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Abstract

Hydroxypropyl cellulose (HPC) is a versatile cellulose ether with two standardized forms:
highly substituted (H-HPC), which is water-soluble and thermoresponsive, and low-
substituted (L-HPC), which is insoluble but swellable. This systematic review with biblio-
metric analysis aimed to map the global HPC research landscape (2005-2024), focusing
on publication trends, research impact, and thematic directions. Original research articles
and conference proceedings indexed in Scopus were included, while reviews and non-
research items were excluded. The database was searched on 7 July 2025 using predefined
strategies and analyzed using Excel for descriptive statistics and VOSviewer for network
visualization. Risk of bias assessment was not applicable; data accuracy was ensured
through duplicate removal and the use of standardized bibliometric indicators. A total
of 1273 H-HPC and 92 L-HPC publications were analyzed. H-HPC research dominates
multidisciplinary applications in drug delivery, 3D printing, thermochromic, and energy
materials, whereas L-HPC remains focused on pharmaceutical disintegration and binding.
Nevertheless, the field is constrained by reliance on commercial grades and a narrow appli-
cation focus, leaving broader material innovations underexplored. HPC is positioned as a
strategic polysaccharide derivative with expanding translational potential. Future studies
should emphasize greener synthesis, advanced functionalization, and industrial scale-up.
Funding: Supported by BRIN. Systematic review registration: INPLASY202590019.

Keywords: hydroxypropyl cellulose; bibliometric analysis; systematic review; drug
delivery; thermochromic; hydrogels
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1. Introduction

The growing global emphasis on renewable and environmentally responsible materials
has intensified interest in bio-based polymers, with cellulose and its derivatives emerging
as promising candidates for sustainable applications in various fields. Cellulose-derived
materials serve as the foundation for a wide range of industrially significant products,
including membranes, hydrogels, nanocellulose, and modified cellulose [1]. As a ubiquitous
polysaccharide and fundamental structural component of plant cell walls, cellulose can be
obtained from various sources, such as annual plants, seaweed, bacteria, and agricultural,
food, and industrial residues containing 20-42% cellulose [2]. It has long been valued for its
renewability, biodegradability, and non-toxicity. As a major component of lignocellulosic
biomass, cellulose offers a sustainable and biodegradable solution for numerous industrial
applications [3]. Structurally, cellulose is a linear homopolysaccharide of 3 (1—4)-linked D-
anhydroglucopyranose units, exhibiting a cellobiose repeat in which each glucose residue
carries one primary and two secondary hydroxyl groups [4].

Cellulose exhibits strong interactions with water because the numerous hydroxyl
groups along its molecular chain, leading to swelling and dispersion. However, its notable
insolubility in both water and other solvents is primarily due to the extensive hydrogen
bonding in the crystalline and amorphous regions [5]. To overcome these constraints,
chemical modification has been widely adopted to enhance the solubility, thermal pro-
cessability, and functionality of these materials, thereby expanding their applicability in
pharmaceuticals, food technology, and materials science. Common modification routes in-
clude esterification, etherification, grafting, sulfation, amination, hemiacetylation, silylation,
and carbanilation [6]. Etherification produces cellulose ethers, which introduce additional
functional groups, such as carbonyl groups, and are widely used as controlled-release
matrices, stabilizers, thickeners, encapsulants, packaging films, and crosslinkers [7].

In this context, hydroxypropyl cellulose (HPC) is a versatile cellulose ether produced
by etherification. It is synthesized by reacting cellulose with propylene oxide, introducing
hydroxypropyl substituents along the cellulose backbone (Figure 1). Specifically, HPC
synthesis involves the activation of the 2-, 3-, and 6-hydroxyl sites of cellulose through alkali
cellulose formation to enhance nucleophilicity, followed by a bimolecular nucleophilic
substitution with propylene oxide [8].

_+_ : ; Alkaline

condition

Propylene Oxide

Cellulose

Hydroxypropyl Cellulose

Figure 1. Process scheme of hydroxypropyl cellulose synthesis.

Two industrially standardized forms of HPC are recognized: highly substituted hy-
droxypropyl cellulose (H-HPC) and low-substituted hydroxypropyl cellulose (L-HPC).
H-HPC is a nonionic, water-soluble, and thermoresponsive polymer that primarily func-
tions as a film- or fiber-forming matrix polymer, whereas L-HPC is water-insoluble yet
highly swellable and is mainly employed as a tablet disintegrant and binder. Commercial
HPCs are typically characterized based on their average molecular weight (MW), hydrox-
ypropoxy content, particle size, and viscosity; however, these parameters do not account
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for possible sample variations [9]. The distinction between H-HPC and L-HPC according
to the pharmacopeial standards and typical commercial properties is presented in Table 1.

Table 1. The distinguished properties of H-HPC and L-HPC.

Properties Test Conditions H-HPC * L-HPC *
Hydroxypropoxy groups (%) 53.4-80.5 5-16
Bulk density (g/cm?) ~5 0.21-0.48 **
pH 5-8 5-7.5
Moisture content (%) <5 <6
Particle size (um) Regular grind 350-840 -
Particle size (um) Fine grind 45-250 40-200
Molecular weight (MW) 40,000-1,150,000 30,000-150,000 ***
Dynamic Viscosity (mPa.s) 2% of aqueous solution at 20 °C 2-4000 ** -
Dynamic Viscosity (mPa.s) 2% of aqueous solution at 25 °C 150-6500 ** -
Solubility in water Below 38 °C/40-45 °C Soluble/Insoluble Insoluble
Solubility in organic solvents ~ Hot/cold polar organic solvents Soluble Insoluble

* Commercial property ranges were computed by pooling specification values for H-HPC and L-HPC reported
in [10] and harmonized to common test conditions; values were summarized as min—-max. ** Single-source
specification; included for completeness; not pooled; no endorsement implied. *** Applicant-reported value
(regulatory submission) cited secondarily by [11]; method and average type not disclosed; not pooled; no
endorsement implied.

HPC is distinguished among cellulose ethers by its excellent surface characteristics
and remarkable film-forming ability, being widely employed as a binder in pharmaceutical
tablets, a matrix in ophthalmic inserts, a functional coating in smart windows, and an
emulsifier or stabilizer in food formulations [9]. Beyond these conventional roles, recent
studies have emphasized the versatility of HPC in broader applications (Table 2).

Table 2. The diverse applications of HPC.

No. HPC Type Applications Key Findings Reference
Oxidized HPC obtained via Dess-Martin oxidation
1 H-HPC Hydrogel for exhibited low cytotoxicity and proved suitable for [12]
wound dressing a wound dressing hydrogel cross-linked with
a-poly-L-lysine
HPC was cross-linked with acryloyl
5 H-HPC Direct-ink-writing  chloride to yield photonic hydroxypropyl cellulose [13]
(DIW) 3D printing  acrylate (HPCA), enabling photonic crystal inks for
color structure 3D printing
HPC hydrogel radiative cooler exhibited high
Hydrogel for emissivity, strong light modulation, and surface
3 H-HPC I . . . . [14]
radiative cooling  temperature reduction for energy-saving window
and building applications
HPC acted as a surface modifier for Boron Nitride
4 H-HPC Surface Nanosheets, enabling carbonized nanosheets with [15]
modification stable dispersion and improved lubricant additive
performance.
Tablet L-HPC particle size and hydroxypropyl content
5 L-HPC . . significantly influence tablet disintegration [16]
disintegration o . .
behavior in formulation design
Tablet L-HPC in lactose/MCC co-processed excipients
6 L-HPC L. . enabled Orally Disintegrating Tablets (ODTs) with [17]
disintegration

<25 s disintegration and faster drug absorption.
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Despite its well-established physicochemical advantages and diverse application port-
folio, the scholarly landscape of HPC has grown rapidly and heterogeneously over the past
two decades, encompassing drug delivery, smart materials, and tissue engineering. While
these contributions have advanced domain-specific knowledge, they do not capture the
broader evolution of the field or its intellectual structure. Moreover, a cohesive, quantitative
overview of this growing literature remains lacking, as individual studies typically focus
narrowly on specific applications or properties, leaving broader trends, key contributors,
and emerging research clusters unconsidered in the literature. The research landscape
remains largely dependent on commercially available HPC grades, with limited explo-
ration of greener synthesis approaches, functionalization strategies, and industrial-scale
translation of these methods. These gaps underscore the need for a systematic evaluation
that moves beyond fragmented case studies to provide a holistic understanding of the
evolution and translational potential of HPC research.

Recent bibliometric reviews have examined specialized areas such as bacterial cellulose
for sustainable packaging [18], antifouling cellulose coatings [19], nanocellulose-reinforced
starch films [20], and cellulose-based agents for flocculation and coagulation in wastewater
treatment [21], underscoring the role of cellulose in biodegradable materials and environ-
mental sustainability. However, none have focused specifically on HPC research, and no
systematic or bibliometric review has yet synthesized its global research landscape, leaving
the substitution-dependent behavior, thematic evolution, and translational potential of this
field unexplored. Therefore, the present study provides the first derivative-specific biblio-
metric assessment of HPC, comparing its highly substituted (H-HPC) and low-substituted
(L-HPC) forms to reveal distinct research trajectories, thematic shifts, and application trends
that are not captured in broader cellulose analyses.

The novelty of this study lies in presenting the first bibliometric analysis of two decades
(2005-2024) of global HPC research that simultaneously examines high-substituted (H-
HPC) and low-substituted (L-HPC). By systematically analyzing publication and citation
trajectories, key contributors, collaborative networks, and thematic clusters, this review
provides an integrated understanding that has not been available in the earlier literature
to date.

Looking forward, HPC is anticipated to serve as a strategic biopolymer with expanding
translational potential in various fields. Greener synthesis routes, advanced functionaliza-
tion strategies, and scalable industrial processes are expected to be critical for extending
its applications beyond pharmaceuticals into smart materials, sustainable energy devices,
and biomedical technologies. In particular, the potential of L-HPC to move beyond its
traditional role as a disintegrant toward broader cross-disciplinary innovation has been
increasingly recognized.

Accordingly, this study adopts a bibliometric approach to evaluate the global HPC
research landscape. Bibliometric analysis enables the organization of large volumes of
unstructured data, thereby enabling scholars to identify knowledge gaps, generate novel
research directions, and strategically position their contributions in the broader scien-
tific landscape [22]. Scopus was chosen as the main database for this research because
of its extensive range and capability to export metadata and publication records across
disciplines [23]. VOSviewer was selected for this bibliometric analysis because of its user-
friendly interface, accessibility as open-source software, and demonstrated effectiveness,
particularly with medium to large datasets, making it a robust and reliable tool for science
mapping [24]. In addition, this software can create network maps using bibliometric data,
including bibliographic coupling, citation, co-authorship, and co-citation [25]. By charting
these patterns, this study illuminates the intellectual structure and collaborative networks



Polysaccharides 2025, 6, 104

5of 39

underpinning HPC research and pinpoints underserved niches and methodological inno-
vations to guide future research and industrial applications.

The objective of this review is to provide a comprehensive bibliometric analysis of
HPC research between 2005 and 2024, integrating both H-HPC and L-HPC. Specifically,
it aims to map global publication and citation trends, identify leading contributors and
collaboration networks, reveal thematic clusters and emerging application domains, and
highlight translational opportunities and research gaps to guide future scientific and
industrial advancement.

