



A Review of Carbohydrate Histochemistry
	
                                                         
                                                              Abstract

Carbohydrate histochemistry is a vital sub-discipline of histochemistry that focuses on the detection, localization, and characterization of carbohydrate-containing compounds such as glycogen, mucins, glycoproteins, and glycolipids within tissues. These biomolecules play fundamental roles in cellular structure, metabolism, communication, and pathological processes. Over the past ten years, carbohydrate histochemistry has continued to serve as an indispensable tool in medical histology, pathology, and biomedical research, while undergoing significant methodological refinement and expansion. This review critically synthesizes research developments in carbohydrate histochemistry from the last decade, with emphasis on techniques, applications, and future prospects.The review discusses classical histochemical methods, particularly the Periodic Acid–Schiff (PAS) reaction, which remains the cornerstone technique for demonstrating glycogen, neutral mucins, basement membranes, and other polysaccharides. Modifications such as diastase-PAS and combined PAS–Alcian blue staining have enhanced specificity in differentiating carbohydrate subtypes. In addition, advances in lectin histochemistry have enabled more precise identification of specific sugar residues and glycosylation patterns at the cellular and subcellular levels. The integration of enzyme-based detection systems, digital microscopy, and image analysis has further improved sensitivity, reproducibility, and interpretative accuracy. Applications of carbohydrate histochemistry over the past decade span a wide range of biomedical fields. In pathology, altered carbohydrate expression has been associated with tumor progression, malignancy grading, metastatic potential, and inflammatory responses, underscoring its diagnostic and prognostic significance. In metabolic, renal, neurological, and infectious diseases, carbohydrate histochemical techniques have provided valuable insights into tissue alterations and disease mechanisms. The review also highlights the continued relevance of these techniques in forensic investigations and experimental research. Despite these advances, challenges remain, including variability in staining protocols, limitations in quantitative assessment, and dependence on tissue preservation and processing methods. The last decade has witnessed sustained relevance and notable progress in carbohydrate histochemistry. Continued innovation and integration with modern analytical tools are expected to further enhance its contribution to histopathology, biomedical research, and diagnostic practice.
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INTRODUCTION
Background of the study
Histochemistry is described as histochemical staining of cells and tissues, it is a major tool applied in biological and medical investigations, both in basic research and in practical applications such as clinical diagnosis (Elsevier, 2014). Medical Histology is the microscopic study of tissues and organs through tissue processing; it engages in the visualization of tissue structure and characteristic changes the tissue may have. Histochemistry is utilized in medical diagnosis, scientific study, autopsy, and forensic investigation. Once the tissue sample has undergone fixation, processing, embedding, sectioning, and staining, it can undergo analysis through microscopy and the findings interpreted by a pathologist. The histological stains chosen for a given specimen depends on the investigational question at hand. There are four basic types of human tissue that can be stained and viewed using various histological techniques: Epithelium, connective tissue, muscle tissue, and nervous tissue. Though they have commonalities but look very distinct structurally after staining. Each stain exists to highlight an important feature or component within a tissue type (Gurina et al., 2023).
There are different types of Histochemical techniques which includes:  
General Staining Techniques: These involve the use of dyes that demonstrate the general morphology and distribution of tissue components. Examples include: Hematoxylin and Eosin (H&E): Hematoxylin stains nuclei blue, while eosin stains cytoplasm and extracellular matrix pink (Suvarna et al., 2018).
Enzyme Histochemistry: This technique identifies and localizes specific enzyme activities within tissues by using substrate reactions that yield insoluble, colored products. Examples include: Alkaline Phosphatase: Demonstrates osteoblastic activity in bone (Culling et al., 2014). 
Carbohydrate Histochemistry: These techniques localize glycogen, mucins, and other polysaccharides. Examples includes Periodic Acid-Schiff (PAS): Demonstrates glycogen, mucins, and basement membranes (Suvarna et al., 2018).
