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	ABSTRACT

	
	
	Gemcitabine is a potent cytotoxic agent classified as a pyrimidine nucleoside antimetabolite, widely used to treat various metastatic and prostatic cancers. Approved by the FDA in 1996, it is indicated for the treatment of non-small cell lung cancer, pancreatic cancer, and breast cancer. Advanced stages of pancreatic adenocarcinoma (II, III, or metastatic stage IV), where regional resection is no longer viable, gemcitabine often serves as the first- line treatment. Functioning as a prodrug, gemcitabine requires phosphorylation by deoxycytidine kinase to become its active form within cells, enabling its therapeutic effects. Extensive literature sourced from databases such as Google Scholar, Taylor & Francis, Science Direct, and PubMed has documented various analytical methods for estimating gemcitabine, either as a standalone drug or in combination with other agents. These methods span techniques such as UV spectrophotometry, Spectrofluorimetry, Fourier-transform infrared spectroscopy, High- Performance Liquid Chromatography (HPLC), High-Performance Thin-Layer Chromatography (HPTLC), and advanced hyphenated techniques. In addition, this review evaluates the greenness profiles of reported analytical methods (2003-2023) based on the National Environmental Method Index (NEMI), aligning with the Sustainable Development Goals (SDGs) 2030. The findings emphasize the importance of developing more robust, efficient, and eco-friendly methods, particularly through sorbent-based microextraction techniques, which could significantly enhance biomedical research. This review provides a valuable roadmap for researchers, encouraging the adoption of greener analytical approaches using eco-friendly solvents for the gemcitabine determination in biological matrices and drug products.
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Introduction

Cancer, the 2nd leading outrageous disease is expected to grasp 10.1 million (5.3 million men/5 million women) in 2024. Among 10 million, one in six deaths was due to cancer in 2022, making it a major cause of mortality worldwide. Modifications in genes, the fundamental building blocks of heredity, are the cause of cancer [1]. Gemcitabine is a medication that fights viruses, clinical trials on gemcitabine conducted in the early 1990s revealed a considerable increase of one-year survival time in pancreatic cancer. Hence, Gemcitabine was approved initially by UK in 1995 and later in 1996 by USFDA for the treatment of pancreatic malignancies. Gemcitabine is available as an intravenous injection and marketed under the brand name Gemzar. Treatment regimens of gemcitabine include combination partners like paclitaxel, cisplatin and carboplatin for the treatment of metastatic breast cancer, non- small cell lung cancer, and advanced ovarian cancer. It works against the formation of tumors

and by upregulating interferon signaling which prevents the reproduction of Orthohepevirus A, the virus that causes hepatitis E. Although it was initially investigated for its antiviral effects, it is currently used in anticancer therapy to treat various malignant tumors. As a prodrug, the active metabolites produced substitute nucleic acid building blocks during DNA elongation, prevent tumor development and hence promote the death of malignant cells [2, 3]. Gemcitabine is chemically 4-Amino-1-(2-deoxy-2, 2-difluoro- β-D-erythro-pentofuranosyl) pyrimidin-2(1H)-on (Figure 1).
[image: ]

[bookmark: _bookmark0]Figure 1. Chemical structure of Gemcitabine





Gemcitabine gets phosphorylated by deoxycytidine kinase into Gemcitabine diphosphate (dFdCDP) and gemcitabine triphosphate (dFdCTP) which obstructs DNA synthesis-related activities. It kills the tumor cells by incorporating dFdCDP into DNA strand and at the end of the DNA strand dFdCTP locks the DNA polymerases. This “masked termination" of enzymes cannot eradicate gemcitabine from this site resulting in destruction of tumorous cells. Likewise, the “self-potentiation” effects of gemcitabine metabolites on cellular regulatory pathways contribute to the general inhibition of cell growth [4]. Concerning the therapeutic importance of gemcitabine, numerous analytical and bioanalytical methods were performed to determine the concentration of Gemcitabine and its metabolites in biological fluids (blood, serum, plasma, and urine) by UV, HPLC, HPLC/UPLC-MS/MS, and NMR. This proposed review elaborates the analytical and stability, indicating methods of gemcitabine in bulk and combined dosage form which would help researchers to elucidate the structure of the degradation product. Challenges associated during bioanalytical method development include employing suitable extraction technique
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like Solid Phase Extraction (SPE), Liquid Liquid Extraction (LLE) and protein precipitation to extract Gemcitabine from the complex composition of biological sample (presence of many interfering substances). This review discusses the pros and cons of extraction techniques employed to remove the biological matrices and applicability of the method. In addition, prominence sets on the sustainability of the reported methods and assessment of greenness profiles as per National Environmental Methods Index (NEMI). Therefore, researchers can develop a simple, precise, and eco-friendly method for the future research works. Finally, a comprehensive view of all the published analytical methods, consisting of chromatographic conditions and the results obtained, merits/demerits, application of the bioanalytical methods along with the greenness profile, is outlined in tabular form for a quick summary. The graphical representation of number of articles published from 2012-2023 is provided in Figure 2. Figure	Comment by Sociedad Científica Paraguay: Paragraph that should not be included in the introduction.
3 demonstrates the different instrumental techniques employed for the estimation of Gemcitabine in single and combined dosage forms from 2012 to 2023.
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Physiochemical properties of gemcitabine