2. Bibliometric Analysis Methods

This study adopted a bibliometric analysis methodology to systematically evaluate
global research output related to HPC, including H-HPC and L-HPC. Bibliometric analysis
is a quantitative approach that applies statistical and mathematical techniques to examine
the structure, dynamics, and development of the scientific literature. Through the use of
descriptive indicators, such as publication counts and growth trends, as well as relational
techniques, including co-authorship, co-citation, and keyword co-occurrence networks, this
method enables the identification of research patterns, influential contributors, collaboration
structures, and emerging thematic areas. The aim was to provide a comprehensive, data-
driven overview of the evolutionary trajectory of HPC research grounded in objective
bibliometric indicators.

2.1. Data Source and Retrieval Strategy

Bibliometric data were retrieved from the Scopus database, covering publications
from 2005 to 2024. The Scopus database was systematically searched on 7 July 2025,
using predefined keywords. The screening and reporting of this bibliometric review fol-
lowed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
2020 guidelines [26], as illustrated in Figure 2. A completed PRISMA checklist is provided
in the Supplementary Materials (Table S1) to ensure the transparency and reproducibility
of the study.

First, data were collected from the Scopus database, covering publications from 2005 to
2024, with the search restricted to article titles, abstracts, and keywords. The dataset was di-
vided into two categories based on the keyword strategies: one targeting the H-HPC group
and the other targeting the L-HPC group. For H-HPC, search strings included “HPC,” and
“hydroxypropyl cellulose” or “hydroxypropylcellulose” while explicitly excluding terms
related to low substitution. For L-HPC, combinations of “L-HPC” and “low-substituted hy-
droxypropyl cellulose,” or “low-substituted hydroxypropylcellulose,” or “low-substituted
hydroxypropyl cellulose,” or “low-substituted hydroxypropylcellulose,” were applied.

Following keyword-based retrieval, only research articles and conference proceedings
explicitly addressed HPC research. From this, the resulting data found 1281 publications
(1201 research articles and 80 conference proceedings) for H-HPC and 92 research articles for
L-HPC. Data screening was performed using Microsoft Excel to eliminate duplicate entries.
This step refined the datasets, yielding 1273 publications for H-HPC (1197 research articles
and 76 conference proceedings) and 92 research articles for L-HPC. Furthermore, abstract
and/or full-text assessments were employed as secondary screening, and no excluded
publications were found in either the H-HPC or L-HPC groups. Subsequently, bibliometric
analysis was performed using Microsoft Excel for statistical assessment and VOSviewer for
visualizing collaboration networks, co-citation patterns, and keyword co-occurrences.

All compatible results for each predefined outcome domain were included in this study.
Specifically, bibliometric indicators (publication counts, annual growth rates, citation tra-
jectories, geographic distributions, co-authorship, co-citation, bibliographic coupling, and
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keyword co-occurrence networks) were extracted from the final dataset of 1273 publications
for H-HPC and 92 publications for L-HPC, obtained after screening, and were analyzed
without selective exclusion. In addition, other variables, such as top authors, journals,
institutions, and countries, were collected from Scopus metadata to characterize the re-
search landscape. Funding information was recorded when it was available in the database.
When metadata fields were missing or unclear, they were treated as ‘not reported,” and
no assumptions were made beyond the information available. As this was a bibliometric
review, no formal risk-of-bias tool was applied.

Article data collection for H-HPC Article data collection for L-HPC
Database: Scopus Database: Scopus
Publication year: 2005-2024 Publication year: 2005-2024
Search setting: Article Title, Abstract, Keywords Search setting: Article Title, Abstract, Keywords
Z
g ! v
=
5 Keywords search H-HPC: Keywords search L-HPC:
= "hydroxypropyl cellulose” OR "hydroxypropylcellulose” "low-substituted hydroxypropyl cellulose” OR “ "low-substituted
E AND "HPC" AND NOT "low-substituted" OR "L-HPC" hydroxypropylcellulose” AND "L-HPC" OR “low substituted
E ‘ hydroxypropyl cellulose” OR low substituted hydroxypropylcellulose
=
Results: 1281 publications
e Rt 92 pulcatons
12 — Research articles: 92
A \ 4
Data screening: ‘ Data s‘cre.ening: )
Microsoft Excel: Finding duplicate data Microsoft Excel: Finding duplicate data
Duplicate title screening Duplicate title screening
ol Duplicate removed: 8 publications Duplicate removed: 0 publications
g Research articles removed: 4
% v Conference proceedings removed: 4 A 4
Z Results: 1273 publications Results: 92 publications
5] Research articles: 1197 92 research articles
6 Conference proceedings: 76
I5)
A Eligible: abstract and/or full text assessment
Eligible: abstract and/or full text assessment Exclude: No L-HPC main role in study
Exclude: No H-HPC main role in study
Abstract and/or full text assesment
| Abstract and/or full text assesment Exclude: 0 publication
Exclude: 0 publication
v \ 4
Results included in review : 1273 publications (Results included in review': 92 publications
Research articles: 1197 92 research articles
Conference proceedings: 76
a l
@
a
= —— = =
o Bibliometric analysis
Z Statistical analysis: Microsoft Excel
Visualization: VOSviewer
A\ 4
(Results and Discussion)

Figure 2. PRISMA flow diagram of the HPC bibliometric analysis process.

Potential bias was minimized through duplicate removal and the use of standardized
bibliometric indicators without reviewer-level or automation-based bias assessment. Be-
cause the data source was limited to the Scopus database, potential reporting bias due to
non-indexed or unpublished studies could not be excluded from the analysis. Although
database selectivity can lead to coverage biases, Scopus operates documented and ongoing
quality assurance and re-evaluation processes that help ensure metadata reliability and ex-
clude poor-quality journals. It was selected as a transparent, curated database overseen by
the Scopus Content Selection and Advisory Board (CSAB) and designed to cover multiple
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disciplines and document types, including conference proceedings [27]. The study also
implied that its publicly documented selection criteria (peer review, timely publication,
editorial standards, and citation impact) provide a stable multidisciplinary sampling frame
appropriate for reproducible bibliometric mapping.

Finally, the results and discussion stage synthesized the analytical outputs, pre-
senting insights into research trends, thematic developments, and future directions in
HPC-related studies.

2.2. Limitation and Reproducibility

This bibliometric mapping was conducted exclusively using Scopus, a curated
database whose selection is overseen by the CSAB and maintained through ongoing quality
control, such as DOI/Crossref reconciliation, duplicate removal, and title re-evaluation.
Although this approach affords a transparent, multidisciplinary sampling frame, database
selectivity implies that non-indexed or unpublished studies may be underrepresented, and
landscapes derived from other databases, such as the Web of Science Core Collection and
PubMed /MEDLINE, may differ in absolute counts and network structures. To preserve
internal consistency and avoid cross-database heterogeneity in coverage and metadata, a
single-database design was adopted; accordingly, the findings were interpreted as com-
parative patterns in the Scopus-indexed literature. The search logic and inclusion criteria
were specified to support reproducibility, and independent replication using alternative
databases was encouraged. The convergence of results across databases would provide
additional evidence for the robustness of the reported trends, whereas multi-database
harmonization lies beyond the scope of this study.

2.3. Analytical Framework and Tools

Standardized bibliometric indicators were used to ensure the robustness and repro-
ducibility of the analysis. The descriptive indicators included publication counts, annual
growth rates, citation trajectories, and geographic distributions. Relational indicators en-
compassed co-authorship, co-citation, bibliographic coupling, and keyword co-occurrence
networks, generated using VOSviewer. These indicators are widely recognized in bib-
liometric studies for objectively mapping research trends, intellectual structures, and
collaboration networks [22].

Bibliometric analysis was conducted using VOSviewer and Microsoft Excel, which
were selected for their complementary capabilities in quantitative analysis and network vi-
sualization. VOSviewer software version 1.6.20 (Centre for Science and Technology Studies,
Leiden University, Leiden, The Netherlands) was used to construct and visualize biblio-
metric maps, including co-authorship, co-citation, and keyword co-occurrence networks.
The software applies a spatial visualization technique that enables the identification of
clusters, link strengths, and thematic relationships among items (e.g., authors, institutions,
and keywords). Its clustering algorithm and graphical interface facilitate the intuitive
exploration of the intellectual and conceptual structures of research fields. In VOSviewer,
larger nodes indicate greater importance, links represent co-occurrence or collaboration
between items, thicker lines show stronger connections, shorter distances reflect closer
relationships, and colors denote clusters of items with a shared research affinity [28].

Microsoft Excel was employed for descriptive statistical analyses, including the calcu-
lation of annual publication trends, growth rates, citation patterns, authorship dominance
factors, and geographic distributions. It was also used for preliminary data cleaning, aggre-
gation, and tabulation of bibliometric indicators, such as top authors, journals, institutions,
and countries. The integration of VOSviewer and Microsoft Excel provides a robust an-
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alytical framework for quantitatively mapping the evolutionary patterns and thematic
developments in HPC research.

Although no statistical heterogeneity analysis was applicable, sources of variation
were explored through subgroup bibliometric analyses, including comparisons by HPC
type (H-HPC vs. L-HPC), publication year, citation trends, research domain, and geo-
graphic distribution of the publication. No formal sensitivity analyses were performed
because the synthesis was of a bibliometric nature. Robustness was supported by the
consistent application of inclusion criteria, duplicate removal, and reliance on standardized
bibliometric indicators. The confidence in the findings was supported by standardized
bibliometric indicators, validated software (VOSviewer), and consistent analytical methods.
Outcomes were summarized using bibliometric statistics and presented in structured tables
and figures. Effect estimates or confidence intervals were not applicable to this study.

2.4. Protocol Registration

This bibliometric review was prospectively registered with the International Platform
of Registered Systematic Review and Meta-analysis Protocols (INPLASY) under the regis-
tration number INPLASY202590019. The protocol is available on the INPLASY platform.
The registration was conducted in accordance with PRISMA guidelines to ensure trans-
parency and methodological rigor. The record documents the search strategy, eligibility
criteria, data extraction process, and planned analytical framework prior to conducting
the review.

3. Scientific Output and Research Impact
3.1. Publication Output and Dominance Research Area

The publication trends in highly substituted hydroxypropyl cellulose (H-HPC) and
low-substituted hydroxypropyl cellulose (L-HPC) from 2005 to 2024 reveal a steady and
consistent increase in research activity (Figure 3). H-HPC demonstrates a dominant tra-
jectory, with annual publications rising from fewer than 50 in the mid-2000s to 87 in 2024,
reflecting an average annual output of 63.65 publications. In contrast, L-HPC shows a
much smaller but stable contribution, averaging five publications annually over the ob-
served period. Although the overall contribution of L-HPC is marginal compared to that of
H-HPC, its presence indicates sustained yet niche research interest in this area. The limited
publication output and pharmaceutical focus of L-HPC research may stem from its intrinsic
insolubility, which restricts broader materials experimentation, combined with the commer-
cial dominance of a few pharmacopeial grades that channel most formulation optimization
into proprietary industrial development rather than open academic studies. Collectively,
the total publication output reflected a continuous upward trend, particularly after 2010,
highlighting the growing significance of HPC-related research in scientific literature.

The compound annual growth rate (CAGR) was used to formalize the comparative
analysis of the growth dynamics in HPC research. The CAGR represents the constant
annualized rate that reproduces the observed change over a specified period. The CAGRs
in Figure 3 contextualize the stabilization of publication growth, wherein output levels
continue to rise, while the growth rate decelerates. For H-HPC, the CAGR declines from
an initially elevated value and stabilizes in the single-digit range from the mid-2010s,
consistent with a transition from early expansion to smaller year-over-year increments
(from 50 papers in 2005 to 87 in 2024). L-HPC exhibits greater volatility around zero because
of its small baseline (five papers per year), intermittent upticks are not persistent, and by
the end of the period, the CAGR remains below that of H-HPC.