Protein and Amino Acid Histochemistry: Special stains are used to detect proteins and related compounds. Mercury Bromophenol Blue: Demonstrates general proteins. Ninhydrin-Schiff Reaction: Localizes free amino groups in tissues (Culling et al., 2014).
Lipid Histochemistry: Lipid components can be preserved and visualized in frozen sections. Sudan Black B and Oil Red O: Demonstrate neutral lipids and phospholipids (Bancroft & Gamble, 2019).
Nucleic Acid Histochemistry: These techniques identify DNA and RNA within cells.
In the course of this review carbohydrate histochemistry will be considered.
Carbohydrates 
Carbohydrates are one of the four major classes of biologically essential organic molecules in living organisms. They are the most abundant class of biomolecules in nature based on their mass (Mrittika et al., 2024). Historically, the term “carbohydrate” has been used to classify all compounds with the general formula Cn(H2O)n as the hydrates of carbon. Food carbohydrates include simple sugars, dextrins, starches, celluloses, hemicelluloses, pectins, and gums. They are an important source of energy or fiber in the diet. Carbohydrates may be used as sweeteners, thickeners, stabilizers, gelling agents, and fat replacers (Vickie et al., 2024). The digestive tract begins to break down carbohydrates into glucose, which is used for energy upon consumption. Extra glucose in the bloodstream is stored in the liver and muscle tissue until further energy is needed (Holesh et al., 2023).
Classification of Carbohydrates
Saccharides are the building block of carbohydrates. Carbohydrates can be classified into monosaccharides, disaccharides, oligosaccharides and polysaccharides according to the number of saccharide units they contain.
Monosaccharides: Monosaccharides are carbohydrates containing one saccharide unit that cannot be further hydrolyzed. The most common monosaccharides are glucose, fructose and galactose.
Disaccharides: Disaccharides are carbohydrates formed by two molecules of saccharide units through glycosidic bonds such as the N-glycosidic bond and the O-glycosidic bond. A disaccharide can be hydrolyzed to produce two identical or different monosaccharide molecules. The most common disaccharides are maltose, sucrose and lactose (Davidson, 2025)). 
Oligosaccharides are carbohydrates containing 3-10 saccharide units. They are often covalently bound to proteins or lipids in the form of glycoproteins or glycolipids. The main characteristics of oligosaccharides are difficult to be digested and absorbed by the gastrointestinal tract, low sweetness, low calories, and basically do not increase blood sugar levels or blood cholesterol levels. Raffinose and stachyose are common oligosaccharides.
Polysaccharides
Polysaccharides, also known as "glycans", are carbohydrates containing more than 10 saccharide units. Different polysaccharides differ in the recurring saccharide units, the length of the chains, the type of bonding units, and the branching degree. Depending on the type of saccharide units, they can be further classified into homopolysaccharides and heteropolysaccharides. Common polysaccharides are starch, glycogen and cellulose.
Structural Component: Carbohydrates contribute to the structure of cells and tissues since they can form glycolipids and glycoproteins. Glycolipids are structural components of cell membranes and the nervous system, while glycoproteins are raw materials for manufacturing antibodies and hormones (Keller, 2024). Polysaccharides provide mechanical support to cells in different organisms and they also help in energy storage (Singh, 2020).
Carbohydrate histochemistry refers to the specific application of histochemical staining techniques to detect, localize, and characterize these sugar-based compounds within tissues. The development of carbohydrate histochemical methods, particularly the Periodic Acid-Schiff (PAS) reaction, revolutionized histopathology by enabling the visualization of mucins, basement membranes, and storage forms like glycogen (Abdulrazaq et al., 2020). More recent advancements in lectin-based staining and combined histochemical techniques have deepened the understanding of cellular and subcellular glycosylation patterns, especially in cancer, neurodegenerative diseases, and infectious pathologies.
General Objective:
To review and synthesize research advancements in carbohydrate histochemistry over the past ten years, with the aim of evaluating methodological developments, applications in biomedical sciences, and their relevance in understanding normal and pathological tissue structures.
Specific objective
The specific objectives were to:
i. Analyze the histochemical techniques applied in the detection and localization of carbohydrates in tissues.
ii. To assess the contributions of carbohydrate histochemistry to pathology, diagnostics, and biomedical research in the last decade.
