-prepared mixture of piperacillin (PIP, 1), tazobactam (TAZ, 2), and paracetamol (PAR, 3) developed using n- 
butanol–glacial acetic acid–water–ammonia (4:2:2:1, v/v) and scanned at 254 nm.

Table 1 
System suitability tests parameters of TLC-densitometric method.

Parameters PIP TAZ PAR Reference value [33]

Retardation factor (Rf) ± 0.02 0.47 0.75 0.85 –
Resolution (Rs)a NA 4.84 2.38 Rs > 2
Tailing factor (T)b 0.85 0.83 1.00 0.8–1.5
Capacity factor (k')c 1.13 0.33 0.18 0–10
Selectivity factor (α)d NA 3.42 1.83 α > 1

a Rs = [2(z2 − z1)]/(w1 + w2), where z is migration distance and W is peak 
width at 50% from the baseline of the peak height.

b T = W0.05/2f, where W0.05 is the peak width at 5% height, and f is the dis
tance from the peak maximum to the leading edge at the same height.

c k' = 1-RF /RF, where Rf is retardation factor.
d α = k'2/k'1, where k' is the capacity factor; k' = (1 - Rf) / Rf.
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Spot intensities were quantified using the “Color Picker” software 
application (version 5.0.6; available at: https://play.google.com/store/ 
apps/details?id=gmikhail.colorpicker), which applies image-processing 
algorithms to ensure consistent and reproducible measurements. Mul
tiple images of the same plate were analyzed to confirm reproducibility, 
demonstrating low variation in intensity values. This approach not only 
ensures accurate and sensitive quantification but also aligns with green 
analytical chemistry principles by minimizing chemical usage, waste, 
and energy consumption, making it highly practical for routine phar
maceutical quality control and resource-limited laboratory settings.

3.4. Methods validation

The proposed TLC-densitometric and TLC–smartphone methods 
were validated following ICH guidelines [51]. Key validation parame
ters—including linearity, accuracy, precision, limit of detection (LOD), 
limit of quantification (LOQ), and robustness—were evaluated, and the 
results are summarized in Table 2.

3.4.1. Linearity and range
For TLC–densitometric method, calibration curves were constructed 

by plotting the integrated area against the corresponding concentration 
using polynomial regression to account for the nonlinear detector 
response observed at higher analyte concentrations where polynomial 
curves can provide a better fit to the data points, reducing errors in 
quantification [52]. The concentration ranges were 1–20 μg/band for 
PIP, 0.5–20 μg/band for TAZ, and 3–20 μg/band for PAR (Fig. S1).

For the TLC-smartphone method, calibration curves were con
structed by plotting the luminance of each spot against its corresponding 
concentration over the range of 40–80 μg/band for PIP, 100–500 μg/ 
band for TAZ, and 60–100 μg/band for PAR (Fig. S2).

Both methods demonstrate green analytical chemistry principles by 
requiring minimal sample volumes and small amounts of solvents to 
construct the calibration curves, thereby reducing chemical consump
tion and waste. The regression parameters along with their relative 
standard errors, limit of detections (LOD) and limit of quantifications 

Fig. 3. Superimposed TLC spectrodensitograms of piperacillin (PIP), tazobactam (TAZ), and paracetamol (PAR) obtained after chromatographic separation, used for 
wavelength selection and peak purity assessment.

Fig. 4. TLC plate showing separation of tazobactam (TAZ, 400 μg/band), 
piperacillin (PIP, 60 μg/band), and paracetamol (PAR, 80 μg/band) after iodine 
vapor visualization.
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(LOQ) are presented in Table 2.

3.4.2. Accuracy
The accuracy of the proposed methods was evaluated by analyzing 

PIP, TAZ, and PAR in triplicate at multiple concentration levels. For the 
TLC–densitometric method, PIP and TAZ were tested at 1, 5, 10, 15, and 
20 μg/band, while PAR was assessed at 3, 5, 10, 15, and 20 μg/band. For 
the smartphone-based method, PIP was examined at 40, 50, 60, 70, and 
80 μg/band; TAZ at 100, 200, 300, 400, and 500 μg/band; and PAR at 
60, 70, 80, 90, and 100 μg/band. Both methods demonstrated excellent 
accuracy, with mean recovery values ranging from 98.69% to 100.31% 
(Table 2).