This deceleration likely reflects the normalization of base effects as the denominator
expands, maturation of core topics (from exploratory surges to incremental optimization),
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and diffusion across multiple niche applications that add breadth without recurrent spikes.
The pharmaceutical scope of L-HPC and the availability of established alternative excipients
further limit sustained compound growth. Minor indexing lags in the terminal year may
slightly depress the tail, but do not alter its overall pattern.

100 120

90
100
80
70
80

60

50 60

CAGR (%)

40

Publication Count

40
30

20
20

10 T — N
1 h I =
o « 0K I I s 0
%, 4, 4, 4, 4, 0, 0, 0, 0, 0, 0, 0, O, 0, 0, O 0> 0. 0 G
D % D T e T e G e s e D T e T T, R R

Publication Year

== H-HPC s L-HPC  ====CAGR H-HPC  ====CAGR L-HPC

Figure 3. Growth dynamics of H-HPC and L-HPC research publications (2005-2024).

During the identified peak years, the dominance of research areas in H-HPC showed
notable shifts (Table 3). In 2006, materials and chemistry both led with equal shares
of 20.9%, while pharmaceutics made a strong contribution (16.4%). Moreover, H-HPC
research in chemistry focuses on cellulose derivatization, colloid-driven self-assembly, and
thermoresponsive phase behavior, which define the molecular design rules. In parallel,
materials studies have translated these rules into functional outcomes, most notably in
cholesteric optical films, templated inorganic nanostructures, and smart gels, marking a
pivot toward H-HPC as a platform for responsive photonic materials.

Table 3. Dominant research area of H-HPC during the peak publication years.

Dominant Research Area (%)

Publication Year

Materials Chemistry Pharmaceutics Engineering
2006 20.9 20.9 16.4 7.3
2011 20.6 14.3 21.4 11.1
2015 21.7 23.9 16.7 5.8
2020 21.7 16.4 211 59
2024 24.2 16.3 7.9 12.1

By 2011, pharmaceutics had become the most dominant area (21.4%), reflecting a
heightened interest in pharmaceutical applications. H-HPC research in pharmaceutics
during this period was dominated by studies on controlled release and solubility enhance-
ment, marking a clear transition from excipient characterization in 2006 to mechanistic
and formulation-driven innovations. Compared with 2006, the field experienced notable
growth in mucoadhesive and targeted delivery systems, solid dispersion technologies,
and process optimizations, establishing H-HPC as a multifunctional polymer for modern
controlled drug delivery design.
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In 2015, chemistry research peaked at 23.9%, marking its strongest presence in a
two-decade span. H-HPC research in chemistry regained dominance, driven by advances
in functionalized graft copolymers, hybrid nanocomposites, and electroactive polymer
systems while maintaining strong links to pharmaceutical applications. Compared with
2006, the focus expanded from basic derivatization and phase studies to stimuli-responsive,
electrochemical, and drug-delivery-oriented designs, positioning H-HPC as a multifunc-
tional smart polymer that enables controlled release, bioavailability enhancement, and
hybrid membrane development.

The 2020 peak showed balanced contributions from materials (21.7%) and pharma-
ceutics (21.1%), with pharmaceutical studies closely integrated into materials science. The
core themes included the additive manufacturing of dosage forms via hot-melt extrusion
and 3D printing for tailored release, solubility enhancement through solid dispersions
and crystallinity control, and site-specific delivery using mucoadhesive or coated systems.
Compared with 2015, research has shifted toward manufacturing-oriented design, linking
formulation structure, mechanical behavior, and drug release modeling, demonstrating
clear cross-disciplinary progress.

In 2024, materials research took the lead with 24.2%, indicating the broadening appli-
cation of H-HPC in material sciences and technological innovation. H-HPC research in
materials science has advanced toward smart, sustainable, and multifunctional systems,
integrating responsive behavior, biocompatibility, and energy efficiency. Compared with
2020, the emphasis has shifted from structural composites and electrochemical films to
multi-stimuli-responsive, photonic, and renewable materials, reflecting the maturation of
H-HPC as an adaptable, high-performance biopolymer. Thematic growth in biomedical
hydrogels and additive manufacturing further underscores their expanding role in bridging
materials engineering, sustainability, and applied life sciences.

In contrast, L-HPC research has consistently dominated the pharmaceutical field,
reflecting its primary application as a disintegrant and excipient in drug formulations.
During the peak year of 2009, the role of L-HPC in the pharmaceutical sector was so-
lidified, with studies focusing on its impact on drug delivery systems and formulation
innovations. Research has explored the effects of L-HPC on the stability, bioavailabil-
ity, and controlled release of pharmaceutical compounds. Advances in fast-dissolving
tablets and sustained-release formulations have highlighted their ability to enhance drug
release profiles, improve stability, and optimize therapeutic outcomes. This period rein-
forced the specialized application of L-HPC in pharmaceuticals, distinct from its broader
multidisciplinary uses.

In the peak year of 2011, research continued to strengthen the specialized role of
L-HPC in the pharmaceutical domain, with an increasing emphasis on optimizing drug
formulations and delivery processes. Studies conducted during this period have focused
on granulation, dissolution, taste masking, and controlled-release systems, underscoring
the critical role of L-HPC in improving bioavailability, therapeutic outcomes, and patient
compliance through innovative formulation technologies.

Furthermore, the peak year of 2018 highlights the continued importance of L-HPC in
pharmaceutical development, particularly in sustained-release systems, excipient optimiza-
tion, and patient-centric formulations. These studies reflect significant advancements in
excipient performance, focusing on improving drug release profiles, tablet disintegration,
and compaction behaviors. Additionally, regulatory considerations surrounding the safety
and use of L-HPC in both pharmaceuticals and food supplements are explored. The inte-
gration of techniques such as hot-melt extrusion and fluidized bed granulation underscores
the evolving role of L-HPC in advancing formulation technologies and optimizing thera-
peutic outcomes. Overall, unlike H-HPC, which exhibited broader multidisciplinary peaks,
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the prominence of L-HPC remained largely confined to pharmaceutics, underscoring its
specialized role in pharmaceutical research.

The evidence presented in Table 3 can be explained by the differences in the intrinsic
properties summarized in Table 1. Owing to its higher degree of hydroxypropyl substitu-
tion, H-HPC is non-ionic, water-soluble, and thermoresponsive, and can be processed using
solution methods, hot-melt extrusion, fused deposition modeling, and hydrogel formation
techniques. This versatility has facilitated its broad application as a functional material, be-
yond pharmaceuticals. In contrast, L-HPC is water-insoluble but highly swellable, making
it most effective in solid oral dosage forms as a tablet disintegrant and binder, thereby main-
taining a concentrated pharmaceutical formulation. The observed dominant areas reflect
substitution-driven physicochemical differences that influence processing compatibility
and, consequently, the scope of application, as illustrated in Tables 1 and 3.

3.2. Citation Patterns and Top Ten Cited Publications

The annual citation patterns for H-HPC and L-HPC research demonstrate incremental
growth and acceleration in recent years (Figure 4). Citation analysis revealed a markedly
higher impact for H-HPC research than for L-HPC research, with average annual citation
counts of 1583.5 and 101, respectively. H-HPC exhibited several citation peaks, notably
in 2015 (2388 citations) and 2019 (2665 citations), corresponding to periods of substantial
growth in publication output. This correlation suggests that intensified research activity
directly enhances material visibility and scholarly influence. In contrast, L-HPC citations
remained consistently low throughout the study period, with only minor fluctuations,
reflecting its more specialized and narrowly focused application in pharmaceutics. The
divergence between publication volume and citation trends indicates that while both
materials contributed to the overall expansion of the literature, H-HPC has established
broader scientific relevance across diverse domains, whereas L-HPC has retained a more
niche but steady role in pharmaceutical research.
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Figure 4. Annual citation trends of H-HPC and L-HPC research (2005-2024).

The highly cited 2015 papers cluster (above 100 citations) focused on additive manufac-
turing and nanofiber-based delivery. Two landmark studies employed 3D printing to fabri-
cate personalized-dose tablets and swellable or erodible capsular devices, enabling immedi-
ate, extended, and pulsatile drug release. A third widely cited work developed electrospun
H-HPC nanofibers incorporating cyclodextrin—-drug inclusion complexes, demonstrating
enhanced solubility and rapid and controllable delivery. Collectively, these studies explain
the 2015 citation peak associated with HPC-enabled engineered drug-release platforms.
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Similarly, the most cited 2019 papers (above 100 citations) converged on two major
advances, which are cellulose-based devices and 3D printing of pharmaceuticals. On the
device side, H-HPC facilitated the development of ionic-conductive, stretchable hydrogels
for soft electronics and wearable photonic “skin”. In parallel, the pharmaceutical industry
adopted direct powder extrusion and powder-bed 3D printing, using H-HPC as a solid
binder, to produce highly loaded, engineered drug products, thereby explaining the 2019
citation surge. Collectively, these peaks illustrate a progression from proof-of-concept drug
platforms to broader additive manufacturing and device applications, positioning H-HPC
at the interface between the pharmaceuticals and soft electronics or optics.

Figure 4 also presents a compound annual growth rate (CAGR) analysis that formalizes
the comparative citation patterns of the H-HPC and L-HPC clusters. For H-HPC, citation
counts exhibit recurrent peaks (2006, 2015, and 2019) with a high early CAGR that gradually
declines and stabilizes, reflecting a transition from initial citation surges, often driven
by foundational breakthroughs, to steady accumulation across diverse applications. In
contrast, L-HPC displayed irregular, short-lived increases in CAGR owing to its narrower
citation base and specialized use, resulting in transient rather than sustained growth. This
pattern aligns with the publication trend in Figure 3, where H-HPC evolves from rapid
expansion to stable maturity, whereas L-HPC remains volatile and constrained by its limited
research scope and substitution with alternative excipients.

The top ten cited publications provide critical insights into the impact and relevance
of individual studies and help delineate the trajectory of H-HPC research (Table 4). Among
these ten most-cited H-HPC papers, citations were predominantly concentrated in non-drug
delivery systems applications (78.41%), including conductive hydrogels for soft electron-
ics, tissue engineering, nanocomposites, photonic and optical films, and energy-related
electrodes. In contrast, drug delivery systems accounted for 21.59%, encompassing fused
deposition modeling, direct powder extrusion dosage forms, and floating or capsular de-
vices. This asymmetry highlights the broader interdisciplinary reach of materials-oriented
studies and the presence of platform-type innovations, whose methods and property
frameworks are widely generalizable, thereby attracting diverse citation communities and
amplifying the impact of a few landmark contributions. Conversely, drug delivery research
tends to be product-specific and incrementally optimized, with citations dispersed across
narrower reports and further moderated by development and regulatory pathways. Over-
all, the distribution indicates that H-HPC achieves its highest citation impact, enabling new
functional material capabilities beyond its conventional excipient role, while drug delivery
applications provide a meaningful yet smaller share of scholarly visibility.

Table 4. Top ten cited publications of H-HPC research (2005-2024).

No. Publication Title Applications Cited Reference  Total Citation *
Highly stretchable, elastic, and ionic
1 conductive hydrogel for artificial Tissue engineering [29] 838
soft electronics
Properties of nanofibrillated cellulose from
2 different raw materials and its Nanocomposites [30] 485
reinforcement potential
3 A flexible-dose dispenser for immediate and 3D printing tablets [31] 382

extended release 3D printed tablets

Polymer-templated formation of
4 polydopamine-coated SnO; nanocrystals: Energy storage [32] 285
Anodes for cyclable lithium-ion batteries
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Table 4. Cont.
No. Publication Title Applications Cited Reference  Total Citation *
3D printing by fused deposition modeling .
5 (FDM) of a swellable/erodible capsular Drl;gs(;lsrl;\;ery [33] 273
device for oral pulsatile release of drugs y
6 Electrospinning C.ellu'lose and Nanomaterials [34] 265
cellulose derivatives
Fused deposition modeling (FDM) 3D Drue deliver
7 printed tablets for intragastric floating sgstems y [35] 249
delivery of domperidone y
Bioinspired conductive cellulose
8 liquid-crystal hydrogels as multifunctional Nanocomposites [36] 240
electrical skins
Direct powder extrusion 3D printing: Drue deliver
9 Fabrication of drug products using a novel & y [37] 226
5P & systems

single-step process

Preparation of cellulose nanofibrils by
10 high-pressure homogenizer and Nanocomposites [38] 221
cellulose-based composite films

* Not static, as citation counts may rise after the analysis.

