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Preface

The Special Issue provides a comprehensive overview of the state of the art in biomolecule-

and material-based approaches in biomedical applications, with a particular focus on recent

advancements and innovative strategies. It aims to consolidate current knowledge by bringing

together high-quality original research articles and systematic reviews that highlight the use of

biomolecules and advanced materials for a wide range of biomedical purposes. The motivation

behind this collection is to showcase the latest developments in biomolecule- and material-based

biomedical research and to foster the integration and advancement of the existing knowledge across

disciplines. The Special Issue is intended for researchers and scientists working in biomolecular

science, materials science, and related biomedical research fields.

Sabrina Morelli, Antonella Piscioneri, Chien-Chung Chen, and Loredana De Bartolo
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Abstract

(1) Background: this study aimed to determine whether a serum parathyroid hormone
(PTH) threshold of 40 pg/mL represents a clinically relevant risk factor for vitamin D (VitD)
deficiency and reduced bone mineral density (BMD). It also investigated potential genetic
interactions influencing PTH regulation and skeletal health in patients with periodonti-
tis. (2) Methods: a cross-sectional analysis was conducted on 1038 periodontitis patients
(35–75 years). Serum PTH, VitD, calcium (Ca), phosphate (P), and urinary parameters were
assessed. Dual-energy X-ray absorptiometry (DXA) was used to evaluate BMD in 261 sub-
jects. Vitamin D Receptor (VDR) and estrogen receptor alpha (ERα) polymorphisms were
genotyped, and composite genetic risk scores were calculated. Statistical analyses included
correlation tests, subgroup comparisons, and regression models. (3) Results: sixty-two
percent of individuals had PTH > 40 pg/mL, which was associated with significantly lower
25(OH)D and Ca levels and reduced T-scores (p < 0.05). PTH levels negatively correlated
with BMD (Pearson’s r = –0.159, p = 0.0105). Patients with higher ERα polymorphism scores
showed increased PTH values (p < 0.05), while VDR variants demonstrated a positive but
no significant trend. (4) Conclusions: a PTH threshold of 40 pg/mL identifies individuals
at higher risk of VitD deficiency and skeletal fragility, even without overt hypercalcemia.
Genetic factors, particularly ERα variants, may contribute to elevated PTH levels, suggest-
ing value in integrating biochemical, densitometric, and genetic screening for early bone
health risk stratification.

Keywords: parathyroid hormone (PTH); vitamin D (VitD); bone mineral density (BMD);
genetic polymorphisms (SNPs)

1. Introduction

Parathyroid hormone (PTH) is an 84-amino acid polypeptide secreted exclusively
by the parathyroid glands. Its release is tightly regulated by circulating levels of ionized
calcium (Ca), with hypocalcemia serving as the primary stimulus for increased PTH
secretion [1].

Biomolecules 2025, 15, 1600 https://doi.org/10.3390/biom15111600
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PTH is essential for maintaining Ca and phosphate homeostasis and plays a pivotal
role in regulating bone mineral density [2]. In the kidneys, PTH enhances tubular reab-
sorption of Ca, reduces urinary Ca excretion, and stimulates renal 1-alpha-hydroxylase
activity, promoting the conversion of 25-hydroxyvitamin D (25(OH)D)to its active form,
1,25-dihydroxyvitamin D (1,25(OH)2D) [3]. This active form increases intestinal Ca absorp-
tion, contributing to the restoration of serum Ca levels [4].

Physiologically, PTH levels fluctuate in response to serum Ca concentrations [5]. When
Ca levels drop, PTH secretion increases to mobilize Ca from the bone, a readily accessible
reservoir, into the bloodstream. Once normocalcemia is restored, PTH levels decrease,
allowing bone-forming osteoblast activity to resume [4].

VitD also plays a crucial role in maintaining Ca and phosphate balance, partly by
regulating the synthesis and secretion of PTH from the parathyroid glands through several
coordinated mechanisms. It directly suppresses transcription of the PTH gene by binding
to VitD receptors in the parathyroid glands, thereby reducing hormone synthesis [6].
Additionally, VitD increases intestinal Ca absorption, helping maintain normal serum Ca
levels, and indirectly inhibits further PTH release through the Ca-sensing receptor [7].
When 25(OH)D levels fall below approximately 50–60 nmol/L, synthesis of 1,25(OH)2D
decreases, leading to reduced Ca absorption and a compensatory increase in PTH secretion
to preserve Ca homeostasis [8].

In the setting of primary hyperparathyroidism (PHPT), PTH secretion becomes dysreg-
ulated, leading to elevated hormone levels despite normal or high serum Ca concentrations.
This inappropriate secretion is most commonly due to parathyroid adenomas but can also
result from familial hypocalciuric hypercalcemia [9]. In contrast, secondary hyperparathy-
roidism (SHPT) represents an adaptive response to hypocalcemia, often caused by vitamin
D (VitD) deficiency, chronic kidney disease, or malabsorption syndromes. In SHPT, elevated
PTH levels reflect a compensatory mechanism to increase Ca availability through bone
resorption, enhanced renal Ca retention, and stimulation of intestinal absorption [10,11].

Chronic elevation of PTH, whether primary or secondary, exerts significant effects
on bone remodeling [12]. PTH directly stimulates osteoclast differentiation and activa-
tion via the Receptor Activator of NF-κB Ligand (RANKL) signaling pathway, leading
to increased bone resorption [13]. While transient PTH elevations may promote bone
formation (an effect leveraged in intermittent PTH analog therapy), sustained elevations
favor catabolism over anabolism, resulting in reduced bone mass and compromised bone
microarchitecture [11,14]. Consequently, this imbalance contributes to the pathophysiol-
ogy of osteopenia and osteoporosis, marked by diminished bone strength and increased
fracture susceptibility.

Osteoporosis is a chronic, degenerative skeletal disorder defined by decreased bone
mass and disruption of bone microarchitecture, increasing the risk of fragility fractures and
functional decline [15]. Bone integrity is maintained by continuous remodeling, mediated
by osteoblasts, responsible for osteoid synthesis and mineralization, and osteoclasts, which
resorb bone matrix. This balance is delicately modulated by systemic hormones such as
PTH, VitD, and local cytokines [16].