Gemcitabine, a difluorinated deoxycytidine analog with a molecular weight of 263.2 g/mol, is a white to off-white crystalline powder that is freely soluble in water but only slightly soluble in methanol and ethanol. It has a low partition coefficient (LogP -1.7), indicating high hydrophilicity, and a pKa of 3.6 (pyrimidine nitrogen) and 10.4 (hydroxyl group), which influences its ionization in physiological conditions. The compound has a melting point of 275-277 °C with decomposition and is sensitive to light and moisture. It undergoes hydrolysis under acidic and basic conditions and is rapidly deaminated in plasma to its inactive metabolite, 2′,2′-difluorodeoxyuridine (dFdU), affecting its stability and pharmacokinetics.
Spectroscopic Methods

UV-spectroscopy methods

Spectrophotometry is a method used to measure the amount of light that is transmitted or reflected by a material, and it provides quantitative data on these qualities as they vary

with different wavelengths of light. UV-Visible spectroscopy is a primeval method that uses light absorption and scattering to characterize wide range of samples. Taranjit Kaur et al. performed a diffident, accurate, and precise method using phosphate buffer as a diluent with a recovery of 97.97% and linearity of 5-30 µg/ml at 267.2 nm [5]. P.S. Sarsambi et al. reported derivative UV spectroscopy methods employing three different reagents. Method 1: Bratton Marshall Reagent at 544 nm with a range of 50-250 µg/ml. Method 2: Bromocresol purple reagent at 418 nm with a range of 20-
100 µg/ml. Method 3: Bromocresol green reagent at 413 nm with a range of 50-250 µg/ml [6]. Padmalatha et al., using methanol and acetonitrile as diluents at 260 nm developed a UV Spectroscopic method in bulk and polymeric nanoparticles with a linearity of 5-30 µg/ml and 99.1% recovery [7]. Taranjit Kaur et al. and P.S. Sarsambi et al. developed cost-effective methods using eco-friendly solvents. The spectroscopic conditions of all the methods are represented in Table 1.
The developed UV spectroscopic methods are simple, accurate, precise, and cost-effective methods employing different solvents with a good recovery.
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	Sr./	Dosage	Spectroscopic	Results	Year
No.	Form	Conditions	/Aut

	
	Diluents
	Wave length
(nm)
	Linearity (µg/ml)
	Accuracy
	Correlation
	Precision (% RSD)
	hor

	1	Gemcitabine
	Distilled
	267.2
	5-30
	97.97%
	0.999
	0.089-
	201

	hydrochloride




2	Method 1-BMR
	water:phos phate (50:50)


Nitric acid
	




554
	




50-250
	




99.27-
	




0.9995
	0.651




0.246
	7/Ta ranji t Kaur et al.

	
	
	
	
	99.13 %
	
	
	201

	Method 2-BCP
	Chloroform
	418
	
	99.05-
	0.9996
	0.336
	1/P.

	
	
	
	
	99.29 %
	
	
	S.

	Method 3-BCG
	Ammonium
	413
	
	99.74-
	0.9997
	0.322
	Sars

	
	sulphamate
	
	
	99.86 %
	
	
	ambi
et al.

