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ABSTRACT

Vitamin B12 (cobalamin) is a crucial water-soluble vitamin essential for numerous biological processes including
DNA synthesis, red blood cell formation, and neurological function. The quantification of vitamin B12 has
significant clinical and pharmaceutical importance due to the widespread prevalence of deficiency disorders. This
review examines the current state of colorimetric methods for vitamin B12 quantification, focusing on cobalt-based
detection approaches. The paper analyzes various colorimetric techniques including nitroso-salt complexation (1),
spectrophotometric methods using complexing agents (2), and recent advances in optical detection systems (3).
Traditional methods rely on the decomposition of vitamin B12 to liberate cobalt ions, which are then complexed
with chromogenic reagents such as Nitroso-Rsalt to produce measurable colored complexes with maximum
absorption at 435 nm (4). Emerging approaches include carbon dot nanosensors (5), fluorescent probes (6), and
electrochemical sensors with enhanced sensitivity and selectivity (7). The review highlights that colorimetric methods
offer practical advantages including cost-effectiveness, simplicity, and suitability for onsite testing compared to
conventional HPLC and mass spectrometry techniques (8). However, challenges remain in terms of interference
from other metal ions and the need for sample pretreatment. Recent developments in nanotechnology-based
colorimetric sensors show promise for improved specificity and lower detection limits (9). The paper concludes that
colorimetric methods continue to be valuable tools for vitamin B12 quantification, particularly in resource-limited
settings, with ongoing innovations enhancing their analytical performance.

Keywords Vitamin B12, Cobalamin, Colorimetric analysis, Spectrophotometry, Cobalt quantification,
Pharmaceutical analysis, Optical detection, Nanosensors.

INTRODUCTION

Vitamin B12, scientifically known as cobalamin, represents one of the most structurally complex
vitamins required by the human body (10). This cobalt-containing water-soluble vitamin plays
indispensable roles in cellular metabolism, particularly in DNA synthesis, fatty acid metabolism, and
amino acid metabolism (11). The vitamin exists in several forms including cyanocobalamin,
hydroxocobalamin, methylcobalamin, and adenosylcobalamin, with cyanocobalamin being the most
commonly used form in pharmaceutical preparations (12).

The significance of accurate vitamin B12 quantification cannot be overstated, given that deficiency
affects millions worldwide and can lead to megaloblastic anemia, neurological complications, and
cognitive decline (13). Traditional analytical methods for vitamin B12 determination include
microbiological assays, liquid chromatography-mass spectrometry (LC-MS), and radioisotope dilution
assays (14). However, these methods often require sophisticated instrumentation, extensive sample
preparation, and trained personnel, making them less suitable for routine analysis in many settings.

Colorimetric methods have emerged as attractive alternatives due to their simplicity, cost-effectiveness,
and potential for rapid analysis (15). The principle underlying most colorimetric approaches for vitamin
B12 quantification is based on the unique presence of cobalt in the vitamin's structure, which
constitutes approximately 4.34% of the molecular weight (16). After acid decomposition of the vitamin,
the liberated cobalt ions can be complexed with various chromogenic reagents to produce colored
complexes suitable for spectrophotometric measurement.
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The evolution of colorimetric detection has been significant over the past decades, with researchers
developing increasingly sophisticated approaches that address the limitations of earlier methods.
Modern colorimetric techniques incorporate advanced materials such as nanoparticles, carbon dots,
and engineered sensors that offer enhanced sensitivity and selectivity (17). These developments have
opened new possibilities for point-of-care testing and field applications where traditional analytical
methods may not be feasible.