In individuals with hyperparathyroidism (HPT), the persistent stimulation of os-
teoclast activity leads to excessive Ca release from the skeleton, often accompanied by
hypercalcemia [17,18]. Notably, elevated serum Ca in this context reflects bone demineral-
ization rather than adequate intake or absorption. The resultant structural deterioration
underlies the well-established association between HPT and osteoporosis [19]. VitD defi-
ciency frequently coexists with PHPT and SHPT, impairing intestinal Ca absorption and
further exacerbating PTH hypersecretion. Additionally, VitD deficiency and elevated PTH
levels have been independently associated with increased cardiovascular risk. Mechanis-
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tically, high PTH may contribute to hypertension, vascular calcification, smooth muscle
dysfunction, and myocardial hypertrophy [20]. PTH has also been implicated in systemic
inflammation through suppression of anti-inflammatory cytokines such as interleukin-10
(IL-10), whose levels increase following VitD supplementation [21].

Moreover, the coexistence of low 25(OH)D and elevated PTH has been identified as
an independent risk factor for sudden cardiac death in older adults without pre-existing
cardiovascular disease [22]. In cases where PTH levels remain elevated without hypercal-
cemia or an identifiable secondary cause, the condition is termed normocalcemic primary
hyperparathyroidism (NPHPT), an increasingly recognized variant that may still confer
skeletal and cardiovascular risk [22].

In this study, we demonstrate that a PTH threshold of 40 pg/mL is a significant risk
factor for the development of VitD deficiency and the onset of osteoporosis. Elevated PTH
levels were inversely correlated with serum 25(OH)D and Ca concentrations, as well as
bone mineral density.

2. Materials and Methods

2.1. Study Population

This cross-sectional study examined 1038 patients who visited a dental clinic between
January 2022 and January 2024. The included participants were affected by periodontitis
and had available data on serum PTH, 25(OH)D, serum and urinary Ca, or phosphate
as well as sex, age, bone mineralization data and instrumental examinations. The main
exclusion criteria were (i) the VitD supplementation, (ii) the intake of medication known
to affect the concentration of PTH or VitD, including antiepileptic medicine, immune
modulating medicine or intake of medically prescribed supplementary PTH, 25(OH)D,
Ca, or phosphate. Therefore, the cohort included 1038 participants eligible for analysis,
consisting of 437 men and 601 women, aged 35 to 75 years.

The inclusion criteria were: age > 35 and <75 years, male and female participants,
ability and willingness to provide written informed consent, ability to comply with study
procedures and visits. Participants were required to have stable clinical conditions, no
acute illness or hospitalization within the previous four weeks, and preserved renal func-
tion (estimated glomerular filtration rate [eGFR] ≥ 60 mL/min/1.73 m2). Individuals
were also required to have resided in the same geographical area for at least six months
to ensure comparable sunlight exposure. Subjects receiving vitamin D or calcium sup-
plementation were included only if on a stable dose for at least three months or if not
receiving supplementation during the same period. Patients with hypercalcemic primary
hyperparathyroidism, hypoparathyroidism, or chronic kidney disease were excluded. Fur-
thermore, individuals with certain medical conditions or medication histories—such as
diagnoses of hypophosphatasia, idiopathic hypocalciuric hypercalcemia, or osteomalacia,
and those using bisphosphonates, denosumab, romosozumab, or teriparatide—were also
excluded during data retrieval.

The informed consent form for participation to the study was distributed to all partici-
pants and signed [23].

2.2. Biochemical Tests

For each participant, fasting blood samples were obtained by venipuncture and serum
sample were separated the day of clinical examination. PTH was analyzed use CLIA
methods (Snibe Diagnostic, Maglumi 800, Shenzhen, China) inter- and intra-assay coef-
ficients of variation 9.28% and 5.74% for low concentrations, and 9.34% and 5.16% for
high concentrations. The same method was used for 25(OH)D (Snibe Diagnostic, Maglumi
800, China) with inter- and intra-assay coefficients of variation 6.25% and 3.45% for low
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concentrations, and 6.13% and 3.17% for high concentrations. Serum and urinary Ca (Ca/S)
and phosphate (P/S) were measured by standard automated methods in an BA-220 Auto-
matic Chemistry System autoanalyzer (BioSystem, Barcelona, Spain). All analysis followed
standard optimization and quality control as per laboratory policy.

2.3. Bone Densitometry

For the Bone mineral density (BMD) analysis, we included 261 subjects and mea-
surements were performed according to the WHO criteria [24]. BMD was assessed using
(Dual-energy X-ray absorptiometry) (DXA) measurement. BMD at the lumbar spine (L2–
L4) and proximal femur (neck, Ward’s triangle, greater trochanter) was measured by
dual-energy X-ray absorptiometry (Dexa).

2.4. DNA Genotyping

Patient genomic DNA was isolated from EDTA blood samples or swab using a silica-
based, phenol- and chloroform-free process in spin-column and 96-well-plate formats
(QIAcube, Qiagen, Hilden, Germany). Each DNA sample was genotyped for Vitamin D
Receptor (VDR) ApaI (rs64978 G>T), VDR BsmI (rs63980 G>A), VDR TaqI (rs1056 T>C),
VDR FokI (rs30920 T>C), estrogen receptor alpha (ER-alpha) PvII (IVS1-397 T/C) and ER-
alpha XbaI (IVS1-351 A/G) using Real Time qPCR (Quant Studio5, ThermoFisher Scientific,
Waltham, Massachusetts, USA). Single-Nucleotide Polimorphisms (SNPs) were analyzed
using Genotyping Software ( Genotyping, qPCR, version 2020.1.4-Q1-20-build1) (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) and archived in the Cloud.

2.5. Statistical Analysis

Data analysis was performed by the computer program GraphPad Prism Version 8.4.3
for Windows (GraphPad Software). The statistical significance of value differences was
evaluated by Studen’s t-test using GraphPad Prism Version 8.4.3 for Windows. A P value
of less than 0.05 was considered significant.

Data were expressed as mean ± SE (standard error) or ± SD (standard deviation)
as detailed in figure legends. Normally distributed variables, skewed variables, and
categorical variables were described using mean ± standard deviation, median (upper
quartile, lower quartile), and frequency (percentage), respectively. Serum VitD levels were
divided into three groups, deficiency (<20 ng/mL), insufficiency (20–30 ng/mL), and suf-
ficiency (≥30 ng/mL). Comparisons between groups at different VitD levels were made
using ANOVA or Kruskal–Wallis tests for continuous variables and chi-square tests for
categorical variables. For post hoc tests, we used Bonferroni for multiplicity adjustment.
Between-group comparisons of VitD levels between patients with osteopenia and osteo-
porosis were made using independent samples t-tests. Between-group comparisons of
categorical variables between patients with osteopenia and osteoporosis were made using
chi-square tests and Fisher exact method. Spearman and Pearson’s correlation analysis
were used to test the correlations between serum VitD and PTH levels with lumbar and
femoral T-score.