	3		Gemcitabine hydrochloride
	Acetonitrile
:
ammonium acetate (60:40)
	260
	5-30l
	99.1%
	0.999
	1.2
	201
1/Pa dmal atha et
al.l




TANDEM Techniques

NMR provides important information about the interaction in a protein-ligand complex, such as structure, dynamics, and affinity. Tashinga E. Bapiro et al. performed the sensitive LC-MS/MS followed by 19-F NMR to separate and characterize gemcitabine. The solvents used were methanol, acetonitrile, sodium hydroxide, trifluoroacetic acid, ammonia solution, and 10.2 mg/ml sterile normal saline solution [8]. The subsequent tissue extraction with 19-F NMR indicates linearity of less than 6% and accuracy of 91.7 %. Using data from tumor histology and pharmacodynamic endpoints, this technique can be utilized to further explore the pharmacokinetics of gemcitabine in tumors.

Chromatographic Methods

HPLC

High-Performance Liquid Chromatography (HPLC) is a widely utilized and powerful separation technique known for its rapidity, sensitivity, and high separation efficiency. It enables both qualitative and quantitative analysis with superior detection capabilities, making it particularly effective for analyzing gemcitabine hydrochloride. When compared to hyphenated detection techniques, HPLC coupled with UV or photodiode array (PDA) detection offers significant advantages in terms of cost- effectiveness and selectivity, making it a preferred choice for routine analysis. Numerous researchers have developed and validated RP- HPLC  methods  for  analyzing  gemcitabine





hydrochloride, each highlighting specific optimizations for precision, accuracy, and environmental impact. Rahul Singh et al. and Survi Mishra et al. developed a simple, linear, and stability-indicating RP-HPLC method by acetonitrile and water (10:90), as the mobile phase with a C18 column (250 × 4.6 mm, 5µ), which demonstrates good linearity across a concentration range of 20-120 µg/mL, but the methods lacks greenness due to the use of acetonitrile which reduces its environmental sustainability [9,10]. K.K. Kumar et al. developed a stability-indicating RP-HPLC method for estimating lapatinib in tablet dosage forms, using gemcitabine hydrochloride as an internal standard [11]. The method exhibited clear resolution of lapatinib and gemcitabine peaks, ensuring no interference from excipients or degradation products. Syed Afrin et al. and Kiran Kumar Katare et al. developed rapid, cost- effective, and precise RP-HPLC methods with a 50:50 water: acetonitrile mobile phase at a flow rate of 1.0 mL/min [12,13]. Guanya Chen et al. introduced an eco-friendly RP-HPLC method for enzymatic degradation studies employing acetonitrile and sodium dihydrogen phosphate buffer (9:91) as the mobile phase which had a high accuracy of 99.91-101.77 % [14]. Appala Raju et al. developed an effective gradient RP- HPLC method utilizing C18 column with ammonium acetate in water and methanol as the mobile phase which successfully eluted gemcitabine at 7.24 minutes making it suitable for quality control of parenteral formulations [15]. Jin et al. employed rapid and accurate method for the assessment of gemcitabine and its metabolites in pancreatic cancer cells using a C18 column with acetonitrile as the mobile phase at a flow rate of 0.8 mL/min providing insights into pharmacokinetics under hyperthermic conditions [16]. Namrata Soni et al. focused on gemcitabine-loaded nanoparticles using methanol and ammonium acetate buffer

(10:90) as the mobile phase which demonstrated linearity over a broad range (100–5000 ng/mL), suitable for nanomedicine applications [17]. Anil Kumar et al. developed a robust and accurate stability-indicating RP- HPLC method for simultaneous estimation of gemcitabine and clarithromycin using a phosphate buffer:methanol (35:65 v/v) mobile phase [18]. Rajesh et al. applied a method using phosphate buffer, and methanol (35:65 v/v) with an ODS-3 C18 column that demonstrated linearity in the range of 20-60 µg/mL and suitability for combined dosage forms [19]. Patel et al. optimized a method for simultaneous estimation of gemcitabine in combination with paclitaxel, bicalutamide, and letrozole in nano- sponges using an Eclipse Plus C18 column with a phosphate buffer:acetonitrile mobile phase [20]. Paul Richards et al. designed an RP-HPLC method for gemcitabine and carboplatin using a phosphate buffer:acetonitrile (55:45 v/v) mobile phase, achieving excellent linearity for gemcitabine (1-5 µg/mL) and carboplatin (100- 500 µg/mL) [21]. Shaik Mastanamma et al. validated a stability-indicating method using a phosphate buffer and methanol as the mobile phase which eluted gemcitabine at 2.31 minutes, ensuring reliability in quality control for injectable dosage forms [22]. Its stability- indicating capability made it suitable for detecting degradation products, ensuring its reliability for routine quality control and stability testing in pharmaceutical formulations. The Chromatographic conditions and the results of all the methods analyzed by RP-HPLC are presented in Table 2. These developed methods illustrate a diverse spectrum of analytical approaches that balance high accuracy and precision, stability-indicating capability for detecting degradation products, rapid retention times for enhanced throughput, and adaptability for different matrices and pharmaceutical formulations.
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	S.
No
.
	Drug Compo unds
	Chromatographic Conditions
	