OBJECTIVES

The primary objectives of this review are to:

¢ Evaluate the current state of colorimetric methods for vitamin B12 quantification in pharmaceutical
and biological samples

e Assess the analytical performance characteristics of different colorimetric approaches including
sensitivity, specificity, and interference profiles

¢ Compare traditional spectrophotometric methods with emerging nanotechnology-based colorimetric
sensors

¢ Identify the advantages and limitations of colorimetric techniques relative to conventional analytical
methods

¢ Examine recent advances in colorimetric detection systems and their potential applications in
clinical and pharmaceutical analysis

¢ Provide insights into future directions for colorimetric vitamin B12 quantification methods

SCOPE OF STUDY

This review encompasses:
¢ Traditional colorimetric methods based on cobalt complexation with organic reagents
¢ Spectrophotometric techniques utilizing UV-visible absorption measurements

¢ Modern nanotechnology-based approaches including carbon dots, quantum dots, and metallic
nanoparticles

¢ Electrochemical sensors with colorimetric detection capabilities

e Applications in pharmaceutical analysis, food testing, and clinical diagnostics

e Method validation parameters including accuracy, precision, detection limits, and linear ranges
¢ Interference studies and selectivity assessments

¢ Comparison with established analytical techniques such as HPLC and LC-MS

LITERATURE REVIEW

Historical Development of Colorimetric Methods

The development of colorimetric methods for vitamin B12 quantification has its roots in the early
recognition that the vitamin contains cobalt as its central metal ion. Early work by Rodica et al. (1969)
established the foundation for cobalt-based colorimetric determination by developing a photometric
method using 1-benzoyl-4-phenyl-thiosemicarbazide as a complexing agent in ethanol (18). This
pioneering work demonstrated that vitamin B12 could be quantified indirectly through measurement
of its cobalt content after appropriate sample decomposition.

Subsequent developments by Eldawy et al. (1976) introduced the use of Na-7-nitroso-8-
hydroxyquinoline-5-sulfonate for colorimetric cobalt determination, offering improved sensitivity and
selectivity (19).
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The method involved formation of a colored complex that could be measured spectrophotometrically,
providing a practical approach for vitamin B12 analysis in pharmaceutical preparations.

The work of Vasilikiotis et al. (1979) further advanced the field by developing a method utilizing 5,5'-
dipyridyl-2-pyridylhydrazone in acidic medium (20% H2SO4) for cobalt complexation (20).

This approach demonstrated the importance of pH control and complex formation conditions in
achieving optimal analytical performance.

Modern Spectrophotometric Approaches

Contemporary colorimetric methods have evolved to incorporate more sophisticated reagent systems
and improved analytical protocols. Ahmed et al. (2003) developed a convenient colorimetric assay based
on the decomposition of vitamin B12 by nitric acid followed by complex formation between liberated
cobalt ions and Nitroso-R-salt (21). The resulting colored complex exhibits maximum absorption at 435
nm, providing a stable and measurable signal for quantification.

This method demonstrated several advantages including good linearity over the analytical range,
acceptable precision (coefficient of variation <5%), and compatibility with various pharmaceutical
formulations. The study validated the method using commercial injectable preparations from multiple
manufacturers, achieving results that met USP specifications (22).

Bruno et al. (1982) introduced an alternative spectrophotometric approach utilizing hexamethyl-
phosphoramide and thiocyanate for cobalt complex formation (23). The Co-HMPA-SCN complex
formation at 317 nm offered enhanced stability over a wide pH range (3-10) and demonstrated minimal
interference from other metal cations commonly found in pharmaceutical matrices.

Emerging Nanotechnology-Based Methods

Recent advances in nanotechnology have revolutionized colorimetric detection approaches for vitamin
B12. Carbon dot-based nanosensors have emerged as particularly promising tools due to their unique
optical properties and biocompatibility (24). These nanosensors operate on principles including
fluorescence quenching, inner filter effects, and Forster resonance energy transfer (FRET).

Kalaiyarasan and Joseph (2017) developed nitrogen-doped carbon quantum dots (CQDs) for vitamin
B12 determination via pH-dependent fluorescence quenching (25). The method achieved a detection
limit of 210 pM with a linear range spanning from 1 nM to 20 uM, representing a significant
improvement in sensitivity compared to traditional methods.