3. Results

In our study, 1038 individuals of both sexes and different age groups were analyzed.
The mean age of participants was 57.08 ± 10.27 years, with ages ranging from 35 to 75
(57.89 ± 10.07 for females and 57.76 ± 10.5 for males). Vitamin D levels were lower during
summer and winter (summer, 38.15 ng/mL (47,3%) and winter, 32.02 ng/mL (52,5%)).
The average 25(OH)D levels were 35.1 ng/mL ± 17.9, and the mean PTH level was
51.08 pg/mL ± 27.4, both within the normal reference ranges, as were the Ca and P levels
in serum and urine.
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Notably, 60% of the individuals had hypovitaminosis (25(OH)D < 30 ng/mL), and 62%
had elevated PTH levels (>40 pg/mL). Indeed, other parameters such as Free Triiodothy-
ronine (FT3) and Free Thyroxine (FT4) thyroid hormones, as well as bone alkaline phos-
phatase (B-ALP), were below the minimum reference range, with values of 2.9 ± 0.5 ng/dL,
5.05 ± 4.8 ng/dL, and 19.2 ± 10.6 U/L, respectively. Lumbar, femoral and feet BMD were
assessed and 62.8% of the individuals had T-scores > −1.0, significant for osteopenia
(p ≤ 0.002 compared with reference ranges) (Table 1).

Table 1. Population setting.

Variables Mean Values Standard Deviations (SD) Reference Values

Age/years 61.5 ±12.1
PTH (pg/mL) 51.08 ±27.4 10–65 pg/mL

25(OH)D (ng/mL) 35.1 ±17.9 >30 ng/mL
Serum Calcium 9.2 ±1.7 9–11 mg/dL

Serum Phosphate 3.4 ±0.6 2.5–4.5 mg/dL
Urinary Ca/24 h (mg/dL) 222.8 168.5 100–250 mg/24 h
Urinary P/24 h (mg/dL) 492.5 267.5 400–1300 mg/24 h
Homocysteine (μmol/L) 13.4 ±6.7 <15 μmol/L

Uric acid (mg/dL) 4.6 ±0.6 2.6–7.2 mg/dL
Glycemia (mg/dL) 89.2 ±17.6 70–100 mg/dL

Total cholesterol (mg/dL) 188.7 ±79.6 <200 mg/dL
LDL (mg/dL) 139.7 * ±53.3 <100 mg/dL
FT3 (pmol/L) 2.9 * ±0.5 3–8 pmol/L
FT4 (pmol/L) 5.05 * ±4.8 9–23 pmol/L

TSH (μIU/mL) 5.2 ±9.1 0.4–5.5 μIU/mL
Bone alkaline phosphatase

(B-ALP (U/L) 19.2 * ±10.6 50–220 U/L

Lumbar spine (L1-L4) T-score −1.38 * ±1.56 >−1.0
Femoral neck T-score −1.65 * ±0.93 >−1.0

Femoral trochanter T-score −1.36 * ±1.02 >−1.0
Feet T-score −2.02 * ±0.67 >−1.0

Summary of the characteristics of the patients enrolled in this study (n = 1038). The mean ± SD was reported and
compared to the specific reference range; (* = values that deviate from the reference range).

3.1. Baseline Characteristics
3.1.1. Population Analysis for PTH Subgroups

The population was divided into two groups according to PTH levels: subgroup1
(<40 pg/mL) and subgroup2 (>40 pg/mL). 62% of individuals had PTH > 40 pg/mL and
the distribution based on age showed a statistically significant increase in PTH among
56- and 75-year-olds (Figure 1).

3.1.2. Characterization of Subgroups

When individuals were divided by PTH level of 40 pg/mL, the difference be-
tween VitD and serum Ca were statistically significant. Therefore, in subgroup1
(PTH < 40 pg/mL) the 25(OH)D mean was 34.22 mg/dL ± 1.026 and in subgroup2
(PTH > 40 pg/mL) was 26.55 mg/dL ± 0.63. Analogously, the serum Ca mean was
9.34 mg/dL ± 0.11 and 8.8 mg/dL ± 0.13, respectively. Based on our results, the PTH value
of 40 pg/mL is able to distinguish individuals with SHPT characterized by hypersecretion
of PTH, hypovitaminosis D and hypocalcemia (Figure 2).
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Figure 1. Population subgroups distributed by age. The population (n = 1038) was divided into
two groups based on PTH levels < 40 (gray bars) or >40 (black bars). Bar graphs represent the % of
individuals clustered by age (<35 years, from 36 to 45 years, from 46 to 55 years, from 56 to 65 years,
from 65 to 75 years and >75 years old). * = p ≤ 0.05 compared with subgroup with PTH< 40 pg/mL.

Figure 2. Patients divided according on PTH level of 40 pg/mL showed statistically significant differ-
ences on 25(OH)D, serum Ca and P. (a–c) Scatter dot plots in the subgroup of patients of 25(OH)D,
serum P and Ca, respectively. Results are expressed as mean ± SD. (d) Graphical representation of
25(OH)D levels in the two subgroups of patients (PTH levels <40 gray line, or ≥40 black line) based
on age ranges. (* = p < 0.05 and ** = p < 0.02 were considered statistically significant).

3.2. Bone Mineral Density (BMD)

A total of 261 patients with complete biochemical and densitometric data were in-
cluded in the BMD analysis. Based on serum PTH concentrations, the cohort was divided
into two groups: 146 patients (56%) with high-PTH group (PTH levels > 40 pg/mL) and
115 patients (44%) with normal or low PTH group (PTH levels ≤ 40 pg/mL). The high-PTH
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group exhibited a significantly higher mean PTH value (62.88 ± 23.56 pg/mL) compared to
the low-PTH group (27.75 ± 7.85 pg/mL). Interestingly, the mean 25(OH)D level was also
higher in the PTH > 40 group (39.4 ± 24.8 ng/mL) than in those with PTH ≤ 40 pg/mL
(32.9 ± 15.5 ng/mL), possibly reflecting or altered hormonal regulation. Of these patients,
33.1% had a normal T-score (T-score > −1), 36.8% had osteopenia (T-score between −1 and
−2.5), and 29.8% had osteoporosis (T-score < −2.5) according to WHO guidelines [24,25]
(Table 2).