Highly cited works typically represent seminal advances, innovative methodologies,
and emerging applications that have significantly shaped scientific discourse and techno-
logical progress. The most highly cited study, conducted by Zhou et al. [29], reported the
use of H-HPC as a key hydrogel component for enhancing conductivity and mechanical
performance, enabling its integration into soft electronics systems, such as a 3D printed
robotic hand.

The high citation impact of H-HPC research in nanomaterial applications arises from
the development of enabling platforms rather than isolated demonstrations, each estab-
lishing a transferable method, principle, or architecture, such as electrospinning routes,
high-pressure homogenization, liquid-crystal hydrogel frameworks, or reinforcement qual-
ity rules. The interdisciplinary scope of these studies, bridging cellulose chemistry, polymer
physics, nanotechnology, and device engineering, has expanded their relevance across
several research domains. Moreover, their emergence coincided with the rapid growth
of research in nanocellulose, electrospinning, and wearable or photonic soft materials,
positioning H-HPC as a timely and versatile component in the evolving field of sustainable
and functional materials.

One notable and highly cited study in the energy domain introduced a novel polymer-
templated strategy for constructing stable, high-capacity anodes, thereby establishing
H-HPC as a versatile and functional material in electrochemical energy systems and inspir-
ing subsequent research on bio-derived polymers for high-performance and sustainable
lithium-ion batteries. Moreover, the most highly cited pharmaceutical studies involving
H-HPC introduced platforms for patient-tailored 3D-printed dosage forms, translating
print geometry and material responsiveness into predictable immediate and extended
release, pulsatile, and gastrointestinal retention behaviors of dosage forms. By employing
filament-free direct powder extrusion (DPE) routes to generate amorphous solid disper-
sions and enable rapid release, these studies lowered the practical barriers to adoption
and expanded the applicability of H-HPC to poorly soluble drugs. This platform-based
character, coupled with explicit process, structure, and release relationships, accounts for
the exceptional citation impact.
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L-HPC publications have not achieved citation traction comparable to H-HPC, likely
because of their narrower application scope, which remains largely confined to pharma-
ceutical formulations (Table 5). The most cited L-HPC studies established a platform
for fast-disintegrating oral formats, such as oral disintegrating tablets (ODTs) and oral
dissolving films (ODFs), in which the insoluble L-HPC and its swellable microfibrillar
network translate the formulation microstructure (porosity, wetting, and gentle swelling)
into predictable disintegration under 30 s and rapid redispersion, often enhanced synergis-
tically by crosslinked super disintegrants. Meanwhile, studies on solid dispersions have
delineated a boundary condition, indicating that L-HPC is not an effective amorphous solid
dispersion (ASD) carrier for poorly soluble active pharmaceutical ingredients (APIs) but
serves as a highly effective external disintegrant or film matrix surrounding such systems
to transform engineered particles into patient-centric dosage forms. This clear mapping
of process, structure, and performance, defining what L-HPC excels at and where it is
unsuitable, accounts for the citation impact and the enduring relevance of these studies to
pharmaceutical formulation science.

Table 5. Top ten cited publications of L-HPC research (2005-2024).

Publication Title Applications Cited Reference  Total Citation *

Fusion production of solid dispersions

containing a heat-sensitive active ingredient ~ Solid dispersion
by hot melt extrusion and technology
Kinetisol® dispersing

[39] 125

Preparation of a fast dissolving oral thin film

containing dexamethasone: A possible
application to antiemesis during
cancer chemotherapy

ODFs [40] 108

Development and characterization of an
3 orodispersible film containing ODFs [41] 88

drug nanoparticles

Fast-disintegrating sublingual tablets: Effect
of epinephrine load on tablet characteristics

ODTs [42] 75

Excipient selection can significantly affect
5 solid-state phase transformation in formula ODTs [43] 75

wet granulation

Development and evaluation of cetirizine
HCI taste-masked oral disintegrating tablets

ODTs [44] 74

Development of pulsatile multiparticulate
7 drug delivery system coated with aqueous ODTs [45] 73
dispersion Aquacoat® ECD

Development of novel sustained-release

system, disintegration-controlled matrix

8 tablet (DCMT) with solid dispersion ODTs 461 70
granules of nilvadipine
Preparation and evaluation of taste-masked
9 donepezil hydrochloride orally ODTs [47] 69

disintegrating tablets

Development of injection moulded matrix
10 tablets based on mixtures of ethylcellulose ODTs [48] 62
and low-substituted hydroxypropylcellulose

* Not static, as citation counts may rise after the analysis.
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Furthermore, most studies on L-HPC have relied on commercially available grades
rather than exploring synthesis variations that could influence its physicochemical proper-
ties and functional performance, thereby constraining its cross-disciplinary applicability
and overall research visibility. The top ten cited publications primarily emphasized the
role of L-HPC in oral drug delivery systems, particularly in solid dispersions, oral disin-
tegrating tablets, and fast-dissolving films, with citation counts ranging from 62 to 125.
These studies consistently highlight the importance of L-HPC as a disintegrant or matrix
modifier that improves drug dissolution, stability, and patient compliance. However, the
strong concentration of research on pharmaceutical dosage forms reveals a critical gap
in the potential of L-HPC in broader material science, biomedical devices, or advanced
functional materials, which remains largely unexplored. This gap represents a promising
direction for future studies to move beyond drug release applications, focusing instead on
synthesis—structure—property relationships that could unlock broader scientific, industrial,
and interdisciplinary impacts.

The limited number of publications focusing on the synthesis of HPC (both H-HPC
and L-HPC) among the most cited works likely reflects the ready availability of high-
quality commercial HPC, which diminishes the immediate incentive for synthesis-oriented
research. Nonetheless, targeted exploration of production modifications could yield novel
property enhancements and expand the functional versatility of HPC, providing deeper
mechanistic insights and greater opportunities for optimization in future studies.

3.3. Geographic Distribution of Publications

The global landscape of HPC research from 2005 to 2024 is shown in Figure 5. China
leads the field, contributing the largest number of publications, particularly in H-HPC,
reflecting its substantial investment in advanced materials and sustainable technologies.
Japan and the United States follow, each demonstrating significant research output with
balanced contributions across the applied and fundamental domains. India and Germany
ranked fourth and fifth, respectively, showing smaller yet consistent publication activity
that underscores their growing engagement in H-HPC research, especially in specialized
application areas.
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Figure 5. Top five contributing countries in HPC research (2005-2024).

In contrast to H-HPC research, which is dominated by China, Japan, and the United
States, L-HPC publications exhibit a distinct pattern. Although the overall publication
volume remains comparatively low, Spain has emerged as a leading contributor, alongside
China, Japan, the United States, India, and Germany. This observation is noteworthy
because Spain does not rank among the top five contributors to H-HPC research. Its promi-
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nence in L-HPC studies indicates a more specialized or niche research orientation, likely as-
sociated with pharmaceutical formulation applications, where L-HPC is primarily utilized.

Overall, the data emphasize the dominant position of China while highlighting the
steady yet more moderate contributions of Japan, the USA, India, and Germany in shaping
the broader field of HPC.

3.4. Authorship Dominance and Global Collaboration Patterns
3.4.1. Dominance Factor of Authorship

The dominance factor (DF) reflects the extent to which a researcher assumes the
primary authorship role in co-authored publications [49], and serves as an indicator of
intellectual leadership in HPC research (Table 6). To ensure statistical robustness and
comparability, a minimum threshold of five publications per author was applied to the
DF analysis. Authors with fewer than five publications were excluded, as the DF values
derived from smaller datasets are highly sensitive to individual papers and may distort
the assessment of authorship leadership. This criterion also ensured that the analysis
captured only researchers with sustained scholarly contributions. Consequently, the DF
was not calculated for L-HPC, as the most productive author in this category had only
four publications in this period.

Table 6. Dominance rank of authors in H-HPC research publication (2005-2024).

No. Author Name Total Publication First Author Multi-Authored DF *
1 Talik, P 6 6 6 1.00
2 Li, M 6 5 6 0.83
3 Mohammadi, MR 6 5 6 0.83
4 Angelova, T 5 4 5 0.80
5 Barzic, Al 5 4 5 0.80
6 Echeverria, C 5 4 5 0.80
7 Liu, X 5 4 5 0.80
8 Maghsoodi, M 5 4 5 0.80
9 Rahman, M 5 4 5 0.80
10 Hussain, MA 13 9 13 0.69

* (DF) is a metric that measures the proportion of co-authored papers, in which a researcher is listed as the
lead author [49].

Among the authors contributing to H-HPC research, Talik, P. demonstrated the highest
dominance factor (DF = 1.00), having served as the first author in all six of their publications,
indicating strong intellectual leadership and direct contribution to the field. Li, M. and
Mohammadi, M.R. followed, each with six publications and DF values of 0.83, reflecting
consistent first authorship alongside active participation in collaborative studies. Similarly,
Angelova, T., Barzic, A.IL,, Echeverria, C., Liu, X., Maghsoodi, M., and Rahman, M. each
produced five publications with DF values of 0.80, signifying balanced contributions as lead
authors while maintaining their involvement in multi-authored collaborations. Notably,
Hussain, M.A. recorded the highest total number of publications (13), but a lower DF
(0.69), suggesting a stronger emphasis on collaborative contributions rather than consistent,
lead authorship.

These findings illustrate the diverse authorship dynamics in H-HPC research, where
certain scholars demonstrate pronounced leadership through first authorship, while others
contribute significantly through broad interdisciplinary collaboration. This trend aligns
with the contemporary shift in scientific research toward cross-institutional and cross -
national teamwork, highlighting the growing importance of integrating diverse expertise
to achieve high-impact goals [50].
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3.4.2. Global Co-Authorship Network Analysis

The co-authorship network based on country-level collaboration, as depicted in
Figure 6, reveals a densely interconnected global research landscape in the HPC field.
Multiple collaborative clusters can be discerned, each reflecting regional and strategic
research alliances between countries. Notably, the network demonstrated the formation of
distinct clusters that were color-coded to reflect varying degrees of co-authorship intensity,
with link strengths represented by the thickness of the connecting line.
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Figure 6. Global co-authorship network in HPC research (2005-2024): (A) H-HPC and (B) L-HPC.

Figure 6A illustrates the global co-authorship network for H-HPC research, where
China, Japan, and the United States dominate both publication volume and international
collaboration, as indicated by their large node sizes and dense connections. This was
positively correlated with the top contributing countries to H-HPC research, as shown in
Figure 5. China has emerged as the central hub, maintaining strong collaborative ties with
Asian partners such as Japan, South Korea and India, as well as with Western countries,
including the United States, the United Kingdom, Italy, Canada, and Switzerland. Japan
and the United States also occupy key bridging positions, connecting multiple regional
clusters, whereas European countries, such as the United Kingdom, Germany, France,
Switzerland, Romania, and Spain, form an active collaborative network in this field. This
structure reflects the widespread and multidisciplinary nature of H-HPC research, which
benefits from extensive international engagement.