iii. To identify challenges and future directions for carbohydrate histochemistry research.
Justification of the Study
Carbohydrate histochemistry plays a crucial role in identifying, localizing, and characterizing glycoconjugates in tissues, which are essential in cellular communication, energy storage, and disease processes. Over the past decade, significant methodological advances—such as lectin histochemistry, enzyme-based detection, and digital imaging—have expanded its applications in both basic and clinical research. Despite these developments, there has been limited effort to comprehensively synthesize findings across this period, particularly in relation to their relevance for pathology, oncology, and biomedical sciences. A 10-year review is therefore justified to consolidate current knowledge, highlight methodological innovations, evaluate their diagnostic and research impact, and identify persisting challenges and prospects for future investigations.
Aim of the study
The aim of this review is to critically analyze and synthesize research progress in carbohydrate histochemistry over the last ten years, focusing on methodological advances, applications in biomedical and pathological contexts, and future directions for improving its relevance in research and diagnostics.
Materials and methods
This review paper was prepared using a structured literature review approach. Scholarly materials were sourced from databases including PubMed, Google Scholar, ScienceDirect, and Scopus. The search was restricted to peer-reviewed journal articles and academic books published between 2015 and 2025. Keywords such as "carbohydrate histochemistry," "PAS staining," "mucins," "glycoprotein detection," and "lectin histochemistry" were used in varying combinations. The inclusion criteria consisted of studies focusing on histological and histochemical techniques for detecting carbohydrate compounds, particularly in human and animal tissues. Studies using established and novel stains (e.g., PAS, Alcian Blue, High Iron Diamine, and Lectins) were analyzed. Methodological reliability, reproducibility of staining techniques, tissue-specific carbohydrate reactions, and disease correlation were also used in article selection. Laboratory protocols were compared based on conventional histochemical procedures used in histology laboratories, ensuring a focus on staining techniques that are both diagnostic and research-relevant.
Literature Review
Carbohydrate histochemistry is a specialized branch of histochemistry that focuses on the localization, visualization, and interpretation of carbohydrate structures within tissues. Since carbohydrates are integral to glycoconjugates such as glycoproteins, glycolipids, and proteoglycans, their tissue-level distribution provides vital insights into cellular physiology, pathology, and intercellular communication (Spicer et al., 1965). Early carbohydrate histochemical techniques, such as the Periodic Acid–Schiff (PAS) reaction and Alcian Blue staining, enabled pathologists to distinguish between neutral and acidic mucosubstances, laying the foundation for diagnostic histopathology. However, these classical stains were largely qualitative, offering only limited structural specificity (Kiernan, 2008).
Over the past decade, significant advances have transformed carbohydrate histochemistry into a multidisciplinary domain integrating lectin-based approaches, imaging mass spectrometry, proteomics, and computational analysis. These innovations have shifted the field from descriptive staining toward semi-quantitative and quantitative tissue glycomics, enabling the exploration of glycans as functional biomarkers in health and disease (Drake et al., 2018; Everest-Dass et al., 2016). The development of high-resolution imaging techniques has been especially impactful in oncology, where altered glycosylation patterns are hallmarks of tumor initiation, progression, and metastasis (Pinho & Reis, 2015). Furthermore, carbohydrate histochemistry is now being extended beyond oncology into neurodegeneration, immunopathology, and regenerative medicine, reflecting the central role of glycans in diverse biological processes.
Importantly, medical applications of carbohydrate histochemistry have expanded alongside these technical advances. Lectin histochemistry has proven valuable in identifying disease-specific glycan epitopes in cancers, inflammatory disorders, and infectious diseases (Hashim et al., 2017). Imaging mass spectrometry of glycans in formalin-fixed paraffin-embedded (FFPE) tissues has allowed retrospective biomarker studies across large patient cohorts, enabling correlations between glycosylation patterns and clinical outcomes (Everest-Dass et al., 2016). Recent years have also seen the emergence of spatial glycoproteomics and extracellular vesicle glycomics, bridging histochemistry with non-invasive biomarker discovery and personalized medicine (Malaker et al., 2022; Islam et al., 2023).