Table 2. Clinical and biochemical characteristics of BMD patients stratified by PTH levels.

PTH > 40 PTH ≤ 40
N (patients) 146 115
PTH (Mean) 62.8 ± 23.5 27.7 ± 7.8

25(OH)D (Mean) 39.3 ± 24.8 32.8 ± 15.4
T-score Mean (Mean) −1.6 ± 0.8 −1.3 ± 0.8

Summary of the main variables in patients with serum parathyroid hormone (PTH)
levels higher than 40 pg/mL (n = 146) versus those with PTH ≤ 40 pg/mL (n = 115). Data
are presented as mean ± SD. The high PTH group showed significantly elevated PTH
concentrations compared to the low PTH group, while their serum VitD levels were slightly,
but not significantly, higher. The mean T-score (calculated as the average of lumbar and
femoral measurements) was lower in the PTH > 40 group (–1.6 ± 0.8), demonstrating a
reduced BMD in this population.

In terms of bone status, the mean T-score (average of lumbar spine and femur) was
lower in patients with PTH > 40 pg/mL (–1.6 ± 0.90) than in those with PTH ≤ 40 pg/mL
(–1.3 ± 0.90), suggesting greater skeletal involvement in the former group (Table 2).

A correlation analysis was conducted to explore the relationship between serum PTH
levels and the mean T-score. A statistically significant inverse correlation was observed
(Pearson’s r = –0.159, p = 0.0105; Spearman’s ρ = –0.142, p = 0.0228), indicating that
higher PTH values are associated with lower BMD. This finding is consistent with the
hypothesis that elevated PTH, especially in the context of SHPT, may contribute to bone
demineralization, even in patients with normal serum Ca levels (Figure 3a).

A scatterplot with linear regression line shows the relationship between serum PTH
concentrations and the mean BMD T-score, calculated as the average of lumbar spine
(L1–L4) and total femur values. A statistically significant inverse correlation was observed
(Pearson’s r = –0.159, p = 0.0105; Spearman’s ρ = –0.142, p = 0.0228), indicating that higher
PTH levels are associated with lower BMD. The black regression line and confidence
interval reflect the linear fit and variability of the data. To further evaluate the diagnostic
performance of serum PTH as a continuous variable in predicting osteopenia/osteoporosis,
a receiver operating characteristic (ROC) curve analysis was performed. The optimal
threshold was determined using Youden’s index, and sensitivity, specificity, and AUC with
95% confidence intervals were reported (Figure 3b).

Moreover, Figure 4 shows that patients with PTH ≤ 40 pg/mL consistently have
higher T-scores across all measured skeletal regions (lumbar spine (L1–L4), femoral region,
and feet) compared to those with PTH > 40 pg/mL. The difference was most pronounced at
the lumbar spine (difference statistically significant) and foot levels, where the gap between
groups approached or exceeded 0.5 SD.

While femoral T-scores showed the least divergence between the two groups, the
overall trend suggests a more pronounced reduction in BMD among individuals with high
PTH levels.
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Figure 3. Statistical analysis of serum PTH levels for predicting osteopenia/osteoporosis. (a) Cor-
relation between circulating PTH concentrations and the mean T-score (lumbar spine and femur),
revealing a significant inverse relationship. (b) Receiver operating characteristic (ROC) curve analy-
sis demonstrated good discriminative performance, with an area under the curve (AUC) of 0.797.
The optimal threshold, determined using Youden’s index, was 40.2 pg/mL. This cut-off yielded a
sensitivity of 87% (95% CI: 81–91%) and a specificity of 72% (95% CI: 64–80%). The red dot indicates
the optimal decision point.

 

Figure 4. Comparison of T-scores across anatomical sites between patients with PTH ≤ 40 pg/mL
and PTH > 40 pg/mL by t-test. (a) Line graph depicting mean T-scores (±SD) at the lumbar
spine (L1–L4), femoral region, and feet in two groups stratified by serum PTH levels. Patients
with PTH ≤ 40 pg/mL (black line) exhibited consistently higher T-scores at all measured skeletal
sites compared to those with PTH > 40 pg/mL (gray line). The difference was most pronounced
in the lumbar spine and foot measurements. (b) Bar graph showing the distribution of patients
with osteopenia and osteoporosis at each anatomical site (lumbar spine, femur, feet), stratified by
PTH levels; (c) Box plots illustrating the variation in T-scores across the three anatomical sites in
the two PTH groups. Median T-scores were significantly lower in the subgroup of patients with
PTH > 40 pg/mL (* = p ≤ 0.05 vs. PTH < 40 pg/mL subgroup).

3.3. Interaction Between Genetic Polymorphisms and PTH Levels

To evaluate the potential contribution of genetic predisposition to PTH regulation,
we assessed the cumulative burden of polymorphisms within genes involved in VitD
signaling and estrogen metabolism. Specifically, we genotyped each individual for four
VDR polymorphisms (ApaI (rs64978 G>T), BsmI (rs63980 G>A), TaqI (rs1056 T>C), and
FokI (rs30920 T>C)) as well as two ER-alpha polymorphisms (PvII (IVS1-397 T/C) and
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XbaI (IVS1-351A/G)). To quantify the overall genetic load, we adopted a simple additive
scoring model: a score of 2 was assigned for altered homozygous polymorphic genotypes, 1
for heterozygous genotypes, and 0 for wild type. The individual scores across all six single-
nucleotide polymorphisms (SNPs) were summed, yielding a composite polymorphism
score ranging from 0 to 8 for VDR SNPs and 0 to 4 for ER SNPs. This cumulative score was
then correlated with circulating PTH concentrations in the study population. As shown
in Figure 5, a positive trend was observed between the genetic polymorphism score and
PTH levels, suggesting a potential interaction whereby a higher burden of polymorphic
alleles may predispose individuals to elevated PTH levels. The PTH variation among
groups reached statistical significance in patients with higher ER SNPs score (p < 0.05).
Additionally, VDR SNPs scores showed an increase with increasing PTH concentrations,
although this trend was not statistically significant. Indeed, the graphical representation
demonstrates a consistent increase in PTH values mean with increasing genetic load.