Figure 6B illustrates the co-authorship network for L-HPC research, which is notably
smaller and less interconnected, reflecting the specialized and niche nature of L-HPC appli-
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cations. The network highlights a limited number of strong bilateral collaborations, such as
China-Macau, United States—-China, Germany-United Kingdom, and Japan-Malaysia, in-
dicating that L-HPC research often relies on targeted, regional or institutional partnerships
rather than extensive global networks. This contrast underscores the broader scientific ap-
peal and international research engagement of H-HPC compared to the application-specific
and localized focus of L-HPC.

Overall, the network visualization underscored the globalized nature of HPC research,
where collaboration was not limited to geographical adjacency but was also influenced by
shared research agendas and technological priorities. Such international collaboration not
only facilitates the exchange of innovative ideas but also broadens the knowledge base
and improves research efficiency through reduced time and resource expenditure [50]. The
dominance of China, the USA, Japan, and Germany in both H-HPC and L-HPC reflects
both their publication volume and their embeddedness in strategic co-authorship networks,
which have played a pivotal role in shaping the direction and dissemination of HPC
research innovations.

4. HPC Application Trends: Co-Occurrence Mapping
4.1. Co-Occurence Keywords Analysis

A co-occurrence keyword analysis was conducted to explore the thematic relationships
in the HPC literature. This bibliometric approach identified research patterns based on
the frequency of keyword usage in publications. The analysis mapped major research
areas, offering insights into the evolution of HPC research and revealing knowledge gaps
that may inform future research directions. Such analyses serve as effective tools for
understanding the organization and development of scientific knowledge, thereby provid-
ing insights useful for guiding research, policy-making, and informed decision-making
across disciplines [51].

The co-occurrence mapping of H-HPC research reveals extensive interconnections
among various research themes and their applications (Figure 7). The keyword network,
generated using VOSviewer with a minimum keyword occurrence threshold of 10, displays
distinct thematic clusters and conceptual linkages that characterize the structure of the
H-HPC research.
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Figure 7. Co-occurrence keywords mapping of H-HPC research (2005-2024).

The central node, hydroxypropyl cellulose (H-HPC), forms a network core that links
a diverse range of closely related research topics. The map is color-coded to indicate the
three primary clusters:
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The red cluster, centered on pharmaceutical applications, with strong associations
with dissolution, amorphous solid dispersion, solid dispersion, hot-melt extrusion,
and controlled /sustained release, underscores the critical function of H-HPC in drug
delivery systems.

The green cluster reflects functional materials and nanotechnology, including
nanocomposites, nanoparticles, adsorption, and electrospinning, indicating the uti-
lization of H-HPC in advanced functional materials.

The blue cluster emphasizes emerging and niche applications, with keywords such
as 3D printing, hydrogel, liquid crystal, and cholesteric liquid crystals, the latter
linked to Bragg reflection, illustrating the specialized uses of H-HPC in optical and
smart materials.

Collectively, the map demonstrates that while pharmaceutical formulations remain

the dominant research direction, material innovations and niche applications in photonic

and optical systems are gaining visibility, reinforcing the versatility of H-HPC across

established and emerging fields. This co-occurrence map underscores the multifaceted

research directions in H-HPC, with a significant focus on its pharmaceutical and functional

material applications, facilitated by advanced processing techniques.

The co-occurrence mapping of L-HPC research highlights its highly application-

focused orientation, with hydroxypropyl cellulose (L-HPC) positioned at the center

of a dense network closely tied to pharmaceutical formulation keywords (Figure 8).

Three major clusters emerged:

1.

The red cluster emphasizes excipients and tableting performance, with strong associ-
ations to excipients, tablet hardness, tablet compression, disintegration time, tablet
friability, and tensile strength, underscoring the established role of L-HPC as a disin-
tegrant and binder in solid dosage forms.

The green cluster focuses on drug performance and bioavailability, encompassing
terms such as drug solubility, bioavailability, in vitro studies, and animal experiments,
highlighting the critical contribution of L-HPC to enhancing the dissolution and
absorption of poorly soluble drugs.

The blue cluster reflects the formulation processes and outcomes, including solubility,
drug release, drug coating, and compounding, demonstrating the integration of
L-HPC into diverse drug delivery strategies.
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Figure 8. Co-occurrence keywords mapping of L-HPC research (2005-2024).
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Collectively, this map indicates that, unlike H-HPC, which spans broader material
science and nanotechnology applications, L-HPC research is predominantly concentrated
on pharmaceutical formulations and excipient functionality, reinforcing its specialized role
in oral drug delivery and solid dosage design.

4.2. Role of H-HPC and L-HPC in Drug Delivery Systems
4.2.1. Solid Dispersions for Drug Solubility Enhancement

H-HPC is a versatile excipient in pharmaceutical formulations, known for enhancing
the solubility, dissolution, and bioavailability of poorly water-soluble drugs. Drug solubility
is paramount in ensuring drug absorption in the body; however, many of the available
drugs are not easily soluble in water. To overcome this, formulators use solid dispersions,
often with low-viscosity, highly swellable polymers, to enhance aqueous dissolution and
improve oral bioavailability. In solid dispersions, the drug is dispersed in an inert polymer
matrix through solvent evaporation, melting, spray drying, or hot-melt extrusion, yielding
simple oral dosage forms with improved solubility, dissolution, and biocavailability [52].
Amorphous solid dispersions (ASDs) involve the dispersion of drugs in an amorphous
polymer matrix.

Petkov et al. investigated the impact of H-HPC with varying molecular weights (MW)
on the stability and dissolution performance of glibenclamide (GLB) in ASDs [53], as de-
picted in Figure 9. The study found that lower-MW H-HPC was more effective in inhibiting
surface crystallization, resulting in sustained supersaturation during dissolution compared
to higher-MW of H-HPC. The interaction between crystallization inhibition, drug ionization,
and wetting effects was identified as a key determinant of the performance of HPC-based
ASDs, supporting the rational selection of the HPC grade for formulation development.
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Figure 9. Conceptual diagram of surface-triggered GLB crystallization (left) and inhibition by the
HPC layer (right). Reproduced from [53], 2024, Petkov et al. licensed under the CC-BY-NC 4.0 license
(http:/ /creativecommons.org/licenses/by-nc/4.0/ (accessed on 14 October 2025)).

In addition to ASDs, crystalline solid dispersions (CSDs) offer a complementary
pathway to enhance solubility. Wang et al. [54] explored the differences in dissolution
and stability between CSDs and ASDs using nimodipine as a model drug and HPC-SL
as the stabilizing polymer. HPC-based CSDs prepared via wet milling and spray drying
exhibited higher dissolution rates than crystalline drugs. The ASD produced by hot-melt
extrusion with HPC-SL achieved better dissolution at lower drug loadings because of
homogeneous dispersion. However, higher drug loadings cause phase separation, thereby
limiting dissolution. This demonstrates the role of H-HPC in stabilizing the phases, with
effectiveness varying by drug loading and processing.

H-HPC was also used in a ternary ASD system prepared via hot-melt extrusion.
Celecoxib was used as the drug, methacrylic acid-ethyl acrylate copolymer (1:1) (EL 100-55)
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was used as the soluble polymer, and H-HPC served as a plasticizer to overcome the
excessively high melt viscosity of EL 100-55 [55]. It was found that H-HPC improved
anti-precipitation behavior of the polymer mix, with most prolonged supersaturation of
celecoxib was achieved by using a 50:50 ratio of EL 100-55 and H-HPC.

H-HPC is also serves as a pivotal modulator of the phase behavior and dissolution
performance of amorphous solid dispersions (ASDs). Postges et al. [56] demonstrated
that H-HPC enhances efavirenz dissolution primarily by promoting phase-homogeneous
ternary ASDs, with homogeneity, and consequently dissolution and supersaturation, gov-
erned by both the processing (HME > VCM) and the HPC grade (SSL vs. UL), as shown
in Figure 10. HME produced single-phase systems and superior dissolution performance
with HPC-SSL, whereas the lower melt viscosity of HPC-UL improved miscibility with
Eudragit® L 100-55 under low-shear VCM, thereby narrowing the HME-VCM gap and
making HPC-UL preferable for shear-sensitive drugs.
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Figure 10. Non-sink dissolution profiles for 10% (w/w) ASD formulations of efavirenz (EFV) with
Eudragit L 100-55 and HPC-SSL (A) or HPC-UL (B), compared with neat EFV. Testing was conducted
in 20 mL of 0.05 M phosphate buffer (pH 6.8) at 37 °C with a paddle speed of 75 rpm. To impose
non-sink conditions, each sample contained 4 mg of EFV (40 mg formulation), yielding a theoretical
maximum EFV concentration of 0.2 mg/mL (100%). Reproduced from [56]. 2023, Postges et al.
licensed under the CC-BY 4.0 license (http:/ /creativecommons.org/licenses/by/4.0/ (accessed on
14 October 2025)).

The performance of L-HPC in drug delivery systems was investigated by Sauer
et al. [57], who demonstrated that incorporating L-HPC into high-load nifedipine with
hypromellose acetate succinate (HPMCAS) improved reworkability, enhanced compressibil-
ity, and increased tablet tensile strength by 45% compared to formulations with MCC and
croscarmellose. Although compactibility decreased following roller compaction, L-HPC
based formulations maintained acceptable tablet strength, disintegration, and dissolution,
confirming its dual functionality as both a binder and disintegrant in robust ASD tablets.

Another study was reported by Danda et al. [58] that investigated ASDs of in-
domethacin (IND) and posaconazole (PCZ) using L-HPC, a high-swelling polymer, under
non-sink dissolution conditions. The results showed that while rapid supersaturation was
achieved, the L-HPC gel matrix trapped seed crystals, sustaining supersaturation longer
than direct infusion, thereby enhancing kinetic solubility profiles. These findings confirm
the potential of L-HPC as an effective ASD carrier for fine-tuning the supersaturation
behavior and improving the bioavailability of poorly soluble drugs.

Another investigation by Dahma et al. [59] showed that L-HPC was used to develop
solid dispersions (SDs) of indomethacin (IND) to enhance its solubility and dissolution
for improved topical delivery of IND. The study found that L-HPC in SDs significantly
increased IND solubility, with the solubility coefficient for the IND:L-HPC 1:2.5 ratio
showing a five-fold improvement compared to that of raw IND. L-HPC in SDs converted the
drug to an amorphous form, reducing crystallinity and significantly enhancing dissolution
and drug release compared to raw IND and physical mixtures.
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Overall, H-HPC plays a crucial role in enhancing the solubility, dissolution, and
bioavailability of poorly water-soluble drugs, particularly in solid dispersion (SD) formula-
tions. Its ability to inhibit crystallization, improve phase homogeneity, and facilitate drug
dispersion make it an ideal choice for stabilizing amorphous solid dispersions. Studies
have demonstrated the significant impact of H-HPC on dissolution performance, providing
better crystallization inhibition and maintaining the supersaturation. Additionally, L-HPC
has shown similar benefits in solid dispersions, particularly in improving solubility and
dissolution for topical drug delivery, demonstrating its versatility in drug delivery.

4.2.2. Versatile Excipient in Solid Dosage Forms

HPC has gained significant attention as a versatile excipient in solid dosage forms
owing to its superior physicochemical and mucoadhesive properties. Extensive research
supports its role as a key material in tablet formulations and other solid dosage forms.
Several studies have illustrated its varied applications. A 2007 report by Picker-Freyer and
Diirig [60] described the behavior of different H-HPC grades in pure form during and after
tableting process. The brittleness of the tablets increased with increasing particle size and
lower relative density values. Compared to more traditional filler and binder materials,
such as microcrystalline cellulose (MCC), lactose, and dicalcium phosphate, HPC exhibits
high plasticity and axial recovery. This study concluded that HPC is a suitable material for
tablet filling.