This review therefore traces the evolution of carbohydrate histochemistry between 2015 and 2024, highlighting the major technical and methodological milestones that have shaped the discipline. Each year is examined through representative studies that illustrate both the scientific advances and their medical applications. By documenting this progression, the review emphasizes how carbohydrate histochemistry has moved from being a descriptive diagnostic adjunct to becoming an integrative, translational platform at the intersection of pathology, glycobiology, and clinical medicine.
In 2015, there was a Move beyond classical stains which has been in use, validating lectin specificity in tissue. Early in this decade investigators emphasized improving interpretation of classical histochemical approaches (PAS, Alcian Blue) by validating lectin binding in situ using defined carbohydrate inhibitors and synthetic glycoclusters. This helped separate genuine glycan signals from nonspecific interactions that can mislead diagnoses and biomarker work (Epub 2015; André et al., 2016). By confirming lectin specificity in tissue context, pathologists could use lectin histochemistry to identify disease-associated glycans (for example, mucin alterations in GI and breast lesions), increasing reliability for preliminary diagnostic screens and for prioritizing targets for downstream glycomics (André et al., 2016).
 In 2016, there was a migration to Routine FFPE tissue glycan imaging: N-glycan MALDI-MSI workflows. A pivotal advance was adapting MALDI imaging mass spectrometry (MALDI-MSI) to FFPE (archival) specimens with on-tissue PNGaseF release of N-glycans, enabling spatial glycan mapping across tumor regions in standard clinical samples (Everest-Dass et al., 2016). This technique allowed retrospective, large-cohort glycomic studies using existing pathology archives (e.g., ovarian cancer cohorts), enabling discovery of glycan signatures correlated with histologic subtype and outcome — a practical route toward prognostic biomarkers derived directly from routine diagnostic material (Everest-Dass et al., 2016).
By 2017, Lectin histochemistry scaled to biomarker screens and tissue microarrays. Researchers systematized lectin histochemistry across tissue microarrays and large sample sets to screen tumor-associated glycan changes.  Lectin panels on TMAs became a practical front-line screen to flag samples with altered glycosylation (e.g., increased fucosylation or altered sialylation) for follow-up with mass spectrometry or immunoassays — accelerating biomarker pipelines for cancers and some inflammatory disorders (Hashim et al., 2017).
During the year 2018, there were robust protocols and practical guides for in-situ N-glycan imaging. Methodology papers consolidated practical workflows for in situ N-glycan MALDI-MS imaging (fresh and FFPE tissues), describing antigen retrieval, on-tissue enzymatic release, matrix choice, and co-registration with histology (Drake et al., 2018). Publishing robust, reproducible protocols made it feasible for clinical research labs to adopt spatial glycomics for tumor mapping, neurodegenerative lesion analysis, and biomarker discovery — narrowing the gap between specialized glycomics labs and pathology departments (Drake et al., 2018).
2019, Targeted glycoproteins localization: antibody/antigen guidance + high-resolution MSI Antibody-guided or multimodal approaches began linking N-glycan signals to specific protein carriers (antibody panel-based capture and MALDI-FT-ICR imaging) and increasing both specificity and biological interpretability of tissue glycomic maps (Black et al., 2019). Being able to localize glycoforms of particular proteins (for instance, a sialylated glycoform of a receptor concentrated at invasive tumor edges) increased the translational value of glycomic data for diagnostics and for selecting glyco-targeted therapeutics or companion diagnostics (Black et al., 2019).
2020 — Sensitivity leaps (MALDI-2) and feasibility for small clinical samples. The development and application of MALDI-2 (laser post-ionization) produced orders-of-magnitude sensitivity gains for N-glycan detection in tissues, enabling reliable profiling from small biopsies and low-abundance glycans (Heijs et al., 2020). Increased sensitivity made glycan imaging feasible on needle biopsies and small surgical specimens, improving early-diagnosis biomarker discovery and enabling analyses where sample amounts are limited (Heijs et al., 2020).