Figure 5. Relationship between cumulative genetic polymorphism burden and PTH levels. Patients
were genotyped for six SNPs associated with VitD and estrogenic signaling: (a) VDR ApaI (rs64978),
BsmI (rs63980), TaqI (rs1056), FokI (rs30920) and (b) ERα PvII (IVS1-397 T/C) and XbaI (IVS1-
351 A/G). A cumulative polymorphism score was computed by assigning a value of 2 for altered
homozygous polymorphic genotypes, 1 for heterozygous, and 0 for wild-type at each locus. The
sum of all scores was then plotted against serum PTH levels. The graph shows a positive trend
between the number of genetic variants and PTH concentration, with a stepwise increase in mean
PTH observed across score categories, both when PTH was plotted against VDR score (a) and against
ER score (b). (* = p < 0.05 was considered statistically significant).

4. Discussion

In this study, we demonstrate for the first time that a PTH threshold of 40 pg/mL
represents a clinically significant risk factor for both 25(OH)D deficiency and the early onset
of osteoporosis. Elevated PTH levels were inversely correlated with serum VitD and Ca
concentrations, as well as BMD, highlighting the central role of PTH in skeletal homeostasis.
These findings support the concept that sustained elevations in PTH, even in the absence of
overt hypercalcemia, may promote bone loss through mechanisms compatible with SHPT,
commonly triggered by chronic VitD insufficiency (Figure 6).

Our results are consistent with previous reports identifying elevated PTH as one of
the earliest biochemical indicators of VitD depletion, often preceding detectable changes
in bone density [26–29]. By identifying a specific threshold beyond which PTH becomes
pathologically relevant, our findings contribute to a more nuanced understanding of the
VitD–PTH–bone axis and emphasize the importance of early detection and intervention to
mitigate SHPT-related skeletal deterioration.
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Figure 6. Schematic representation of the physiological differences between normal parathyroid
hormone (PTH) levels and secondary hyperparathyroidism (SHPT). On the left, individuals with
PTH < 40 pg/mL show normal calcium absorption from the gut, sufficient conversion of vitamin
D into its active form (1,25-OH Vit D), proper bone mineralization, and stable serum calcium levels
(9–11 mg/dL). On the right, SHPT (PTH > 40 pg/mL) is driven by vitamin D deficiency (<30
ng/mL) and genetic polymorphisms that enhance PTH secretion. This biochemical imbalance leads
to reduced serum calcium (<9 mg/dL), increased bone resorption, and diminished bone mineral
density, resulting in osteopenia, osteoporosis, and a higher risk of fractures. Moreover, elevated PTH
is associated with hypertension and arterial calcification, underscoring its systemic impact. Overall,
the illustration highlights the 40 pg/mL PTH threshold as a critical marker of bone fragility and
cardiovascular risk, emphasizing the importance of monitoring and managing vitamin D status and
PTH levels to maintain skeletal and systemic health. Created with Biorender.

Although femoral T-scores showed the least divergence between groups, the overall
trend indicated a more pronounced reduction in BMD among individuals with elevated
PTH levels, reaching statistical significance at the lumbar spine. This is consistent with
the known catabolic effects of PTH on trabecular bone, particularly at weight-bearing
skeletal sites [30]. Moreover, inclusion of the foot T-score (a site rarely reported in bone
densitometry studies) offered additional insight into peripheral skeletal involvement. The
lower T-scores observed at this site suggest early skeletal fragility in patients with chronic
SHPT and highlight the potential value of evaluating nontraditional sites in assessing
systemic bone loss [31]. These data reinforce the systemic impact of elevated PTH on
both cortical and trabecular bone, particularly at weight-bearing regions. Importantly, this
pattern supports the utility of PTH stratification in clinical bone health assessments and
suggests that even borderline elevations in PTH may justify closer monitoring and early
therapeutic intervention, particularly when accompanied by decreasing T-scores [32,33].

Importantly, our findings were corroborated by ROC curve analysis, which confirmed
the relevance of a PTH threshold around 40 pg/mL in discerning patients with low bone
mass. The optimal cut-off of 40.2 pg/mL showed good sensitivity and specificity, support-
ing the clinical utility of this value for identifying individuals at increased skeletal risk.
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Our findings also suggest a genetic component to PTH regulation and its downstream
effects on bone metabolism. Specifically, variations in the VDR and ERα genes may
modulate individual responses within the Ca–VitD–PTH axis [34]. Patients with higher
ERα polymorphism scores exhibited significantly elevated PTH levels, suggesting that
genetic variants may influence either PTH secretion or tissue sensitivity. While the trend
observed for VDR polymorphisms did not reach statistical significance, the overall direction
of the data supports the hypothesis of a gene–environment interaction affecting skeletal
outcomes [35,36].

These results are particularly relevant given the composition of our study popula-
tion, which consisted of individuals with periodontitis, a chronic inflammatory disease
that has been previously associated with reduced BMD and systemic bone turnover [37].
Inflammatory mediators and pro-osteoclastogenic cytokines common in periodontitis may
exacerbate hormonal and genetic susceptibilities, promoting skeletal fragility. Vitamin
D exerts immunomodulatory effects that extend to bone remodeling, partly through the
regulation of inflammatory cytokines such as IL-6, TNF-α, and modulation of RANKL
expression [38]. Chronic elevations in PTH due to vitamin D deficiency may contribute to
bone loss through pro-inflammatory pathways involving Th17 cells, TNF-α, and IL-17 [39].
Furthermore, previous studies have identified associations between periodontal status and
VDR gene polymorphisms, reinforcing the complex interplay between immune, hormonal,
and genetic factors in bone health [40–43].

Taken together, these findings support a broader framework in which biochemical,
genetic, and inflammatory factors interact to modulate bone integrity. The consistent
differences in PTH and T-scores across clinically relevant thresholds suggest that routine
measurement of PTH, even in normocalcemic patients, may aid in the early identification
of individuals at risk for bone loss. This may be particularly important in populations with
coexisting inflammatory conditions or genetic predispositions.