Moreover, the primary pharmaceutical application of HPC is as a film-forming poly-
mer in orally disintegrating films (ODFs) and other thin film dosage forms. Takeuchi
et al. [61] demonstrated that H-HPC-based films exhibited favorable folding endurance (FE)
and tensile properties, which are crucial for ensuring film integrity during manufacturing,
handling, and administration. The FE and tensile strength of the HPC films were modu-
lated by incorporating plasticizers (glycerin), insoluble particles (calcium carbonate), and
active pharmaceutical ingredients (APIs) using acetaminophen. These findings underscore
the importance of H-HPC in achieving flexible film formulations with rapid disintegration
and drug release for pediatric and geriatric patients with swallowing difficulties.

L-HPC was used as a disintegrant in the formulation of orally disintegrating films
(ODFs) made with Hydroxypropyl Methylcellulose (HPMC) [62]. The addition of L-HPC
and MCC significantly reduced the film disintegration time, with a polymer-to-L-HPC
ratio of 20:80 reducing the disintegration time from 60 s to 40 s, demonstrating rapid
disintegration. Additionally, increasing the ratio of L-HPC in the formulation further
shortened the disintegration time, making it an effective excipient for controlling the
disintegration properties of the film.

H-HPC was also used as a release-controlling excipient in injection-molded capsular
devices for oral pulsatile delivery. H-HPC with two molecular weights (MW), MW80 and
MW95, combined with polyethylene glycol (PEG 1500), controlled drug release through
swelling and erosion. The study showed that 900 pm thick capsules provided the best
results for both H-HPC, with the longest delay in drug release, demonstrating the effective-
ness of thicker excipient shells in pulsatile delivery systems [63].

Subsequently, L-HPC was used as an excipient in the formulation of an ivermectin
(IVM) sustained-release bolus, along with microcrystalline cellulose (MCC) and starch,
which played a crucial role in controlling the release of ivermectin (IVM) [64]. The opti-
mized formulation, containing 8% MCC, 0.5% starch, and 0.25% L-HPC, exhibited sustained
release of IVM for more than 60 days. The presence of L-HPC facilitated the formation of
cracks in the bolus, facilitating the release of IVM through a diffusive erosion mechanism
(Figure 11). The bolus achieved a cumulative release of 92.52%, demonstrating the effective
use of L-HPC for controlled drug delivery over an extended period of time.
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Figure 11. The changes in the appearance of the IVM bolus during in vitro release testing. (A) The
IVM bolus formulation. (B) A small crack appeared in the IVM bolus after 4 h in the dissolution
medium. (C) After 30 days in the dissolution medium, a minor portion of the IVM bolus, mainly
at the edges and corners, dissolved, while the overall shape remained intact. (D) After 60 days, a
small part of the IVM bolus shell was still present in the dissolution medium. Reproduced from [64],
2018, Ruan et al. with photo credited to Xiang Chun Ruan, licensed under the CC-BY 4.0 license
(http:/ /creativecommons.org/licenses/by/4.0/ (accessed on 14 October 2025)).

Moreover, L-HPC can be used as an excipient in the development of gastroretentive
floating tablets containing paracetamol [65]. The study demonstrated that L-HPC signifi-
cantly enhanced floating time and promoted faster disintegration, contributing to improved
buoyancy and swelling behavior in the gastric environment. The presence of L-HPC in the
formulations resulted in a faster dissolution rate, particularly in the initial hours, owing to
its high water uptake and swelling properties. These findings indicate that L-HPC plays a
crucial role in the development of floating dosage forms by improving gastric retention
and enabling controlled drug release.

Collectively, both H-HPC and L-HPC are versatile excipients with broad applications
in solid dosage forms. H-HPC excels as a filler and film-forming polymer, particularly in
orally disintegrating films, enhancing disintegration and drug release, thereby improving
patient compliance and adherence. It also plays a key role in controlled drug delivery in
pulsatile systems. L-HPC, on the other hand, acts effectively as a disintegrant and is used
in gastroretentive and sustained-release formulations. Its ability to reduce disintegration
time, enhance floating behavior, and promote faster drug release makes it essential for the
development of floating and controlled-release dosage forms. Together, these excipients
offer significant benefits for optimizing drug delivery, retention, and release profiles in
various pharmaceutical applications.

4.2.3. Advanced Controlled Drug Release Platforms

HPC is central to advanced controlled-release platforms, such as hot-melt extrusion
(HME) and 3D printing/fused deposition modeling (FDM). In 3D printing (additive man-
ufacturing), multilayer, patient-tailored dosage forms that can combine multiple drugs
and engineer sequential or sustained release are built, enabling precise control of the
timing and site of delivery for improved therapeutic outcomes [66]. Moreover, hot melt
extrusion (HME) enhances the solubility and dissolution of poorly water-soluble drugs
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by forming amorphous solid dispersions and is a cornerstone technology for innovative
pharmaceutical formulations [67]. These technologies enable patient-specific dosage forms
with precisely tuned release profiles while improving the solubility and bioavailability of
poorly water-soluble drugs.

While H-HPC is commonly used owing to its favorable film-forming and solubility-
enhancing properties, L-HPC is rarely used in these advanced drug delivery systems. The
low viscosity and water insolubility of L-HPC make it challenging to process using thermal
techniques, such as HME and FDM, as it lacks the melt processability required to form
stable filaments or controlled-release matrices. These inherent characteristics restrict their
application in cutting-edge drug delivery platforms, making them less suitable for produc-
ing stable and printable formulations. In contrast, H-HPC offers superior processability
and functional performance, prompting recent investigations into its suitability for HME,
3D printing, and other thermally driven drug delivery applications.

Kim et al. [68] studied the equal-volume polyhedral mini-tablet fabrication of theo-
phylline using FDM 3D printing with H-HPC/Eudragit filaments prepared via hot-melt
extrusion. The release behavior was strongly influenced by H-HPC, which facilitated faster
matrix hydration and drug diffusion, leading to higher dissolution rates than those of the
Eudragit-rich formulations (Figure 12). The selected filament for the mini-tablet formula-
tion was TP2, with H-HPC and Eudragit contents of 66.3% and 11.3%, respectively. TP1 had
no Eudragit content, whereas TP3 and TP4 had higher Eudragit content than that of TP2.
These results confirm that HPC plays a pivotal role in governing the diffusion-controlled
release profiles.

Figure 12. Polyhedral mini-tablets of theophylline with HPC/Eudragit filaments: (A) dissolution
rates of the filaments, (B) dissolution rates of the mini-tablets, and (C) dissolution times of the mini-
tablets. Adapted with permission from [69], 2024, Kim et al. licensed under the CC BY 4.0 license
(http:/ /creativecommons.org/licenses /by /4.0/ (accessed on 14 October 2025)).

Nashed et al. [69] explored the effects of direct compression, HME, and 3D printing
on the stability and drug release of polyethylene oxide (PEO) tablets. Tablets containing
PEO and H=HPC were manufactured using these techniques to assess their effects on the
PEO molecular weight (Mw) and drug release profiles. The results showed that HME
and 3D printing enhanced the drug release efficiency (DE%) of PEO/HPC formulations
(>60%) compared to that of directly compressed tablets (<50%) owing to reduced PEO
crystallinity and Mw during thermal processing. However, for PEO and ethyl cellulose
(EC) formulations, 3D printing reduced DE% (<26%) compared to HME and direct com-
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pression, attributed to EC’s hydrophobic nature and increased tablet hardness, which
hinder dissolution.

A notable study by Chai et al. [35], the seventh most cited H-HPC publication (Table 4),
explored the use of FDM 3D printing to create intragastric floating sustained-release (FSR)
tablets of domperidone (DOM), an insoluble weak base. By utilizing H-HPC through
hot-melt extrusion, this study demonstrates the potential of 3D printing to significantly
enhance the bioavailability of poorly water-soluble drugs. The 3D printed tablets floated for
over 10 h in vitro and remained in the stomach for more than 8 h in vivo in New Zealand
rabbits, as confirmed by X-ray imaging using BaSOj as a radiographic marker (Figure 13).
Pharmacokinetic studies showed that the relative bioavailability of the FSR tablets was
222.49%, significantly higher than that of the commercial reference tablets, marking a
significant step forward in the development of advanced drug delivery systems.

Figure 13. X-ray images (A—F) showing the locations of BaSO4-labeled DOM-EFSR tablets in the
gastrointestinal tract of New Zealand rabbits at various time points: (A) 2h, (B) 4 h, (C) 6 h, (D) 8 h,
(E) 10 h, and (F) 12 h. Reproduced from [35], 2017. Chai et al. licensed under the CC BY 4.0 license
(http:/ /creativecommons.org/licenses/by/4.0/ (accessed on 14 October 2025)).

In addition, Arafat et al. [70] introduced a novel design (Gaplet) for accelerating
drug release from FDM 3D-printed theophylline tablets, leveraging the swelling and
erosion characteristics of H-HPC matrix. The rapid fragmentation and enhanced release
were attributed to the unique geometry and inherent swelling behavior of H-HPC in
gastric media. This approach provides an alternative to conventional disintegrants, further
establishing H-HPC as a key material for designing advanced oral dosage forms.

H-HPC plays a crucial role in advanced controlled drug release platforms, particularly
in 3D printing and hot-melt extrusion (HME), due to its film forming, solubility enhance-
ment, and swelling properties. Studies have shown that H-HPC significantly improves
drug release efficiency by facilitating faster matrix hydration and diffusion, as observed
in the formulations of theophylline and domperidone. Its ability to control diffusion and
sustain release, particularly when combined with other polymers such as Eudragit and
polyethylene oxide (PEO), highlights its versatility in enhancing the bioavailability and
stability of poorly water-soluble drugs. H-HPC remains a key material for developing
innovative drug delivery systems with precisely tailored release profiles, paving the way
for more efficient and patient-specific treatment.
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4.3. H-HPC as a Sustainable Functional Material

H-HPC has been extensively investigated as a key material in the development of
diverse functional materials, owing to its favorable physicochemical properties and struc-
tural flexibility. It is biocompatible, film-forming, exhibits tunable rheological behavior,
and responds to external stimuli. These attributes support its integration into various com-
posites and hybrid systems. Recent studies have demonstrated the versatility of H-HPC
in applications, such as nanomaterials, adsorption membranes, photonic films, flexible
electronics, and hydrogels for energy, packaging, and optical devices.

4.3.1. Advanced Adsorption

Adsorption is a relatively simple yet versatile technique applicable to a wide range
of purposes, from basic pollutant removal to more sophisticated applications, such as
selective separation and enrichment of complex substances. H-HPC has been employed in
the development of various adsorbent systems, serving multiple roles including the main
matrix of a composites, a functional monomer, and a binder. For an example, H-HPC has
been incorporated into composite films designed for advanced adsorption and packaging
functionality. Forster et al. [71] developed gelatin/H-HPC/clay composite films aimed at
the adsorbing methylene blue from aqueous media. By integrating montmorillonite clay
and crosslinking the biopolymer matrix, the films exhibited significantly improved water
resistance, thermal stability, and adsorption efficiency. The crosslinked gelatin/H-HPC
films containing 5% clay achieved nearly 89% methylene blue removal, demonstrating a
promising route for water remediation technologies based on sustainable and biodegradable
polymer materials.