	Results
	
	
	Gree ness Profil e
	Year/Au thor

	
	
	Stationary phase
	Mobile Phase
	Wa ve len gth (n
m)
	Linear ity (µg/m l)/ correl
ation
	Accurac y
	Preci sion (% RSD)
	LOD
(µg/ ml)
	LOQ
(µg/ ml)
	
	

	1
	Gemcit abine
	Phenomen ex lux C18 column (250 ×
4.5mm, 5µ)
	Water: Acetonitrile (90:10)
	27
5
	0.5-
50/0.
999
	100.2-
100.4 %
	1.83
	0.14
98
	0.45
41
	[image: ]
	2015/R
ahul Singh et al.

	2
	Gemcit abine
	ODS-3V
column (250 ×
4.5mm, 5µ)
	Water: Acetonitrile (90:10)
	27
5
	1-
120/0
.998
	100.08
%
	0.98
	10
	20
	[image: ]
	2019/S
urvi Mishra
et al.

	3
	Gemcit abine
	ODSC-18RP
column (250 ×
4.5mm, 5µ)
	Water: Acetonitrile (50:50)
	25
2
	2-
60/0.
9964
	100.89
%
	0.22
	0.26
5
	0.88
4
	
[image: ]
	2012/K
umar KK et al.

	4
	Gemcit abine
	Agilent C- 18 column
(250 ×
4.5mm, 5µ)
	Water: Acetonitrile (50:50)
	27
3
	80/0.
992
	14.45-
100.8%
	0.07
	NA
	NA
	
[image: ]
	2022/S
yed.
Afrin et al.

	5
	Gemcit abine
	ODS C-18
RP column (250 ×
4.5mm, 5µ)
	Water: Acetonitrile (50:50)
	23
2
	1 to
10
	98.9%-
99.13%
	0.19
6
	0.04
22
	0.12
79
	
[image: ]
	2012/Ki
ran Kumar katare
et al.

	6
	Gemcit abine
	Agilent C- 18 column
(250 × 4.5
mm, 5µ)
	Water: Acetonitrile (50:50)
	27
0
	1-100
	99.91-
101.77
%
	1.71
	0.01
4
	0.04
3
	
[image: ]
	2015/G
uanyu Chen et al.

	7
	Gemcit abine
	BDS C-18 (150 x 4.6
mm, 5 µ)
	Ammonium acetate in water: methanol
(85:15)
	26
8
	10-
120
/0.99 9
	99.2%
	0.08
	0.5
	1.5
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	2008/N.
Appala Raju et al.

	8
	Gemcit abine
	Agilent C- 18 column
(150 x 4.6
mm,5 µ)
	Acetonitrile
:
Ammonium
Acetate (2:98 v/v)
	26
8
	0.5 -
20.0
/0.99 9
	99.02%
	1.42-
5.17
	0.20
63
	0.62
50
	
[image: ]
	2019/H
B Jin et al.




	9
	Gemcit abine
	ODS C-18
RP column (250 ×
4.5mm, 5µ)
	Methanol: phosphate buffer (40:60 v/v)
	27
0
	10-60
	99.68-
99.80%
	0.90
	NA
	NA
	
[image: ]
	2001/S
haik mastana mma et
al.

	10
	Gemcit abine
	C18 (250 × 4.5
mm, 5µ)
	Acetonitrile
: phosphate buffer
(55:45 v/v)
	28
3
	0.1-
20/
0.999
	97.3 -
113.5%
	10
	0.02
	0.1
	[image: ]
	2009/D
ae Jin Park et
al.