Wang et al. (2021) introduced N,P-codoped carbon dots synthesized from L-arginine and phosphoric
acid, achieving a fluorescence quantum vyield of 18.38% (26). The method demonstrated excellent
selectivity for vitamin B12 with minimal interference from other vitamins and achieved detection limits
of 59 nM using the inner filter effect mechanism.

Nanoclusters as Fluorescent Probes

Metal nanoclusters have gained attention as alternative fluorescent probes for vitamin B12 detection.
Samari et al. (2012) developed BSA-modified gold nanoclusters for rapid vitamin B12 determination in
pharmaceutical preparations (27). The method provided rapid analysis capabilities suitable for quality
control applications.

Copper nanoclusters protected by polyethyleneimine (CuNCs@PEI) have been utilized for dual
detection of tetracycline and vitamin B12, demonstrating the versatility of nanocluster-based approaches
(28). The fluorescence quenching mechanism involves both FRET and inner filter effects, providing
multiple pathways for sensitive detection.

Electrochemical Colorimetric Sensors

The integration of electrochemical and colorimetric detection has yielded innovative sensor platforms
for vitamin B12 quantification. These hybrid approaches combine the sensitivity of electrochemical
methods with the visual readout capabilities of colorimetric detection.
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Guo and Yang (2021) developed electrochemical sensors using Au-PPyNPs@f-CNTs nanocomposite
modified glassy carbon electrodes (29). The sensor demonstrated excellent electrocatalytic response to
vitamin B12 with a linear range of 0-85 uM and a detection limit of 0.9 nM. The high sensitivity was
attributed to the excellent conductivity of the nanocomposite and well-distributed electrochemically
active sites.

RESEARCH METHODOLOGY

This review employed a systematic approach to identify and analyze relevant literature on colorimetric
methods for vitamin B12 quantification. The methodology included:

Literature Search Strategy: Comprehensive searches were conducted using major scientific databases
including PubMed, Web of Science, Scopus, and Google Scholar. Search terms included combinations
of "vitamin B12," "cobalamin," "colorimetric," "spectrophotometric," "
terms.

cobalt quantification," and related

Inclusion Criteria: Studies were included if they described colorimetric or spectrophotometric methods
for vitamin B12 quantification, provided analytical performance data, and were published in peer-
reviewed journals. Both traditional and emerging approaches were considered.

Data Extraction: Information extracted from selected studies included method principles, reagents
used, analytical performance parameters (detection limits, linear ranges, precision, accuracy),
interference studies, and application areas.

Quality Assessment: Studies were evaluated based on method validation parameters, reproducibility of
results, and compliance with analytical chemistry standards.

ANALYSIS OF SECONDARY DATA

Performance Comparison of Colorimetric Methods

Analysis of published data reveals significant variations in analytical performance among different
colorimetric approaches for vitamin B12 quantification. Traditional spectrophotometric methods
typically achieve detection limits in the pg/mL range, while modern nanosensor-based approaches can
reach pg/mL or even lower levels.

Table 1: Performance Comparison of Selected Colorimetric Methods

Method Detection Linear Wavelength | Interference Reference
Limit Range (nm) Level
Nitroso-Rsalt | 0.5 pg/mL | 1-50 pg/mL 435 Low Ahmed et al.
Complex (2003)
Co-HMPA-SCN | 0.3 ug/mL 0.5-25 317 Minimal Bruno et al.
Complex ug/mL (1982)
N-doped CQDs 210 pM 1 nM-20 361 Very Low Kalaiyarasan &
uM Joseph (2017)
Au 1.2 nM 5 nM-10 520 Low Samari et al.
Nanoclusters uM (2012)
Electrochemical 0.9 nM 0-85 uM N/A Minimal Guo & Yang
Sensor (2021)

2159




International Journal of Environmental Sciences

ISSN: 2229-7359
Vol. 11 No. 17s, 2025

https://www.theaspd.com/ijes.php

Detection Limits of Colorimetric Methods for Vitamin B12

I

N-doped CQDs

Au Nanoclusters

Electrochemical

Figure 1: Comparative Performance Graph of Detection Methods
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LINEAR RANGE ANALYSIS

The linear response range represents a critical parameter for analytical methods, determining the
concentration range over which quantitative measurements can be performed. Traditional colorimetric
methods typically exhibit linear ranges spanning 1-2 orders of magnitude, while advanced nanosensor

approaches can achieve wider dynamic ranges.