H-HPC has also been utilized as an adsorbent for water purification. In one study,
H-HPC was combined with sodium alginate (SA) to form hydrogel beads, and different
SA /HPC ratios were evaluated for Pb (II) ion removal from aqueous solutions [72]. The
75:25 SA /HPC ratio exhibited the highest adsorption capacity, significantly improving the
lead removal efficiency compared to pure SA beads (Figure 14). This enhancement was
attributed to H-HPC providing additional active binding sites and increasing the overall
adsorption performance. The adsorption kinetics followed a pseudo-second-order model,
suggesting a chemisorption-controlled process in which H-HPC facilitated efficient Pb(II)
ion uptake.
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Figure 14. The adsorption capacities of SA/HPC hydrogel beads at different ratios were evaluated
over increasing contact times for Pb?* with initial concentrations of (A) 100 ppm and (B) 200 ppm.
Adapted with permission from [72], 2020, Guerrero et al. licensed under the CC BY 4.0 license
(http:/ /creativecommons.org/licenses /by /4.0/ (accessed on 14 October 2025)).

Cheng et al. [73] employed H-HPC as a bifunctional monomer in developing molecu-
larly imprinted polymers (MIPs) for selective extraction of podophyllotoxin from podophyl-
lum fruit. The incorporation of H-HPC with graphene oxide (GO) improved the morphol-
ogy and surface area of the MIP, leading to higher adsorption capacity and selectivity. The
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resulting H-HPC_GO-MIP achieved a maximum adsorption capacity of 23.1 ug/mg for
podophyllotoxin and exhibited strong selectivity over structural related compounds, such
as kaempferol and quercetin, thereby enhancing the extraction performance.

In another notable study, Zhao et al. [74] modified Ti3CpoTx MXene with H-HPC and
polyhedral oligomeric silsesquioxan (POSS-OH) to develop an efficient adsorbent for Ura-
nium (VI) ions removal from aqueous solutions. The resulting CHMP was synthesized by
grafting HPC and POSS-OH onto Ti3CpyTx MXene, which enhanced adsorption through
synergistic effects. HPC increased the adsorption capacity, with CHMP achieving a maxi-
mum capacity of 307.67 mg g~ for U(VI) ions, improving upon that of unmodified MXene.
The hydroxyl group interactions of H-HPC facilitated chemical adsorption via electrostatic
and coordination bonds, resulting in efficient uptake and selectivity for U(VI) ions.

H-HPC plays a significant and versatile role in advanced adsorption applications,
showecasing its ability to enhance adsorption efficiency, selectivity, and stability in various
processes such as water purification, selective extraction, and pollutant removal. Its unique
chemical structure, particularly the presence of hydroxyl groups, enables it to function
as both a functional monomer and matrix enhancer, improving the interaction between
adsorbents and target molecules. These properties highlight the growing importance of
H-HPC in the development of innovative, sustainable adsorbents for complex separation
and enrichment.

4.3.2. Nanomaterials

H-HPC plays a crucial role in nanomaterial applications, where it serves as a versatile
component in the development of advanced nanocomposites. Its unique properties, such as
biocompatibility and functional hydroxyl groups, make it an ideal material for enhancing
the stability, functionality, and performance of nanoparticles for various applications. More-
over, the fabrication of H-HPC-based nanocomposites has been extended to develop active
food packaging materials. Gunaki et al. [75] synthesized CuO nanoparticle-embedded
chitosan/H-HPC bio-nanocomposites, which exhibited improved mechanical strength, UV
barrier, and oxygen/moisture resistance. The resulting films exhibited strong antimicrobial
and antioxidant activities and significantly prolonged the shelf life of the packed fruits. The
integration of H-HPC as a matrix-forming agent, plasticizer, and stabilizer is instrumental
in achieving a balance of barrier, mechanical, and bioactive properties that are crucial for
modern food packaging applications.

Another example is the use of a chitosan nanocomposite to improve the physicochem-
ical and antifungal properties of H-HPC films. The nanofiller decreased the film-water
contact angle, improved optical properties, increased tensile strength and Young’s modu-
lus, reduced water vapor permeability, and exhibited antifungal behavior against Botrytis
cinerea. This result suggests that the H-HPC—chitosan nanocomposite has the potential to
be used for active food packaging.

Koochakzaei et al. [76] demonstrated the use of H-HPC combined with zinc oxide
nanoparticles (ZnO) to create a nanocomposite for leather conservation. The HPC/ZnO
coating protected the leather from UV-induced degradation, preventing microcracks and
improving its mechanical strength (Figure 15). The nanocomposite also enhanced water
resistance, demonstrating HPC’s role of HPC in significantly improving the durability and
UV protection of leather for cultural heritage preservation.
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Figure 15. Scanning electron microscopy (SEM) images of leather surfaces: (a) neat leather before
aging; (b) neat leather after aging showing increased microcracks; (¢) HPC-treated leather after aging
with reduced microcracks; (d) HPC/ZnO NC-treated leather after aging, showing prevention of
microcracks and a smooth, uniform surface. Reprinted with permission from [76], 2023, Koochakzaei
et al. licensed under the CC BY 4.0 license (http:/ /creativecommons.org/licenses/by/4.0/ (accessed
on 14 October 2025)).

H-HPC plays a crucial and multifaceted role in nanomaterial applications, demon-
strating its ability to enhance the stability, functionality, and performance of nanoparticles
in diverse fields. These capabilities underscore the growing significance of H-HPC in
advancing the development of high-performance nanocomposites for applications in food
packaging, environmental protection, and cultural heritage preservation.

4.3.3. Optical and Smart Materials

Optical and smart materials are integral to advances in material science, offering
the capability to manipulate light and respond to environmental changes. These include
photonic crystals for light control and cholesteric chiral nematic materials with tunable
optical properties. HPC is a versatile cellulose derivative that enhances the structural
integrity and functional performance of these materials. Owing to its biocompatibility,
HPC is an effective component in optical devices, smart coatings, and sensors for advanced
optical technology.

The photonic potential of H-HPC has been leveraged to create structurally colored and
responsive films and gels. Huang et al. [77] reported the development of cellulose-derived
photonic gels using a 68 wt% hydroxypropyl cellulose (H-HPC) matrix that self-assembles
into stable cholesteric liquid crystal structures. The incorporation of polyethylene glycol
(PEG) derivatives with tailored end-group polarities enabled tunable structural colors
while preserving the chiroptical properties of the H-HPC (Figure 16). The PEG derivatives
were tetraethylene glycol dimethyl ether (TEG-DE), diethylene glycol ethyl ether acrylate
(DEG-EEA), and diethylene glycol diacrylate (DEG-DA). The high H-HPC content renders


http://creativecommons.org/licenses/by/4.0/

Polysaccharides 2025, 6, 104

29 of 39

these gels sustainable, safe for the body, and capable of reacting to changes in temperature,
pressure, and stretch. This makes them suitable for use in sensors, wearable devices, and
flexible electronics.

Heating

Pressing

Releasing

+

Figure 16. (a) Reversible color transitions of H-HPC/TEG-DE and H-HPC/DEG-EEA compos-
ite gels (left and right panels, respectively) during repeated temperature cycling at 15, 25, and
35 °C. (b) Structural color changes in H-HPC/TEG-DE under stretching and relaxation. (c) Struc-
tural color changes in HPC/DEG-EEA under compression and release. The schematics on the
right illustrate the reversible modifications in HPC periodicity under each environmental stimu-
lus. Adapted with permission from [77], 2024, Huang et al. licensed under the CC BY 4.0 license
(http:/ /creativecommons.org/licenses /by /4.0/ (accessed on 14 October 2025)).

A study reported by Chan et al. [78] demonstrated that glutaraldehyde (GA) crosslink-
ing, when combined with the self-assembly of H-HPC into chiral nematic (cholesteric)
liquid crystalline phases, enables the precise modulation of optical properties, such as
reflected color, angular dependence, and polarization, resulting in matte, robust films with
tunable visible coloration. In contrast, Barty-King et al. [79] developed structurally col-
ored, mechanochromic, and edible hydrogels by physically blending H-HPC with gelatin,
producing moldable hydrogels that retained the cholesteric self-assembly and photonic
response of H-HPC without chemical crosslinkers. Notably, the functionalization of H-HPC
with gelatin resulted in the formation of a mechanochromic hydrogel. These hydrogels not
only retained the cholesteric optical response of H-HPC but also exhibited reversible color
changes upon mechanical deformation, suggesting their potential applications in smart
sensing, food decoration, and biodegradable packaging with visual indicators of stress and
spoilage. Collectively, these approaches highlight the versatility of H-HPC in photonic
coatings and sustainable colorant systems.

H-HPC-based hydrogels have been at the forefront of research on thermotropic (TT)
hydrogels for smart window and energy-saving buildings. Feng et al. [80] incorporated
H-HPC into hydrogel matrices, demonstrating a strategy to enhance Young’'s modulus
and toughness through entanglement while preserving responsiveness. H-HPC hydrogel
composites exhibit improved functionalities, including faster response, stronger resistance
to drying and freezing, and cycling stability. In thermochromic smart windows, these
materials exhibit higher solar regulation and near-unity infrared emissivity, highlighting
the potential of H-HPC for advanced energy-saving applications in tropical regions. Fur-
thermore, Ming et al. [81] showed that incorporating H-HPC hydrogels into polymethyl
methacrylate (PMMA) slats enables thermotropic switching from clear to light-scattering
states, providing adaptive daylight control in building windows. Higher H-HPC concen-
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trations strengthened the scattering ability of the TT slats, reducing solar transmittance
while promoting uniform indoor daylighting. TT Parallel Slats Transparent Insulation
Materials (PS-TIM) windows with 5 wt.% H-HPC slats are identified as most effective for
energy savings, highlighting the key role of H-HPC in optimizing next-generation smart
window systems.

Zhang et al. [82] reported the use of HPC/poly(acrylic acid) (PAA) hybrid hydrogels
as thermochromic layers in smart window devices. The lower critical solution temperature
(LCST) of the hydrogels can be precisely tuned to room temperature by adjusting the pH,
achieving dynamic modulation of solar transmittance and visible light control for energy-
saving building materials applications. A similar study was conducted by Nakamura
et al. [83], who developed an H-HPC-acrylamide (H-HPC-AAm) hydrogel as a temperature-
responsive, heat-shielding material for smart window applications. The study showed
that HPC-AAm hydrogel windows reduced indoor temperatures by approximately 10 °C
compared to standard glass and maintained stable optical and mechanical properties after
prolonged UV and heat exposure, highlighting their potential for energy-efficient solar
panels and building envelopes.

H-HPC has emerged as a green material with promising properties for sustainable
electronics. Palmieri et al. [84] found that H-HPC and detonation nanodiamonds (DND)
form stable water-based dispersions with enhanced properties for flexible electronics. H-
HPC provides a sustainable, printable matrix, and its interaction with DND improves
the chain orientation, viscosity, and ionic conductivity while maintaining electrochemical
stability. These features render the H-HPC-DND system suitable for environmentally
friendly electronic application.

The multifunctional characteristics of H-HPC have enabled its central role in the
development of sustainable, high-performance functional materials. Its integration into
composites, hydrogels, photonic structures, and nanocomposites has addressed diverse
challenges, ranging from flexible and stretchable electronics to intelligent packaging and
adaptive optical systems. The tunability, biocompatibility, and processability of H-HPC are
expected to sustain and further accelerate its adoption as a cornerstone material in the next
generation of functional materials science and engineering.

5. Future Directions and Translational Opportunities of HPC Research
5.1. Green and Sustainable Synthesis

Although the commercial production of both H-HPC and L-HPC is already well es-
tablished, future research should focus on greener alternatives to conventional synthesis
methods. Given that the primary difference between these grades lies in the concentration
of propylene oxide utilized during etherification, efforts to enhance sustainability should
be directed towards the overall production of HPC. Approaches such as the adoption of Hy-
drogen Peroxide to Propylene Oxide (HPPO) synthesis, which avoids toxic intermediates,
as well as exploring quaternary ammonium salt-based solvents and propylene carbonate
as greener alkylating agents, offer safer and more sustainable routes. Additionally, the
use of recyclable ionic liquid-inspired solvents could further minimize environmental
impact, reduce toxic byproducts, and enhance the overall sustainability of hydroxypropyl
cellulose production.