Cyclical variations in PTH levels are expected within the normal physiological range:
during the winter months, reduced sunlight exposure leads to lower serum 25(OH)D
concentrations, resulting in a compensatory rise in PTH to maintain Ca homeostasis [44].
However, previous research has shown that, although VitD levels vary considerably with
seasonal sun exposure, these fluctuations have only minor effects on PTH and Ca levels. In
healthy individuals, Ca concentrations remain stable throughout the year, without clinically
relevant variations. Therefore, seasonal variations in vitamin D do not influence clinical
assessment or decision-making related to PTH and calcium metabolism [45,46].

A limitation of our study is the absence of biochemical and dietary covariates that
may influence PTH levels independently of VitD status. Specifically, data on renal function
(eGFR), albumin-corrected or ionized Ca, phosphate, magnesium, and dietary Ca intake
were not systematically collected or available for the full cohort. These factors are known
to modulate PTH secretion and may confound the attribution of elevated PTH levels solely
to VitD deficiency-related SHPT. While our findings highlight a robust association between
low 25(OH)D and elevated PTH concentrations, the lack of multivariable adjustment for
these additional parameters could limit causal inference. Future prospective studies should
incorporate these covariates into regression models and consider sensitivity analyses to
better isolate the contribution of VitD deficiency to SHPT. Such approaches would further
strengthen the mechanistic understanding and clinical interpretation of PTH thresholds
in bone health risk stratification. Even more, future studies should aim to validate these
findings in larger and more diverse cohorts, preferably through longitudinal designs. Inves-
tigating whether targeted interventions along the PTH-VitD axis (especially in genetically
predisposed individuals) can prevent or mitigate skeletal complications would be a critical
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next step. Such research may ultimately inform personalized approaches to bone health,
particularly in the context of systemic inflammatory diseases such as periodontitis.

5. Conclusions

In conclusion, our study supports a clear link between SHPT, VitD deficiency, and
reduced BMD in patients with periodontitis. These findings underscore the need for
careful monitoring of VitD and PTH levels in this population, while also highlighting
the importance of further exploring the impact of genetic variants on bone metabolism.
Integrating biochemical, densitometric, and genetic markers may help identify individuals
at higher risk and guide personalized therapeutic approaches.

Moreover, these findings support a broader framework where biochemical, genetic,
and skeletal parameters converge to modulate bone health. The high prevalence of peri-
odontitis in this cohort further reinforces the clinical importance of systemic inflammation
as a contributing factor in bone fragility. Given the subtle but consistent shifts observed in
T-score and PTH across clinically relevant thresholds, routine assessment of PTH, even in
normocalcemic patients, may help identify individuals at risk of bone loss earlier.

Future studies should aim to validate these findings longitudinally and assess
whether targeted interventions on PTH or VitD pathways, especially in genetically predis-
posed individuals, can mitigate skeletal complications in inflammatory conditions such
as periodontitis.
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Abstract

The study objectives were to investigate the role of ferroptosis, the mechanism linking
iron accumulation, oxidative stress, and dopaminergic dysfunction, in restless legs syn-
drome (RLS), and to explore its connection with circadian regulation, a key feature of
RLS and a known modulator of ferroptosis. We conducted pathway and gene expression
analyses in 17 RLS patients and 39 controls, focusing on pathways related to ferroptosis,
oxidative stress, iron metabolism, dopaminergic signaling, circadian rhythms, and im-
mune responses. Enrichment analysis, differential gene expression, and cross-pathway
gene overlaps were assessed. Ferroptosis and efferocytosis pathways were significantly
upregulated in RLS, while oxidative phosphorylation, phosphatidylinositol signaling,
PI3K-Akt, FoxO, and adipocytokine pathways were downregulated. The circadian rhythm
pathway was markedly suppressed, with 12 circadian genes downregulated, suggesting
that circadian disruption may drive ferroptosis activation. Decreased expression of pro-
tective pathways, including antioxidant responses and autophagy, was associated with
increased iron accumulation, oxidative stress, and inflammation. Dopaminergic synapse
genes were upregulated, possibly as a compensatory response to neuronal damage. Several
genes overlapped across ferroptosis, circadian, and dopaminergic pathways, indicating a
shared pathogenic mechanism. Our findings support a model in which circadian disrup-
tion promotes ferroptosis in RLS, contributing to iron overload, oxidative damage, and
dopaminergic dysfunction. This pathogenic cascade may also enhance immune activation
and inflammation. Circadian regulation and ferroptosis emerge as promising therapeutic
targets in RLS. Further studies in larger cohorts are warranted to validate these mechanistic
insights.

Keywords: ferroptosis; restless legs syndrome; circadian rhythms; oxidative stress;
iron metabolism
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1. Introduction

Restless legs syndrome (RLS) is a sensorimotor disorder whose symptoms, at any
frequency or severity, affect approximately 5% to 10% of the general population in Western
industrialized countries [1–3]. The condition is characterized by an irresistible urge to move
the legs, often accompanied by unpleasant sensations. These symptoms typically begin or
worsen during periods of rest or inactivity, especially in the evening or at night, and are
partially or completely relieved by movement. Importantly, they are not attributable to
other medical conditions [4].

RLS is clinically heterogeneous, with symptom expression varying by sex and age,
which may also affect changes in time structure of periodic limb movements during sleep
(PLMS) and the response to dopaminergic drugs [5–7]. However, a consistent and defining
feature across phenotypes is its circadian pattern, with symptoms predominantly emerging
in the evening and night [8].

Although the etiopathogenesis of RLS remains under investigation, current evidence
points to the involvement of central nervous system structures, iron metabolism, and
the dopaminergic system. Other neurotransmitter systems, including glutamatergic [9],
GABAergic, and cholinergic pathways [8,10] have also been implicated. Notably, recent
studies highlight the contribution of the mesolimbic dopaminergic pathway, as well as the
basal ganglia, hippocampus, and amygdala, in RLS pathophysiology [11,12].

Several converging theories have been proposed to explain RLS pathogenesis, in-
cluding central dopaminergic dysfunction, impaired brain iron homeostasis, increased
glutamatergic transmission, and neuroinflammatory processes [8]. These mechanisms are
not mutually exclusive and may act synergistically, with iron deficiency leading to altered
dopamine synthesis and oxidative stress, further exacerbated by excitatory neurotransmis-
sion and immune activation.