	11
	Gemcit abine
	C18 (250 × 4.5
mm, 5µ)
	Methanol: ammonium acetate
(10:90)
	26
9
	100-
5000
/0.99 80
	NA
	NA
	200
	60
	[image: ]
	2018/N
amrata
Soni et al.

	12
	Gemcit abine and Calrith romyci
n
	C18
(150mmx4. 6mm,5µ)
	Phosphate buffer: Methanol (35:65)
	25
4
	20-
60/
0.999
	
	0.4
	0.00
1
	0.00
5
	[image: ]
	2018/Y.
Anil Kumar et al.

	
	
	
	
	
	
	100.01
%- 101.39
%
	
	
	
	
	

	13
	Gemcit abine hydroc hloride
,
capcet abine Hydroc
hloride
	ODS-C18 (250mm×4.
5mm,5µ)
	Acetonitrile
:water:tri ethyelamie (70:22:2)
	27
5
	10-50,
4-24
/0.99 9
	100.2%
- 100.4%
	0.46
	
	[image: ]
	2011/V.
Rajesh
et al.

	
	
	
	
	
	
	
	
	0.14
98
	0.45
41
	
	

	14
	Gemcit abine
,paclito nol bicalcu
timide
	RPHPLC C18 (250mm×4.
5mm,5µ)
	Methanol: Phosphate buffer (70:30v/v)
	23
0,
25
7,
24
8
	5-200
/0.99 8
	
	0.37-
1.87
	NA
	NA
	
[image: ]
	2012/P
atel C.J.
et al.

	
	
	
	
	
	
	100.40
%- 100.73
%
	
	
	
	
	

	15
	Gemcit abine and carbofl ates
	ODS C18 (250mm×4.
5mm,5µ)
	Acetonitrile
: phosphate buffer (55:45 v/v)
	
	1-5
and10 0-
500/0
.9999
	100%/1
00.5%
	
	NA
	NA
	
[image: ]
	

	
	
	
	
	24
8
	
	
	0.73
5-
0.16
6
	
	
	
	2022/P
aul Richard s M et
al.




Furthermore, some methods incorporate greener mobile phases, reflecting a commitment to reducing the environmental impact of analytical practices. Looking ahead, future advancements could focus on greener alternatives  to  traditional  solvents,  the

miniaturization and automation of analytical systems, and the integration of multi-analyte detection to improve efficiency. Real-time monitoring using advanced spectroscopy, enhanced sensitivity with high-resolution mass spectrometry, and the incorporation of Artificial

Intelligence and machine learning for data analysis are promising directions.
HPTLC method

HPTLC is the most suitable approach for analyzing chemicals in complex matrices such as plant materials, fat samples, and high sugar content products. The HPTLC fingerprint in herbal medication trials physically validates or refutes the plant's identification. Harsha Umesh et al. reported a method using silica gel 60 and F254 precoated plates as the stationary phase and a mixture of toluene, methanol, and chloroform (3.6:3.6:3 (v/v/v)) as the mobile phase at 268 nm. The method demonstrated a linear response range of 500 - 3000 ng/mL with a correlation coefficient of 0.997 and repeatability of 1.88% RSD across six samples. In addition, the study revealed that gemcitabine undergoes degradation under hydrolytic conditions but remains stable under thermolytic and photolytic conditions depicting it a robust tool for stability studies. Integration with digital imaging and densitometry could improve resolution and quantification, while automation and miniaturization may increase efficiency and portability. Expanding its applications to other pharmaceuticals and metabolites in complex formulations can enhance its versatility [23].
UPLC method

Ultra-performance liquid chromatography (UPLC) is a major encroachment in chromatography since it provides results rapidly with improved resolution, and sensitivity. It has enriched with innovative separation efficacy and detection limits. Dae Jin Park et al. reported a novel RP-UPLC method for the simultaneous estimation of gemcitabine and 2'-deoxycytidine, achieving retention times of
3.2 and 2.1 minutes, respectively, with detection

at 283 nm. The method exhibited excellent linearity within the range of 0.1 to 20 µg/mL and showed high reproducibility, with intra-day and inter-day assay variability under 10.0% and recovery values ranging from 97.3% to 113.5% [24]. The UPLC method was distinctive and found to be novel, simple, accurate, and precise for the simultaneous estimation of gemcitabine and 2'-deoxycytidine. Automation and AI-driven data analysis could enhance throughput and robustness, streamlining pharmaceutical and clinical testing. With its combination of speed, precision, and versatility, UPLC is poised to become an indispensable tool in modern analytical and biomedical research.
Bio-Analytical Technique