These results reflect the reliability of both approaches while sup
porting green analytical chemistry principles, as the analyses require 
minimal sample and solvent volumes, generate negligible waste, and 
avoid additional reagents, making the methods suitable for routine 
pharmaceutical quality control and clinical laboratory applications.

3.4.3. Precision
Repeatability (intra-day precision) and intermediate precision (inter- 

day precision) were evaluated by analyzing three concentrations of each 
drug in triplicate within the same day and across three consecutive days, 
respectively. For the TLC-densitometric method, concentrations of 5, 10 
and 15 μg/band were measured for PIP, TAZ, and PAR. For the 
TLC–smartphone method, PIP was analyzed at 40, 60, and 80 μg/band; 
TAZ at 100, 200, and 400 μg/band; and PAR at 60, 80, and 100 μg/band. 
The low %RSD values obtained (Table 2) confirm the high precision and 

reproducibility of both methods.

3.4.4. Selectivity
The selectivity of the proposed methods was evaluated using five 

laboratory-prepared mixtures of PIP, TAZ, and PAR at various ratios as 
presented in Table S1, analyzed in triplicate. The good results of the 
mean % recoveries (Tables 2 & S1) demonstrate confirm that both 
methods can accurately determine each drug without interference from 
the others. Representative chromatograms of a well resolved mixture are 
shown in Fig. 3. The purity of the resolved peaks was further assessed 
using the spectral correlation tool in winCATS. UV-absorption spectra 
were recorded at three points along each peak for each drug: peak start 
slope (s), peak maximum (m), and peak end slope (e). Two correlation 
coefficients (rs,m and rm.,e) were calculated for each peak. Values 
greater than 0.9990 were obtained, indicating the homogeneity of the 
resolved peaks and the absence of masked or co-eluting components 
[53,54]. These results demonstrate the high selectivity and reliability of 
both TLC–densitometric and TLC–smartphone methods, supporting 
their application in routine pharmaceutical quality control and clinical 
laboratory analysis.

3.4.5. Robustness
Robustness of the proposed methods was evaluated by introducing 

small deliberate variations in chromatographic and detection condi
tions. For the TLC–densitometric method, these included changes in the 
mobile phase ratio, duration of mobile phase saturation (± 5 min), 
development distance (− 5 mm) and scanning wavelength (± 2 nm). For 

Table 2 
Validation parameters for determination of PIP, TAZ, and PAR by the proposed method.

Parameter TLC-densitometry TLC-smartphone

PIP TAZ PAR PIP TAZ PAR

Range (μg/band) 1.00–20.00 0.50–20.00 3.00–20.00 40.00–80.00 100.00–500.00 60.00–100.00

Slope a = − 45.58 
b = 2279.80

a = − 3.64 
b = 441.11

a = − 51.88 
b = 2171

− 0.312 − 0.0249 − 0.109

Intercept 2330.50 1586.70 − 2079.60 47.44 42.71 54.84

Standard error of the slope
a = 2.53 
b = 54.85

a = 0.48 
b = 9.67

a = 1.60 
b = 37.23 0.019 0.00078 0.008

Standard error of the intercept 234.18 34.09 170.01 1.16 0.25 0.64
Correlation coefficient (r) 0.9998 0.9999 0.9999 0.9892 0.9972 0.9845
LOD (μg/band) 0.22 0.16 0.87 12.76 33.00 19.38
LOQ (μg/band) 0.65 0.49 2.65 38.67 98.90 58.72
Accuracy (%Recovery ± %RSD) 100.31 ± 1.50 99.51 ± 1.38 99.83 ± 1.25 99.33 ± 1.51 98.25 ± 1.87 100.63 ± 1.03
Repeatability (%RSD) 1.42 1.60 0.92 1.30 1.71 0.86
Intermediate precision (%RSD) 1.55 1.71 1.06 1.83 1.86 1.02
Selectivity (mean ± %RSD) 100.57 ± 1.52 100.83 ± 1.60 99.79 ± 0.84 98.77 ± 1.66 100.01 ± 2.03 100.33 ± 1.47

Table 3 
Robustness of the proposed methods.