Given the complex interplay of neural circuits and neurotransmitters involved, the
origins of RLS circadianity are not fully understood. However, dopaminergic transmission
is believed to play a central role. Symptom onset and worsening typically coincide with
the circadian nadir of dopamine levels, while symptom relief occurs as dopamine levels
normalize in the morning [8]. Moreover, this pattern is mirrored by PLMS, which occur in
up to 80–90% of RLS patients [8]. The timing of PLMS, peaking from sleep onset to early
morning, when dopamine levels are lowest, may help as a distinguishing feature of RLS
compared to PLMS in other sleep disorders [13].

A recent transcriptomic analysis identified autophagy-related mechanisms, particu-
larly ferroptosis, as key pathways in RLS [10]. Ferroptosis not only influences dopaminergic
signaling but is also closely tied to iron metabolism [14–16], both of which are critical to
RLS pathogenesis and treatment [17].

Despite these findings, the molecular basis for the circadian nature of RLS remains
largely unresolved. Emerging evidence suggests that ferroptosis may itself be modulated
by circadian genes [18], raising the possibility of a regulatory link between circadian
molecular rhythms and the neurodegenerative processes observed in RLS. This intersection
is particularly compelling, as it may explain how fluctuations in gene expression over the
24 h cycle influence dopaminergic vulnerability and symptom timing.

One emerging focus in RLS research is the role of the A11 dopaminergic nucleus,
the primary source of descending dopaminergic input to the spinal cord [19]. Lesions or
dysfunctions in the A11 region have been shown to induce RLS-like symptoms in animal
models, suggesting its critical role in sensorimotor integration and dopaminergic control of
spinal excitability [20]. While direct evidence of clock gene expression specifically in A11
neurons remains limited, recent findings demonstrate rhythmic expression of core circadian
genes such as PER1 and BMAL1 in the posterior hypothalamus, which encompasses the
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A11 region [21]. This suggests that A11 neurons may be influenced by local circadian
gene activity and potentially act as a relay between central circadian networks and motor
regulatory circuits. Such a dopaminergic-circadian interaction could provide a mechanistic
bridge linking circadian timing and RLS symptomatology, particularly in relation to spinal
excitability and the expression of PLMS.

The hypothalamus, a central node of circadian control, has also gained attention in
RLS pathophysiology. Functional imaging and clinical studies suggest altered activity in
hypothalamic regions involved in arousal and sleep regulation, including the suprachias-
matic nucleus (SCN) and lateral hypothalamus [12,19,22]. Dysregulation in these regions
may influence both dopaminergic and orexinergic pathways, thereby contributing to the
characteristic evening-worsening of RLS symptoms and their disruption of sleep. Further-
more, the SCN regulates peripheral clocks [23], which can modulate iron transport and
metabolism, further linking circadian mechanisms with key pathological features of RLS.

Therefore, the aim of this study is to perform an in-depth transcriptomic analysis to
investigate the interplay between circadian gene networks and ferroptosis-related pathways
in RLS. Specifically, we seek to explore the role of ferroptosis, the mechanism linking iron
accumulation, oxidative stress, and dopaminergic dysfunction, in the context of RLS, where
these processes are also implicated. We further examine the connection between ferroptosis,
RLS, and circadian regulation, given the established interplay between ferroptosis and
circadian rhythms, and the fact that circadian disruption is a defining feature of RLS. By
integrating high-resolution gene expression data, we aim to uncover novel molecular
mechanisms driving RLS and identify potential targets for future therapeutic strategies.

2. Materials and Methods

Raw sequencing data for RLS patients and controls were obtained from datasets E-
MTAB-13155 and E-MTAB-11326, respectively. A total of 17 RLS (13 women and 4 men,
with an age range 24–76 years, mean age 55.8 years, a mean International RLS Study Group
rating scale [24] of 21.1 and a mean disease duration of 6.6 years) were included in the
analysis, along with 39 controls (22 women and 17 men, with an age range 23–92 years,
mean age 62.9 years).

Two patients reported a family history of RLS. The diagnosis was established based
on the criteria of the International RLS Study Group [4], using a semi-structured clini-
cal interview designed to rigorously exclude conditions that may mimic RLS. Exclusion
criteria included the presence of other sleep disorders, psychiatric, neurological, cardiovas-
cular, or neurodegenerative conditions, neurodevelopmental delay, use of central nervous
system-active medications within the year prior to the study, or any pharmacological
treatment within three weeks before the polysomnographic recording. Participants with an
apnea–hypopnea index greater than 10 events per hour of sleep were also excluded. Control
subjects were free from medication and had no history of sleep, neurological, psychiatric,
or physical disorders. Written informed consent was obtained in accordance with the
Declaration of Helsinki, and the study protocol was approved by the Ethics Committee of
the Oasi Research Institute.

The RNA-seq pipeline followed was previously described in 2024 by Mogavero et al. [10].
For all samples, from both controls and patients, venous blood was drawn in the morning
following a 12 h fast. Immediately after collection, the samples were processed using Ficoll-
Paque density gradient centrifugation (Ficoll-Paque PLUS-GE Healthcare Life Sciences,
Piscataway, NJ, USA), and peripheral blood mononuclear cells (PBMCs) were stored at
−80 ◦C until RNA extraction. RNA was isolated using TRIzol reagent (TRIzol Reagent,
Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. All samples were handled, stored, and processed using standardized procedures.
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RNA extraction was performed simultaneously for samples within the same group. The
extracted RNA was stored at −80 ◦C until further analysis. A DNase treatment was applied
after RNA isolation to ensure sample purity and enable accurate quantification.

Before proceeding with the protocol, RNA yield and quality were assessed using a
NanoDrop One spectrophotometer (NanoDrop Technologies LLC, Wilmington, DE, USA)
and a TapeStation 4200 (Agilent Technologies, 5301 Stevens Creek Blvd, Santa Clara, CA,
USA), respectively. Specifically, the 260/280 absorbance ratio, as measured by NanoDrop,
ranged from 1.8 to 2.0, while the RNA Integrity Number (RIN), as determined by the
TapeStation, ranged from 6 to 8.

RNA extraction, library preparation, and sequencing were all performed using a
standardized protocol, with consistent procedures applied within the same laboratory.
Specifically, indexed libraries for all samples were prepared using the Illumina Stranded
mRNA Prep Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s instruc-
tions. Following mRNA enrichment and fragmentation, cDNA synthesis, adapter ligation,
and PCR amplification were carried out. Library concentrations were measured using
the TapeStation 4200 (Agilent Technologies) and the Qubit 4 Fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA). Equimolar amounts of the indexed libraries were pooled
and sequenced on the Illumina platform using a 2 × 75 bp paired-end read configuration.