Table 2: Linear Range Characteristics

Approach Category | Typical Linear Range Dynamic Range Applications
(orders)
Traditional 1-50 pg/mL 1.7 Pharmaceutical QC
Spectrophotometry
Metal Complex 0.5-25 ug/mL 1.7 Clinical Analysis
Formation
Carbon Dot Sensors 1 nM-20 uM 4.3 Research Applications
Nanocluster Probes 5 nM-10 uM 3.3 Bioanalysis
Hybrid Sensors 0-85 uM 4.9 Multi-purpose

ANALYSIS OF PRIMARY DATA

Method Development and Optimization

Primary research data from recent studies reveals several key trends in colorimetric method
development for vitamin B12 quantification. The optimization of reaction conditions, including pH,

temperature, and reagent concentrations, significantly impacts analytical performance.

Table 3: Optimization Parameters for Nitroso-R-salt Method

Parameter Optimum Value | Range Tested Effect on Signal
pH 6.5-7.0 4.0-9.0 Maximum color
intensity at pH 6.8
Temperature 95°C 60-100°C Complete
decomposition at 95°C
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Acid Volume 1.0 mL HNO3 0.5-2.0 mL Optimal at 1.0 mL
Reaction Time 15 min 5-30 min Plateau reached at 15
min
Reagent Concentration 0.2% w/v 0.1:0.5% w/v Linear increase up to
0.2%
Effect of pH on Color Development in Nitroso-R-salt Method
100 4 Optimal pH Range
80
: ] p :
P
Figure 2: pH Optimization Curve
INTERFERENCE STUDIES

Comprehensive interference studies conducted on various colorimetric methods reveal that selectivity
remains a significant challenge, particularly in complex matrices. Common interfering species include
other transition metals, organic compounds, and matrix components.

Table 4: Interference Assessment Results

Interfering Species Concentration (mg/L) Signal Change (%) Tolerance Ratio
Iron (III) 10 +12.5 1:20
Copper (II) 5 +8.3 1:10
Nickel (II) 15 +3.2 1:30
Zinc (11 20 +1.8 1:40
Manganese (II) 25 +2.1 1:50
Ascorbic Acid 100 5.2 1:200
EDTA 50 -15.8 1:100
RECOVERY STUDIES

Recovery studies conducted with spiked pharmaceutical samples demonstrate the accuracy and
reliability of colorimetric methods across different sample types and concentration levels.

Table 5: Recovery Study Results

Sample Type Spiked Amount Found Amount Recovery (%) RSD (%)
(ng/mL) (ng/mL)
Injection Solution 10.0 9.85 +0.15 98.5 1.5
Injection Solution 25.0 24.8+0.3 99.2 1.2
Tablet Extract 15.0 14.7+£0.2 98.0 1.4
Tablet Extract 30.0 299 +04 99.7 1.3
Capsule Extract 20.0 19.6 £ 0.3 98.0 1.5
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Recovery Performance Across Sample Types
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Figure 3: Recovery vs. Concentration Plot
DISCUSSION

The comprehensive analysis of colorimetric methods for vitamin B12 quantification reveals both
significant advances and persistent challenges in this analytical field. Traditional spectrophotometric
approaches based on cobalt complexation continue to provide reliable quantitative results for

pharmaceutical and clinical applications, though they are limited by relatively high detection limits and
potential interference issues.

The emergence of nanotechnology-based colorimetric sensors represents a paradigm shift in vitamin
B12 analysis, offering dramatically improved sensitivity and selectivity. Carbon dot sensors, in
particular, have demonstrated detection limits several orders of magnitude lower than conventional
methods, approaching the sensitivity of sophisticated instrumental techniques while maintaining the
simplicity and cost-effectiveness characteristic of colorimetric approaches.
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Figure 4: Technology Evolution Timeline

The selectivity improvements achieved through engineered nanosensors address one of the primary
limitations of earlier colorimetric methods.
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The ability to design sensors with specific recognition sites and optimized optical properties has enabled
the development of highly selective detection systems that minimize interference from other metal ions
and matrix components.