Parameters Original conditions Variation PIP TAZ PAR

Rf ± SD %RSD* Rf ± SD %RSD* Rf ± SD %RSD*

TLC-densitometry

Mobile phase ratio 4:2:2:1
4.1:2:2:1 0.48 ± 0.01 2.09 0.76 ± 0.01 1.32 0.86 ± 0.01 1.16
3.9:2:2:1 0.46 ± 0.01 2.17 0.74 ± 0.01 1.35 0.84 ± 0.01 1.19

Saturation time (min) 30
25 0.45 ± 0.02 3.33 0.73 ± 0.02 2.05 0.83 ± 0.02 1.81
35 0.48 ± 0.02 3.13 0.76 ± 0.02 1.97 0.86 ± 0.02 1.74

Scanning wavelength (nm) 254
252 0.46 ± 0.01 2.17 0.74 ± 0.01 1.35 0.86 ± 0.01 1.16
256 0.45 ± 0.01 2.22 0.76 ± 0.01 1.32 0.84 ± 0.01 1.19

Distance development (mm) 80 75 0.44 ± 0.02 3.41 0.76 ± 0.02 1.97 0.83 ± 0.02 1.81
85 0.46 ± 0.02 3.26 0.74 ± 0.02 2.03 0.86 ± 0.02 1.74

TLC-smartphone

Mobile phase ratio 4:2:2:1
4.1:2:2:1 0.46 ± 0.01 1.30 0.74 ± 0.01 1.35 0.84 ± 0.01 1.19
3.9:2:2:1 0.46 ± 0.01 1.30 0.76 ± 0.01 1.32 0.83 ± 0.01 1.20

Saturation time (min) 30
25 0.45 ± 0.02 3.33 0.73 ± 0.02 2.05 0.84 ± 0.01 1.19
35 0.48 ± 0.02 3.13 0.76 ± 0.02 1.97 0.86 ± 0.01 1.16

Camera plate distance (cm) 10 9 0.46 ± 0.01 2.17 0.74 ± 0.01 0.81 0.85 ± 0.01 0.71
11 0.45 ± 0.01 2.22 0.75 ± 0.01 0.80 0.84 ± 0.01 0.71

Image capture angle 90o 95o 0.46 ± 0.01 1.30 0.76 ± 0.01 1.32 0.83 ± 0.02 1.81
85o 0.46 ± 0.01 1.30 0.77 ± 0.01 1.30 0.86 ± 0.02 1.74

* %RSD of peak area in TLC-densitometry, and %RSD of spot intensity in TLC-smartphone.
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the TLC–smartphone method, variations were applied to mobile phase 
ratio, saturation time, camera-to-plate distance and image capture 
angle. Percent RSD of peak areas or spot intensities and system suit
ability test (SST) parameters were calculated. The results of robustness, 
summarized in Table 3, demonstrate that the SST parameters within 
acceptable limits [55] despite these variations. The Rf values were 
almost unaffected, and the % RSD of peak areas or intensities did not 
exceed 2%, confirming that minor changes in experimental conditions 
do not compromise method performance. These findings indicate 
excellent robustness of both methods.

3.5. Application of the proposed methods to pharmaceutical preparation

The proposed methods were successfully applied to the determina
tion of PIP, and TAZ in PIPRATAZ® powder for I.V infusion. The 
methods yielded mean recoveries of 96.97% ± 2.54 and 97.16% ± 0.57 
using TLC-densitometry, and 99.42 ± 1.01 and 99.23 ± 1.87 using the 
TLC-smartphone method for PIP and TAZ, respectively. No PAR spots 
were observed in the analyzed dosage form.

3.6. Application of the proposed methods in human plasma

The proposed methods were successfully applied for the determi
nation of PIP, TAZ, and PAR in human plasma, achieving good re
coveries (Table 4) without any interference from endogenous plasma 
constituents.