The bio-analytical method measures the precise quantity of a medicine, its metabolite, or a biomarker in biological fluids such as blood, plasma, serum, urine, saliva, or tissue extracts. Analysis rate, sensitivity, and fast result are crucial elements of the bioanalytical technique. Xiaobin Gong et al. established a robust UHPLC- MS/MS method with an electrospray ionization interface, demonstrating accuracy ranging from 86.35% to 113.44%. This approach ensures continuous monitoring of multiple reactions in both positive and negative ion modes, leveraging an HSS T3 column as the stationary phase [25]. Wang G. et al. utilized solid-phase extraction for the extraction of nucleoside analogues, a process known for being time- consuming and costly. Despite these challenges, the method demonstrated high accuracy, achieving recovery rates greater than 81%. The standard curves were linear over the range of 5 to 4000 ng/mL for gemcitabine [26]. Wang M. et al. utilized the Hydrophilic Interaction Liquid Chromatography (HILIC) technique, which employs a polar column to retain gemcitabine based on hydrophilicity, yielding an average plasma concentration of 15.0 ± 6.0 μg/mL in
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clinical studies [27]. These techniques offer significant benefits for plasma and tissue sample analysis, ensuring efficient drug quantification. Margret Chandra et al. worked with gemcitabine HCl in dry powder form prepared by lyophilization. Formulations included Mannitol as a bulking agent due to its non-hygroscopic properties [28]. The preparation process involved optimizing parameters like temperature and processing time to ensure stability and material integrity. Shokoh Najafi et al. developed an innovative, simple technique based on fluorescence quenching using customized Au-doped quantum dots for selective and sensitive gemcitabine quantification in biological samples [29]. The method exhibited good photostability and excellent photoluminescence intensity, with a detection limit of 0.1 μM and a correlation coefficient of 0.9945. The relative standard deviation (RSD) for gemcitabine was 3.4%. Lee Chang Phua et al. highlighted the importance of tissue metabolomics in predicting treatment outcomes for pancreatic ductal adenocarcinoma patients on gemcitabine. Using gas chromatography/time-of-flight	mass spectrometry, this study laid the foundation for identifying metabolic biomarkers that are indicative of resistance in pancreatic ductal adenocarcinoma chemotherapy [30]. Kevin Affram et al. explored solid lipid nanoparticles loaded with gemcitabine, displaying their cytotoxicity on pancreatic cancer cells. Various Solid lipid nanoparticles (SLN) formulations were created using a cold homogenization method, employing surfactants like Poloxamer 188, Tween 80, and glyceryl monostearate. Techniques like Fourier-transform infrared spectroscopy and differential scanning calorimetry validated interactions within the Gemcitabine-SLN system [31]. Bjorn et al. employed whole-genome sequencing on blood samples from 96 lung cancer patients treated

with a gemcitabine/carboplatin combination. The study used gene network modules to predict myelosuppression, identifying genetic variations associated with neutropenia, leukopenia, and thrombocytopenia using PLINK [32]. P.T. Nandini et al. introduced a double emulsification process to create gemcitabine- loaded solid lipid nanoparticles, maintaining stability and effective drug entrapment using sodium taurocholate as a co-surfactant, soy lecithin as a surfactant, and stearic acid as the lipid. Particle size and surface characteristics were measured using scanning electron microscopy. Stability tests showed minimal changes in particle size and a slight decrease in entrapment efficiency over several months at 25 ± 2 °C and 60 ± 5% relative humidity [33]. Yilmaz et al. utilized linear regression coefficients determined via least squares regression. The area under the curve yielded values of 0.0371 with concentrations of +192.53 ng/mL and -1.2693 ng/mL for dFdC and dFdU, respectively [34]. Elena Marangon et al. developed a rapid, accurate, simple protein precipitation method using acetonitrile that resolved plasma matrix peaks, proving beneficial for phase II clinical trials that examined gemcitabine pharmacokinetics in patients with non-small-cell lung cancer undergoing fixed-dose infusions. These methods are highly effective in pharmacokinetic studies, especially in non-small-cell lung cancer patients receiving gemcitabine [35]. Lanz C. et al. created an RP-HPLC assay for gemcitabine measurement in human and animal plasma/serum, employing 2'-deoxyuridine and 5-fluoro-2'-deoxyuridine as internal standards. This method used protein precipitation and an Atlantis C18 column with a mobile phase of phosphate buffer and acetonitrile, offering robustness and speed [36]. Marco Sharkawi et al. developed environmentally friendly chromatographic methods validated by the FDA,