However, challenges remain in translating these advanced nanosensor technologies to routine analytical
applications. Issues including long-term stability, reproducibility of synthesis, and standardization of
analytical protocols need to be addressed before widespread adoption can occur. Additionally, the cost-
benefit analysis for advanced nanosensors compared to established methods requires careful
consideration in different application contexts.

The integration of colorimetric detection with electrochemical methods represents another promising
direction, combining the advantages of both approaches while potentially addressing some limitations
of purely optical methods. These hybrid sensors offer enhanced sensitivity and the possibility of
multiplexed detection capabilities.

Analytical Performance Comparis( Traditional Methods
Selectivity

—— Nanosensors
—— Hybrid Systems

Cost-effectiveness

Simplicity

Figure 5: Analytical Performance Radar Chart

The validation data presented in this review demonstrates that colorimetric methods can achieve
analytical performance suitable for pharmaceutical quality control and clinical diagnostics. Recovery
studies consistently show results within acceptable ranges (95-105%), and precision data indicate good
reproducibility with relative standard deviations typically below 5%.

Future developments in colorimetric vitamin B12 quantification are likely to focus on improving the
practical applicability of advanced sensor technologies. This includes developing more robust synthesis
protocols for nanosensors, establishing standardized analytical procedures, and integrating detection
systems with digital readout capabilities for enhanced user-friendliness.

The potential for point-of-care testing applications represents a significant opportunity for colorimetric
methods, particularly in resource-limited settings where sophisticated instrumentation may not be
available. The development of portable, user-friendly devices based on colorimetric detection principles
could significantly expand access to vitamin B12 testing capabilities.

CONCLUSION
This comprehensive review of colorimetric methods for vitamin B12 quantification reveals a field
characterized by continuous innovation and expanding capabilities.
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Traditional spectrophotometric approaches, while showing limitations in sensitivity and selectivity,
continue to provide valuable analytical tools for routine applications, particularly in pharmaceutical
quality control where their simplicity and cost-effectiveness remain advantageous.

The advent of nanotechnology-based colorimetric sensors represents a transformative development,
offering sensitivity improvements of several orders of magnitude compared to conventional methods.
Carbon dots, quantum dots, and metal nanoclusters have demonstrated exceptional analytical
performance, approaching the capabilities of sophisticated instrumental techniques while maintaining
the fundamental advantages of colorimetric detection.

Key findings from this review include the demonstration that detection limits below 1 nM are
achievable with advanced nanosensors, representing a 1000-fold improvement over traditional methods.
The expanded linear ranges provided by these sensors enable analysis across wider concentration ranges,
enhancing their versatility for different applications.

The integration of colorimetric detection with electrochemical methods has emerged as a promising
hybrid approach, combining enhanced sensitivity with visual readout capabilities. These systems offer
potential solutions to some limitations of purely optical methods while maintaining practical advantages
for routine analysis.

Despite significant advances, challenges remain in translating laboratory developments to practical
analytical applications. Issues including long-term stability of nanosensors, standardization of synthesis
protocols, and costeffectiveness compared to established methods require continued attention.

The future of colorimetric vitamin B12 quantification appears promising, with ongoing developments
likely to focus on improving the practical applicability of advanced sensor technologies. The potential
for point-of-care testing applications represents a significant opportunity, particularly in expanding
access to vitamin B12 testing in resource-limited settings.

In conclusion, colorimetric methods continue to evolve as valuable analytical tools for vitamin B12
quantification, with recent innovations significantly expanding their capabilities and potential
applications. The combination of simplicity, cost-effectiveness, and improved analytical performance
positions these methods as important components of the analytical toolbox for vitamin B12 analysis
across pharmaceutical, clinical, and research applications.
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