 In 2021, Spatial glycomics integrated into disease cohort studies. Spatial glycan imaging matured into cohort-level disease studies, including work mapping dozens of N-glycans across cases of pancreatic disease and brain tissues; methods and applications reviews highlighted how glycan heterogeneity maps to pathological features (McDowell et al., 2021; Hasan et al., 2021). Cohort studies tied specific glycan patterns to clinical phenotypes (e.g., aggressive tumor microenvironments, necrotic regions), strengthening evidence for glycan-based prognostic signatures and informing targeted therapies that modulate glycosylation or exploit glycan-specific immune responses (McDowell et al., 2021).
By 2022 — Spatially resolved glycoproteomics: linking glycans to protein carriers. On-tissue spatial glycoproteomics combined MALDI N-glycan imaging with microdissection and downstream proteomics to identify which proteins carry the glycans visualized in situ (Malaker et al., 2022). This advancement allowed direct assignment of disease-associated glycan changes to specific glycoproteins (e.g., ECM proteins, receptors), a critical step for developing targeted diagnostics and therapeutic antibodies that recognize disease-relevant glycoforms rather than unglycosylated epitopes (Malaker et al., 2022).
 During 2023, Protocol optimization for fresh-frozen tissue and liquid-biopsy glycan approached. Optimized MALDI-MSI protocols for fresh-frozen tissue substantially improved sensitivity and reduced delocalization, while lectin-based strategies for extracellular vesicle (EV) glycosylation matured as a noninvasive biomarker approach (Grgić et al., 2023; Islam et al., 2023). Fresh-frozen optimized workflows supported higher-resolution intraoperative and research applications; EV glyco-profiling opened avenues for liquid biopsies (blood/urine) that read tumor-specific glycosylation without tissue sampling (Grgić et al., 2023; Islam et al., 2023).
 In 2024, Near-cellular sensitivity, sialic-acid stabilization, and engineered lectins for translational use. Work in 2024 pushed toward near-cellular spatial glycomics with improved stabilization of labile sialic acids and engineered lectins (or recombinant lectin probes) for higher specificity (Cumin et al., 2024; Brooks, 2024). These advances improve reliability and reproducibility of glycan maps in clinical samples and provide calibrated probes and atlases needed for clinical translation (standardized diagnostics), thus accelerating the development of regulated glyco-diagnostic assays and potential companion tests for glyco-targeted therapies (Cumin et al., 2024; Brooks, 2024).
Across 2015–2024 carbohydrate histochemistry progressed from qualitative tissue stains and single-lectin observations to robust, spatially resolved, semi-quantitative glycomics integrated with proteomics and translational workflows. Key clinical outcomes includes: (1) retrospective biomarker discovery from archives (FFPE), (2) small-sample and intraoperative feasibility (MALDI-2; fresh-frozen protocols), (3) direct assignment of glycans to protein carriers (spatial glycoproteomics), and (4) emerging noninvasive glycan biomarkers (EV glycoprofiling). These developments make carbohydrate histochemistry increasingly actionable for diagnostics, prognostics, and therapeutic target identification.
Results
2015 – Validation of lectin specificity with carbohydrate inhibitors and synthetic glycoclusters Improved reliability of lectin histochemistry for detecting disease-associated glycans (e.g., mucin changes in GI and breast lesions) (André et al., 2016)
2016 – MALDI-MSI adapted to FFPE specimens with on-tissue PNGaseF	Enabled retrospective glycomic profiling in archival samples (e.g., ovarian cancer cohorts)	Everest-Dass et al., 2016
2017 – Lectin histochemistry scaled to tissue microarrays Facilitated high-throughput biomarker screening for cancer and inflammation (Hashim et al., 2017)
2018 – Standardized protocols for in situ N-glycan imaging Improved reproducibility; adoption in clinical labs for tumor and neurodegenerative mapping (Drake et al., 2018)
2019 – Antibody-guided glycan imaging and multimodal MALDI-FT-ICR	Linked glycans to specific proteins; improved biological interpretability (Black et al., 2019)
2020 – MALDI-2 laser post-ionization enhanced sensitivity Enabled glycan imaging in small biopsies, supporting early diagnosis (Heijs et al., 2020)
2021 – Cohort-level spatial glycomics applied to pancreatic and brain diseases Identified prognostic glycan signatures linked to clinical phenotypes (McDowell et al., 2021; Hasan et al., 2021)
2022 – On-tissue spatial glycoproteomics Mapped glycans to protein carriers; advanced translational biomarker discovery (Malaker et al., 2022)
2023 – Optimized fresh-frozen tissue MSI; extracellular vesicle glycomics	Supported intraoperative tissue analysis and liquid-biopsy biomarker discovery Grgić et al., 2023; Islam et al., 2023
2024 – Near-cellular glycan resolution, sialic acid stabilization, engineered lectins	Brought histochemistry closer to precision diagnostics and therapeutic development [Recent advances, 2024]
Table 1-Ten-Year Review on Carbohydrate Histochemistry
	Year
	Key Advancement
	Impact/Outcome
	Reference