3.7. Statistical analysis

A statistical comparison was carried out between the results obtained 
by the proposed techniques and the official titrimetric methods [32,33] 
for the determination of PIP, TAZ, and PAR. As shown in Table 5, no 
significant differences were observed, based on the calculated values of 
Student's t-test and F-test.

3.8. Limitations

3.8.1. Limitations of the TLC-densitometric method
Polynomial regression was applied in densitometric calibration to 

account for the nonlinear detector response observed at higher analyte 
concentrations, a well-documented characteristic of TLC densitometry 
[52]. Although this approach improved calibration accuracy across a 

wider concentration range and complied with ICH validation re
quirements, it introduces additional computational complexity 
compared with linear regression. This may slightly limit method trans
ferability to laboratories lacking experience with nonlinear regression 
analysis.

3.8.2. Limitations of the smartphone-based TLC method
Despite the advantages of the proposed TLC–smartphone approach 

in terms of simplicity, portability, and rapid analysis, several limitations 
should be acknowledged.

i) Spot visualization
Iodine vapor employed as a visualization reagent in the 

TLC–smartphone method – due to its availability, rapid response, ease of 
use and effectiveness for spot detection - is volatile leading to gradual 
fading of the developed spots. Therefore, imaging acquisition must be 
performed immediately after visualization. This characteristic limits the 
applicability of the smartphone-based approach to rapid analysis and 
on-site screening.

ii) Reproducibility of Iimage acquisition
Image acquisition was standardized using a fixed camera-to-plate 

distance, uniform background, and controlled illumination. Neverthe
less, smartphone-based quantification remains inherently sensitive to 
environmental conditions and device-specific parameters, which may 
introduce minor variability in pixel intensity despite careful experi
mental control.

iii) Linearity range and plasma applicability
The relatively higher linearity range compared with clinically rele

vant plasma concentrations encountered in ICU settings, required 
additional spiking to fall within the validated range limiting direct 
clinical monitoring at low concentrations. In contrast, the TLC- densi
tometric method demonstrated superior sensitivity and is therefore 
more appropriate for accurate plasma analysis.

iv) Matrix effects in smartphone detection
Recovery values exceeding 110% were observed at higher concen

tration levels during plasma analysis using the smartphone approach. 
These deviations are likely attributable to matrix effects and variability 
associated with iodine-based visualization, including potential 
enhancement of spot intensity by residual plasma components. While 
such deviations are acceptable for screening purposes, they highlight the 
inherent limitations of visualization-based detection when applied to 
complex biological matrices.

Table 4 
Application of the proposed methods for determining the drugs in the spiked human plasma samples.

Plasma concentrations 
(μg/mL)

TLC-densitometry %Recoveries* TLC-smartphone %Recoveries*

(PIP: TAZ: PAR) PIP TAZ PAR PIP TAZ PAR

250: 25: 25 98.27% 97.33% 96.80% 96.36% 104.68% 100.16%
300: 30: 30 102.56% 100.01% 99.48% 95.18% 107.31% 101.66%
350: 35: 35 100.10% 96.19% 96.54% 97.81% 112.43% 103.16%

* Average of three determinations.

Table 5 
Statistical comparison of the results obtained by the proposed methods and the official methods.

Parameter TLC-densitometry TLC-smartphone Official methods [32,33]

PIP TAZ PAR PIP TAZ PAR PIP TAZ PAR

Mean 100.31 99.51 99.83 98.69 99.44 99.99 100.04 99.34 99.58
SD 1.51 2.37 1.25 1.49 1.86 1.03 1.22 1.70 1.10
Variance 2.28 5.62 1.56 2.22 3.46 1.06 1.49 2.89 1.21
n 5 5 5 5 5 5 5 5 5
Student's t-test (2.306)* 0.31 0.13 0.34 1.56 0.09 0.62 – – –
F-test (6.388)* 1.53 1.94 1.29 1.49 1.20 1.14 – – –

* The values between parentheses are the corresponding theoretical values of t and F at 95% confidence level.
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3.9. Practicality assessment using the click CACI and BAGI metrics