The HPPO process has emerged as a greener alternative to conventional chlorohydrin
and coproduct routes, oxidizing propylene using hydrogen peroxide as the sole oxidant
and generating only water as a byproduct, thereby eliminating halogenated waste [85]. Re-
cent advances in catalyst design and reactor engineering for enhancing heat removal have
further improved selectivity by minimizing side reactions, positioning HPPO as a sustain-
able and industrially viable route for propylene oxide production. Additionally, Nigussie
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et al. [86] explored zinc oxide-based catalysts, wherein ZnO/ZnO; systems can deliver
nearly 100% selectivity to propylene oxide under mild conditions, highlighting their poten-
tial as efficient and environmentally benign alternatives for propylene oxide production.

Although propylene oxide remains the standard reagent, its toxicity has motivated the
exploration of complementary strategies. One alternative is propylene carbonate, which,
despite being derived from propylene oxide, has lower volatility, minimizes handling
risks, and serves a dual role as both a reagent and a solvent, thereby enhancing the safety
and efficiency of the process. Duval and Avérous [87] stated that propylene oxide is
highly toxic and hazardous to handle, and cyclic carbonates such as propylene carbonate
and ethylene carbonate offer safer O-alkylating alternatives with low toxicity, favorable
physical properties, and the added advantage of being producible from CO; as sustainable
green reagents.

Additionally, green solvents and green processing have been developed to pro-
vide alternatives for HPC synthesis, such as ditetrabutylammonium hydrogen phos-
phate/dimethyl sulfoxide (TBA,HPO4/DMSO), a quaternary ammonium salt (QAS) sol-
vent system. Wu et al. [88] investigated this solvent for efficient homogeneous etherification
under mild conditions without added alkali and achieving higher substitution levels than
conventional methods. Moreover, recent green processing approaches have introduced
ionic liquid-based solvents, such as tetra-n-butylphosphonium hydroxide ([P4 44 4]JOH),
which allow the rapid and efficient etherification of cellulose under mild conditions (room
temperature, reaction time) with tunable substitution degrees. This solvent reduces energy
consumption, shortens reaction times, and improves homogeneity [89]. Moreover, the
partial recycling of [Py 4 44]OH is possible, although the current recovery efficiency remains
limited, highlighting the need for further improvements before its large-scale adoption.

Although global research increasingly emphasizes sustainable polymers, bibliometric
mapping indicates that the green synthesis and functionalization of HPC have not yet
emerged as dominant themes or as highly cited clusters. This absence likely reflects both
the low publication volume and industrial control of current etherification processes, which
limit academic innovation and their visibility in the literature. As an emerging area, sus-
tainable HPC research is still building a critical mass of publication and citation. Therefore,
future studies should explore solvent-free or enzymatic etherification routes, renewable
feedstocks, and low-impact processing while linking these approaches to property retention,
scalability, and life cycle performance to strengthen the translational and environmental
dimensions of HPC research.

Implementing these directions in collaborative academic and industrial frameworks is
essential for practical adoption and expanding research visibility, enabling these topics to be
reflected in future bibliometric clusters and citation trajectories. As research in this domain
advances, subsequent bibliometric analyses are expected to reveal new thematic clusters
and citation patterns that reflect the growing emphasis on sustainability in HPC innovation.
Collectively, these strategies may yield greener production routes that complement existing
industrial practices while ensuring the scalability, regulatory compliance, and long-term
viability of HPC for pharmaceutical, biomedical, and functional material applications.

5.2. Advanced Functional Materials

The versatile properties of HPC, particularly H-HPC, have made it an essential mate-
rial in various advanced technologies, particularly because of its responsiveness to external
stimuli, such as temperature, pressure, and pH. The ability of H-HPC to be functionalized
and integrated into a wide range of applications has driven innovations in fields such as
energy storage, smart sensors, and biomedical devices. The eco-friendliness, flexibility,
and stability of H-HPC make it an ideal candidate for addressing the growing demand
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for sustainable materials. As research progresses, H-HPC is increasingly being incorpo-
rated into next-generation technologies, including smart wearables, energy-harvesting
devices, and chiral detection systems. In this context, Table 7 lists recent technologies and
innovative uses of H-HPC, highlighting its vast potential across different industrial and
biomedical sectors. Although recent applications of L-HPC are still primarily focused on
drug delivery systems, including oral dissolving films [90], oral disintegrating tablets [17],
amorphous solid dispersions [91], and water pills [92], its potential for broader use in
other advanced technologies remains an area for future exploration. Future research on the
functionalization and scalability of L-HPC is expected to unlock new applications beyond

pharmaceutical formulation.

Table 7. Recent technologies of H-HPC applications.

Recent
Technologies

Applications

Key Findings

Reference

1 Photonic sensors

Smart packaging

Edible, low-temperature-responsive
photonic crystal sensors from
H-HPC and ethanol, enabling
real-time, visual monitoring of

storage conditions down to —35 °C
with tunable color modulation

based on ethanol concentration.

[93]

Mechanochromic
filaments

Smart wearables and
color-shifting materials

Stretchable cholesteric cellulosic
liquid crystal filaments from H-HPC
in elastomeric tubing, showing
mechanochromic response to
mechanical deformation with a blue
shift and recovery to original color,
suitable for scalable applications.

[94]

Structurally colored
fibers

Textiles and functional
materials

A scalable method for producing
H-HPC-based structurally colored
fibers with tunable optical
properties is presented, offering
excellent stability against
mechanical treatments, water,
and heating.

[95]

4 Chiral detection gels

Pharmaceutical analysis,

biotechnology, and 3D
printing

H-HPC gels enable cost-effective,
visible-light-based chiral detection,
differentiating phenylalanine and
alanine enantiomers with high
sensitivity, responding to pH
changes and offering long-term
stability for various applications.

[96]

Mucositis mouthwash
suspensions

Oral drug delivery

Dispersoids of rebamipide (RB)
tablets with H-HPC prepared via
ball-milling demonstrated enhanced
dispersion stability and mucosal
retention, improving oral delivery
and therapeutic efficacy for
clinical use.

[97]
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Table 7. Cont.
No Recent Applications Key Findings Reference
’ Technologies PP y &
Core-shell nanoparticles loaded
with doxorubicin from bioactive
Chemohyperthermia Targeted cancer glas:s and H-HPC enable magnetic
6 . heating and temperature-responsive [98]
nanoparticles treatment d .
rug release, offering targeted
cancer therapy with enhanced
biocompatibility.
Dual-responsive PVP-g-HPC
H- and Biomedical, polymer brushes with LCST near
P . pharmaceutical, and 37 °C under varying pH, enabling
7 temperature-responsive . .ok [99]
environmental cellulose derivatives for
polymer brushes o - . .
applications stimuli-responsive systems in
biomedical applications *
H-HPC serves as a sustainable
binder for supercapacitor electrodes,
Supercapacitor . enhancing capacitance and stability
8 electrodes Energy storage devices across pH environments and [100]
providing an eco-friendly
alternative to fluorinated binders.
A biomass-based
triboelectric-piezoelectric
. . . nanogenerator was fabricated using
, o bodec Mehmolees VRSO Wb
P & PDMS, which exhibited enhanced
nanogenerator self-powered electronics o e
voltage, stability, and sensitivity for
mechanical sensing and energy
harvesting **
HNE *** hydrogel-based smart
windows, exhibit thermochromic
Thermochromic smart Energy-saving devices capabilities for adjustable solar
10 &Y & transmittance and reflectivity, [102]

windows

for varying climates

enabling energy-efficient cooling
and heating in regions with large
temperature differences.

* PVP-g-HPC: Poly(vinyl pyrrolidone)-graft-hydroxypropyl cellulose; LCST: Lower critical solution temper-
ature. ** CTS: chitosan; CNT: Carbon nanotube; PVDF: Polyvinylidene Fluoride; PDMS: dimethyl siloxane.
** HNE: hydrogel from combining H-HPC, NaCl, and ethylene glycol.

In conclusion, both H-HPC and L-HPC hold significant promise across a wide range
of applications, with H-HPC already demonstrating its value in energy storage, smart
sensors, and biomedical devices, whereas L-HPC remains focused on advancing drug
delivery systems. However, the future potential of L-HPC lies in its ability to expand
beyond pharmaceuticals into areas such as biosensors and smart materials, similar to its
H-HPC counterpart. Continued research on the functionalization and scalability of both
H-HPC and L-HPC is crucial for unlocking their full potential, offering innovative and
sustainable solutions that can meet the demands of diverse industries and help drive the
next generation of advanced technologies.

5.3. Industrial Scale-Up and Regulatory Pathways

Bridging laboratory innovations with industrial adoption is pivotal for advancing the
application of HPC in real-world environments. Key priorities for scaling HPC applications
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include the development of efficient and scalable synthesis protocols that ensure repro-
ducibility, cost-effectiveness, and sustainability in large-scale production. Robust quality
control measures are essential for maintaining product consistency. Harmonizing these
processes with global pharmacopeial and material safety standards will facilitate smoother
regulatory approvals and ensure compliance with international markets.

In the pharmaceutical sector, alignment with global excipient guidelines, such as those
outlined by the European Pharmacopoeia (Ph. Eur.) and the United States Pharmacopeia
(USP), are critical for ensuring that HPC-based formulations are both safe and effective.
Regulatory alignment fosters biocompatibility and consistency in drug release, which are
vital for patient safety. Translating lab-scale processes into scalable, commercial-grade
production methods for functional materials, such as HPC-based hydrogels or nanocom-
posites, remains a significant challenge. The lack of standardized protocols for the mass
production of these advanced materials must be addressed to meet the growing demand in
industries such as textiles, electronics, and energy storage.

Future research should focus on integrating scale-up studies that optimize existing
processes, streamline regulatory compliance frameworks, and conduct techno-economic
assessments to facilitate the transition from academic discoveries to industrial applications.
These efforts will accelerate the commercialization of HPC-based technologies and ensure
their scalability and sustainability in real-world applications.

6. Conclusions

Hydroxypropyl cellulose (HPC) has proven to be a versatile and high-performance
polysaccharide derivative, with H-HPC leading multidisciplinary innovations in drug
delivery, nanocomposites, 3D printing, and sustainable functional materials, while L-HPC
maintains its specialized but indispensable role in pharmaceutical disintegration and bind-
ing. Through a comprehensive bibliometric analysis spanning two decades, this study
mapped the intellectual structure, global collaborations, and emerging themes that continue
to shape the HPC research. Despite significant advances, the field remains limited by its
dependence on commercial grades and narrow application domains, underscoring the need
for deeper exploration and broader utilization of HPC. Future priorities should focus on
greener synthesis pathways, functionalization strategies, and industrial scale-up, aligned
with regulatory frameworks to accelerate the translation of laboratory discoveries into
real-world applications. Bibliometric mapping was conducted exclusively using the Scopus
database. As a curated index, such selectivity may under-represent non-indexed or unpub-
lished outputs; therefore, the findings should be read as patterns in the Scopus-indexed
literature. To support reproducibility and assess generalizability, the search strategy and
inclusion criteria were specified, and independent replication using alternative databases
was encouraged. Collectively, these insights position HPC as a sustainable biopolymer
and a leading platform material with expanding translational potential in pharmaceuticals,
biotechnology, and next-generation functional materials.
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