	2015
	Validation of lectin specificity with carbohydrate inhibitors and synthetic glycoclusters
	Improved reliability of lectin histochemistry for detecting disease-associated glycans (e.g., mucin changes in GI and breast lesions)
	André et al., 2016

	2016
	MALDI-MSI adapted to FFPE specimens with on-tissue PNGaseF
	Enabled retrospective glycomic profiling in archival samples (e.g., ovarian cancer cohorts)
	Everest-Dass et al., 2016

	2017
	Lectin histochemistry scaled to tissue microarrays
	Facilitated high-throughput biomarker screening for cancer and inflammation
	Hashim et al., 2017

	2018
	Standardized protocols for in situ N-glycan imaging
	Improved reproducibility; adoption in clinical labs for tumor and neurodegenerative mapping
	Drake et al., 2018

	2019
	Antibody-guided glycan imaging and multimodal MALDI-FT-ICR
	Linked glycans to specific proteins; improved biological interpretability
	Black et al., 2019

	2020
	MALDI-2 laser post-ionization enhanced sensitivity
	Enabled glycan imaging in small biopsies, supporting early diagnosis
	Heijs et al., 2020

	2021
	Cohort-level spatial glycomics applied to pancreatic and brain diseases
	Identified prognostic glycan signatures linked to clinical phenotypes
	McDowell et al., 2021; Hasan et al., 2021

	2022
	On-tissue spatial glycoproteomics
	Mapped glycans to protein carriers; advanced translational biomarker discovery
	Malaker et al., 2022

	2023
	Optimized fresh-frozen tissue MSI; extracellular vesicle glycomics
	Supported intraoperative tissue analysis and liquid-biopsy biomarker discovery
	Grgić et al., 2023; Islam et al., 2023

	2024
	Near-cellular glycan resolution, sialic acid stabilization, engineered lectins
	Brought histochemistry closer to precision diagnostics and therapeutic development
	Recent advances, 2024



Discussion
Over the past decade (2015–2024), carbohydrate histochemistry evolved from improving classical lectin specificity toward integrative, translational workflows combining histochemistry, glycomics, and proteomics.
Early years (2015–2017): Work focused on building confidence in lectin histochemistry by validating specificity (André et al., 2016), adapting MALDI-MSI to archival FFPE specimens (Everest-Dass et al., 2016), and scaling lectin panels to tissue microarrays for biomarker discovery (Hashim et al., 2017). These advances ensured that carbohydrate signals could be interpreted reliably and screened at scale.
Middle years (2018–2020): The field shifted toward protocol consolidation and sensitivity breakthroughs. Standardized MSI workflows (Drake et al., 2018) lowered barriers for clinical adoption, while antibody-guided multimodal imaging (Black et al., 2019) connected glycans to biological function. The advent of MALDI-2 (Heijs et al., 2020) allowed histochemical glycan imaging on minimal tissue material, making early diagnostics and biopsy-based glycomics more feasible.
Later years (2021–2024): The emphasis turned toward clinical translation and precision medicine. Cohort-level spatial glycomics (McDowell et al., 2021; Hasan et al., 2021) tied glycan patterns to prognosis. On-tissue spatial glycoproteomics (Malaker et al., 2022) allowed disease-specific glycans to be traced back to their protein carriers, bridging histochemistry with therapeutic targeting. By 2023–2024, innovations such as optimized fresh-frozen MSI and extracellular vesicle glycomics (Grgić et al., 2023; Islam et al., 2023) expanded diagnostic applications beyond tissues to minimally invasive samples, while engineered lectins and near-cellular resolution imaging pushed the field into the realm of next-generation diagnostic pathology.
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