applicable in pharmacokinetic studies and therapeutic drug monitoring. The authors used a buffer system using methanol and 40 mM ammonium acetate for RP-HPLC and TLC densitometric analysis, with sildenafil as the internal standard. The method achieved accurate results at 260 nm, suitable for scientific and clinical applications [37]. Hugo Vidal et al. proposed a rapid, single HPLC method using sodium acetate buffer and acetonitrile, linear in the range of 0.25-10 mg/L, suitable for precise plasmatic concentration measurements. The method exhibited linearity from 0.25 to 10 mg/L and was useful for monitoring gemcitabine concentrations in pharmacokinetic and therapeutic studies [38]. Mark NKristein et al. assessed gemcitabine's behavior in vitro utilizing a HPLC technique with Waters Spherisorb C18 column and a mobile phase of acetonitrile-aqueous buffer (10:90 v/v), incorporating octyl sulfonic acid and sodium phosphate at pH 2.9. This method, which operates at 267 nm, analyzed gemcitabine's behavior in bioreactor cell culture systems [39]. Kristein’s HPLC technique

assessed gemcitabine's behavior in vitro, while Sottani validated an HPLC/MS protocol for detecting drug residues, achieving recovery rates between 62% and 95%. Cristina Sottani et al. validated an HPLC/MS protocol for detecting drug residues employing solid-phase extraction for sample cleanup, achieving quantification limits of 25.0 ng/wipe for gemcitabine and taxol and 12.5 ng/wipe for cyclophosphamide and ifosfamide. Recovery rates ranged from 62% to 81%, with accuracy and RSD consistently below 9.4% [40]. The Chromatographic conditions and the results of all the bioanalytical methods are represented in Table 3. The development of advanced bioanalytical techniques for gemcitabine, including UHPLC-MS/MS, HILIC, fluorescence-based sensors, and nanoparticle formulations, has significantly enhanced the precision and efficiency of drug monitoring. These methods facilitate better therapeutic drug management and pave the way for personalized treatment strategies, ensuring improved clinical outcomes in cancer patients [41-43].

[bookmark: _bookmark5]Table 3. Bio-analytical method analysis of gemcitabine
	Sr./ No.
	Drug/Analyti cal technique
	Chromatographic Conditions
	
	Results
	
	Greenn ess assess ment
	Year/Ref
.

	
	
	Mat rix
	Mobile Phase
	Station ary Phase
	Detecto r
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	Gemcitabine
	
	0.1%formic
	HSS T3
	Electro
	2.12
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	2017/Go
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	/UPLC-
	Hu
	acid:acetonitril
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	spray
	
	1000
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	MS/MS
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	mm,
	m/z
	
	
	
	

	
	
	
	
	1.8
	100
	
	
	
	

	
	
	
	
	µm)
	
	
	
	
	

	2
	Gemcitabine
	Rat
	Acetonitrile:20
	BEH
	Electro
	3
	5-
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	2020/W

	
	and	L-
	Plas
	mm
	C18
	spray
	
	4000
	
	ang G. et

	
	carnitine/UP
	ma
	ammonium
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	ionizati
	
	4-
	
	al.

	
	LC-MS/MS
	
	acetate
	n
	on
	
	4000
	
	

	
	
	
	(90:10v/v)
	(50
	m/z507
	
	
	
	

	
	
	
	
	mm  ×
	m/z264
	
	
	
	

	
	
	
	
	2.1, 1.7
	
	
	
	
	




	
	
	
	
	µm)
	
	
	
	
	

	
3
	
Gemcitabine
/HILIC
	
	
Acetonitrile:a mmonium acetate (93:5v/v)
	
C18(4.
6  mm
×	15
cm, 2.6 µm)
	
UV-270
nm
	
2
	
0.5-
50
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2020/W
ang M. et al.