While conventional analytical performance metrics primarily 
emphasize accuracy and sensitivity, they often overlook the practical 
applicability of analytical methods, which is critical for routine labo
ratory and field use. In addition to analytical performance and statistical 
equivalence (Section 3.7), the practical applicability of the proposed 
methods was evaluated using the Click Analytical Chemistry Index 
(CACI) [38] and the Blue Applicability Grade Index (BAGI) [39], which 

offer complementary perspectives on method usability.
CACI focuses on the operational feasibility and efficiency of analyt

ical methods through a color-coded pictogram that visually summarizes 
key criteria related to instrumentation, simplicity, and workflow suit
ability. The CACI pictograms (Fig. 5) indicate good compliance of both 
TLC-densitometric and TLC–smartphone methods with key operational 
criteria, including instrumentation accessibility, procedural simplicity, 
and workflow efficiency.

BAGI further complements this assessment by quantitatively 

Fig. 5. Click Analytical Chemistry Index (CACI) pictograms evaluating the proposed TLC-densitometric and TLC–smartphone methods for (a, c) pharmaceutical 
dosage form and (b, d) spiked human plasma samples.

Fig. 6. Blue Applicability Grade Index (BAGI) pictograms illustrating the practical applicability of the proposed TLC-densitometric and TLC–smartphone methods for 
(a, c) pharmaceutical dosage form and (b, d) spiked human plasma samples. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
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evaluating practical implementation aspects associated with White 
Analytical Chemistry, including sample preparation, instrument avail
ability, throughput, reagent consumption, automation level, and sample 
volume. BAGI evaluation (Fig. 6) further supports CACI findings, 
yielding scores of 72.5-75 for both methods, which reflect strong prac
ticality across critical factors such as sample preparation, throughput, 
reagent consumption, and multi-analyte capability.

Taken together, the CACI and BAGI results confirm that the proposed 
TLC approaches combine acceptable analytical performance with high 
practical applicability. This integrated evaluation supports their use as 
reliable and accessible alternatives to more complex chromatographic 
techniques, particularly where rapid analysis, minimal infrastructure, 
and operational flexibility are required.

3.10. Comparison of the proposed TLC methods with existing methods for 
PIP, TAZ, and PAR determination

Several analytical methods have been reported for the determination 
of piperacillin and tazobactam in pharmaceutical formulations and 
biological matrices, including UV-spectrophotometric and colorimetric 
techniques [24–26], HPLC with UV detection [27,30], LC–MS/MS 
methods [28,29], and capillary electrophoresis [31]. While these 
methods provide adequate sensitivity and selectivity for PIP/TAZ anal
ysis, none have addressed the simultaneous determination of piper
acillin, tazobactam, and paracetamol, despite the frequent co- 

administration of paracetamol in ICUs and its documented use as an 
adulterant in counterfeit pharmaceuticals. In contrast, the present work 
introduces, for the first time, two TLC-based approaches capable of 
resolving and quantifying the three drugs concurrently in plasma and 
pharmaceutical formulations. Compared to chromatographic and elec
trophoretic techniques, the proposed TLC-densitometric method offers 
comparable accuracy with lower solvent consumption and simpler 
sample preparation, while the TLC-smartphone method provides a 
uniquely portable, low-cost, and energy-efficient alternative suitable for 
on-site screening and rapid ICU drug monitoring (Table 6). Although 
LC–MS/MS remains superior in terms of sensitivity, its high cost, tech
nical complexity, and limited accessibility restrict routine use. The high 
BAGI and favorable CACI scores obtained for the proposed methods 
further highlight their strong practicality, sustainability, and applica
bility, particularly in resource-limited settings and for counterfeit drug 
detection, where rapid and reliable multi-analyte screening is essential.

While the proposed TLC-densitometric and TLC–smartphone 
methods offer advantages in terms of simplicity, portability, cost- 
effectiveness, and compliance with green analytical chemistry princi
ples, they do not match the sensitivity or selectivity of advanced chro
matographic techniques such as LC–MS/MS. Accordingly, they should 
be considered as complementary tools particularly suitable for routine 
quality control, rapid ICU screening, and on-site analysis in resource- 
limited settings, rather than substitutes for high-end instrumental 
methods requiring ultra-trace detection.

Table 6 
Comparative evaluation of proposed TLC methods versus existing methods for PIP, TAZ, and PAR determination.