	
	
	Hu man Plas
ma
	
	
	
	
	
	
	

	4
	Gemcitabine hydrochlorid e/HPLC and Infrared spectrophot ometer
	Hu man plas ma
	Phosphoric acid:monobasi c	sodium phosphate
	C18col umn (4.6
mm x 25
cm,5
µm)
	UV-275
nm
	NA
	20
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Greeness Profile

Green Analytical Chemistry focuses on developing analytical methods that are safer and environmentally friendly by minimizing or eliminating the use of hazardous reagents, solvents, and techniques throughout the analysis process, including pre-treatment, determination, and preparation stages. The greenness profile of a method is a measure of its environmental friendliness, assessed using tools based on green analytical chemistry principles. Among these tools, the National Environmental Method Index (NEMI) stands out as one of the

earliest and simplest approaches for evaluating the environmental impact of analytical procedures. NEMI employs a visual representation - a circular diagram divided into four quadrants—each addressing a specific criterion: bio-accumulative and toxic compounds (PBT), hazardous substances, persistence, and waste prevention (Figure 4). A quadrant turns green when the corresponding criterion is met. Otherwise, it remains blank, providing an at-a-glance summary of the method's compliance with green chemistry principles [44-47]. The criteria for NEMI’s evaluation  are  stringent  yet  practical.  It

requires that chemicals and reagents used in a method should avoid toxic, bio-accumulative, and persistent substances listed in the U.S. Environmental Protection Agency’s (EPA) Toxic Release Inventory (TRI) or Resource Conservation and Recovery (RCR) lists. The pH of reagents should fall between 2 and 12 to minimize corrosive risks, and waste generation per analysis should not exceed 50 grams. This structured assessment ensures that only methods with minimal environmental and health risks are considered green. However, while NEMI is easy to use and provides immediate visual feedback, its simplicity is also its limitation. The tool offers only qualitative results (either green or blank), without detailing the specific sources of environmental threats, which reduces its precision compared to newer tools. Despite these limitations, NEMI provides a valuable starting point for assessing analytical methods' greenness, encouraging researchers to consider environmental impacts during the method development stage. The application of NEMI in various studies has shown that substituting hazardous chemicals with greener alternatives significantly enhances the environmental friendliness of analytical procedures [48]. For example, when applied to methods for determining gemcitabine hydrochloride, NEMI demonstrated the positive impact of using safer solvents on the overall greenness profile. The greenness assessment using NEMI suggested that among the HPLC methods [15], 7 method was 75 % and the remaining 8 methods were 50 %. The greenness profile of the bioanalytical methods [13] were 75 % for 9 methods and 50 % for 4 methods. HPTLC methods reported a 100 % greenness profile among all the other analytical techniques. Subsequently, the replacement of toxic solvents like acetonitrile with ethanol or water could be more ecological to make the existing analytical methods more sustainable

meeting the requirement of SDG12 [49]. By promoting waste reduction and the use of non- toxic substances, NEMI continues to play a crucial role in advancing green analytical chemistry and fostering sustainable practices in laboratories worldwide.
[image: ]

[bookmark: _bookmark6]Figure 4. Greenness assessment of analytical methods using NEMI

Conclusion

Current review presents the analytical methods available for the estimation of gemcitabine encompass a wide range of techniques, including HPLC, UPLC, UV- spectroscopy, HPTLC, NMR-spectroscopy, and bioanalytical methods. This review comprehensively examines these techniques from the time of the drug's approval to the present, highlighting their applications and advancements. Notably, HPLC-MS methods are increasingly surpassing traditional HPLC for analyzing gemcitabine in biological samples due to their superior sensitivity and specificity. The review also identifies gaps, particularly in the limited availability of GC, NMR, and UPLC methods for drug quantification, suggesting an area for future exploration. Emphasis will likely be placed on environmentally friendly approaches, including the use of green solvents and techniques such as solid-phase extraction, liquid-phase extraction, and matrix solid-phase dispersion. A substantial emphasis to examine the greenness profile by NEMI, which indicated 50 % green for 90% of the methods. Likewise, the  concepts  of  'blueness'  and  'whiteness'





assessment using the recently introduced Blue Applicability Grade Index (BAGI) and Red- Green-Blue 12 (RGB 12) algorithms can be incorporated. Overall, this review provides a comprehensive overview of the current status of analytical techniques for gemcitabine determination, serving as a valuable resource for advancing eco-friendly and efficient methods in pharmaceutical and biomedical research. Thus, future research and development efforts by experienced specialists and researchers are anticipated to focus on creating novel methods for gemcitabine estimation.
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