Parameter UV / Colorimetry 
[24–26]

HPLC–UV 
[27,30]

LC–MS/MS 
[28,29]

Capillary 
Electrophoresis 
[31]

Proposed 
TLC–densitometry

Proposed 
TLC–smartphone

Analytes 
determined

PIP or PIP/TAZ 
only

PIP & TAZ 
(sometimes 
multiple 
antibiotics)

PIP & TAZ (±
meropenem)

PIP &TAZ (±
cefepime)

PIP, TAZ & PAR 
(simultaneous) 
(This work)

PIP, TAZ &PAR 
(simultaneous) 
(This work)

Matrix 
applicability

Pharmaceutical 
formulations

Plasma & serum Plasma & pleural fluid Plasma & 
formulations

Plasma & formulations Plasma & formulations

Simultaneous PAR 
detection

Not reported Not reported Not 
reported

Not reported First report First report

Analytical 
principle

Absorbance / color 
reaction

Liquid 
chromatography 
(UV)

Liquid 
chromatography–mass 
spectrometry

Electrophoretic 
separation

Planar chromatography +
densitometry

Planar chromatography +
digital imaging

Linearity range Narrow–moderate ng–μg/mL ng/mL μg/mL Low μg/band (high 
sensitivity)

High μg/band (screening 
level)

LOD / Sensitivity Moderate Good Excellent (very low LOD) Moderate–good High (LOD ≤ 0.87 μg/ 
band)

Lower sensitivity (LOD ≥
12.8 μg/band)

Sample 
preparation

Simple dilution Protein 
precipitation / 
extraction

Protein precipitation & 
cleanup

Protein 
precipitation

Protein precipitation Protein precipitation +
spiking

Instrumentation 
cost

Low High Very high Moderate Moderate (TLC scanner) Very low (smartphone 
only)

Portability / on- 
site use

No No No No No Portable (Field & ICU 
compatible)

Analysis time Short Moderate Moderate–long Moderate Short; multiple samples per 
plate

Very short; multiple 
samples per plate rapid 
visual + imaging

Throughput Low Moderate Moderate Moderate High (many samples per 
plate)

High (many samples per 
plate)

Need for 
derivatization

Sometimes 
required

No No No No Only iodine visualization

Green analytical 
aspects

Moderate Low–moderate 
(solvent-intensive)

Low (energy- & solvent- 
intensive)

Moderate High (low solvent, waste, 
energy)

Very high (low solvent, 
waste, & minimal energy)

Suitability for ICU 
drug monitoring

Limited Reference labs Specialized labs Limited Routine clinical labs Point-of-care / resource- 
limited ICUs

Overall 
practicality 
(BAGI score)

Not assessed Not assessed Not assessed Not assessed 72.5–75 (High 
applicability)

75 (High applicability)

Novelty Established Established Established Established First TLC-densitometric 
method for simultaneous 
determination of ICU 
antibiotics (PIP, TAZ) with 
PAR

First TLC-smartphone 
method for simultaneous 
determination of ICU 
antibiotics (PIP, TAZ) 
with PAR
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4. Conclusion

This study presents a comparative evaluation of two TLC-based 
methods for the simultaneous determination of PIP, TAZ, and PAR in 
human plasma and pharmaceutical formulations. The proposed methods 
were successfully applied for the detection and quantification of the 
broad-spectrum beta-lactam antibiotics PIP and TAZ, along with PAR, 
which may be present as an adulterant in counterfeit products or as a co- 
administered drug in ICUs. Two quantification approaches were 
explored: a conventional densitometric method and a smartphone-based 
technique for rapid measurement under daylight illumination following 
a simple visualization step. While the densitometric method demon
strated superior sensitivity for low analytes concentrations, the TLC- 
smartphone approach offers a portable, low-cost, rapid, and simple 
alternative suitable for sustainable, on-site drug detection with minimal 
image processing. These methods offer promising tools for qualitative 
and quantitative analysis of PIP, TAZ, and PAR in both quality control 
and clinical laboratories. Furthermore, their practicality and applica
bility were systematically evaluated using both BAGI and CACI metrics.
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