Gene expression quantification was performed using the featureCounts tool, aligning
reads to the GRCh38 human reference genome and GENCODE Version 37 annotations, via
the STAR aligner with standard parameters. Quantification of expressed genes for each
sample was computed using the featureCounts algorithm.

Data normalization was conducted in Rversion 4.4.2 using negative binomial gen-
eralized linear models, implemented through the Bioconductor DESeq2 version 1.49age.
Only genes expressed in ≥25% of samples were included in the analysis. This model
incorporates both the mean expression level and a gene-specific dispersion parameter,
allowing for robust estimation of differential expression between conditions.

The DESeq2 package applies the Benjamini–Hochberg (BH) correction for multiple
testing to calculate adjusted p-values (padj), using default parameters. The BH correction
controls the false discovery rate (FDR), which is the expected proportion of false positives
among the results deemed statistically significant.

Genes were considered differentially expressed if they exhibited a fold change ≥ 1.50
or ≤−1.50 (|FC| ≥ 1.50) and an adjusted p-value (padj) ≤ 0.01.

For functional analysis, pathway enrichment was conducted using the pathfindR
version 2.4.2in R, leveraging the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database. This approach enabled the identification of biological pathways significantly
associated with the observed gene expression changes.

Principal Component Analysis (PCA) was performed to assess overall variability
among samples and to detect potential outliers or group-specific clustering patterns. PCA
plots, along with volcano plots, used to visualize the distribution of regulated genes in
terms of statistical significance and magnitude of fold change, were generated using the
ggplot2 version 3.5.1 in R. Heatmaps of the differentially expressed genes were generated
using the ComplexHeatmap version 2.14.0

3. Results

The first step involved assessing sample distribution using PCA, which revealed a
clear separation between RLS and control groups along the first two principal components,
indicating systematic transcriptomic differences (Figure 1).
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Figure 1. Principal Component Analysis (PCA) of RLS and control samples showing distinct cluster-
ing of the two groups based on the first principal component (PC1) and second principal component
(PC2), explaining 54% of the variance.

We detected 23,331 expressed genes across all samples (expressed in at least 25% of
RLS and control samples). Differential expression analysis identified 10,185 differentially
expressed genes (padj ≤ 0.01). Among these, 4008 genes were significantly upregulated
(padj ≤ 0.01 and fold-change ≥ 1.5), and 3413 were significantly downregulated (padj ≤ 0.01
and fold-change ≤ –1.5) in RLS samples compared to controls (Supplementary Table S1).
The volcano plot illustrates the distribution of differentially expressed genes between
groups (Figure 2).

Figure 2. Volcano plot of differentially expressed genes between RLS and control samples. Upregu-
lated genes are shown in red, downregulated genes in green, non-significant genes (padj > 0.01) in
gray, and genes significant only for padj ≤ 0.01 in blue.
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Pathway enrichment analysis using pathfindR revealed 228 enriched KEGG pathways.
We focused our analysis on 12 pathways of particular relevance, selected for their functional
connections to ferroptosis, oxidative phosphorylation, and circadian clock genes, three
critical biological axes involved in the regulation of oxidative stress and neuronal survival,
particularly within the dopaminergic system.

All selected pathways were significantly enriched (padj < 0.05), with fold enrichment
values ranging from 1.09 for Oxidative Phosphorylation to 2.89 for Circadian Rhythm, as
shown in Table 1.

Table 1. List of 12 KEGG pathways enriched in RLS versus controls, with fold enrichment values,
statistical significance (lowest and highest p-values), and the corresponding sets of upregulated and
downregulated genes for each pathway.

ID
Term

Description
Fold

Change
Lowest p Highest p Up-Regulated Down-Regulated

hsa04151 PI3K-Akt signaling
pathway 1.39 3.30 × 10−18 2.89 × 10−14

PIK3CB, PIK3R3, PIK3R1,
EGF, ITGA5, LPAR2,

FGF22, PDGFA, GNG11,
SYNE1, COL1A1, FGF1,

MAP2K2, MAP3K5,
COL4A6, LAMA2, LAMB1

SPP1, MMP9, ITGA5,
COL1A1, COL4A6,
LAMB1, LAMA2,
LAMA4, COL4A5,
LAMB2, COL4A4,
LAMC2, COL4A3,

COL4A2

hsa04068 FoxO signaling
pathway 1.95 1.12 × 10−15 3.34 × 10−8

MAP3K5, FOXO4,
MAP2K2, BAD, PIK3CB,

PIK3R3, PIK3R1,
GABARAPL1, CALM3,

GABARAP, CALM2,
CALM1

MAP3K5, PIK3CB,
PIK3R3, PIK3R1, SOX4,

IRS1, BAD,
GABARAPL1,

GABARAP, CALM3,
CALM2, CALM1

hsa04140 Autophagy—animal 1.73 2.00 × 10−13 1.16 × 10−13

IRS1, PIK3CB, PIK3R3,
PIK3R1, MAP3K5, ATG2B,

ATG4C, ATG7, RB1CC1,
STX17, GABARAPL1,
GABARAP, CALM3,

CALM2, CALM1

IRS1, PIK3CB, PIK3R3,
PIK3R1, MAP3K5,

ATG2B, ATG4C, ATG7,
RB1CC1, STX17,

GABARAPL1,
GABARAP, CALM3,

CALM2, CALM1

hsa04728 Dopaminergic synapse 1.36 3.84 × 10−9 1.09 × 10−4

MAOA, VMAT2, GNAI1,
GNG5, GNG3, GNG4,

GNAQ, CAMK2B,
CAMK2A, GRIN1, GRIA1,
GRID1, GABRA2, CALM2,

CALM1

SLC6A3, LEP, CALM1,
CALM2, CAMK2A,

CAMK2B, GNG5, GNG4,
GNG3, GNAI1

hsa04920 Adipocytokine
signaling pathway 1.29 3.45 × 10−8 1.04 × 10−2

CRPRA, ACSL1, LEP,
POMC, ADIPOR1, STK11,
RXRA, SLC2A1, TNFSF4,

CAMKK2

NR1H3, PTPN11,
SOCS3, IRS1, RXRA,

PRKAA1, PRKAA2, LEP,
RXRG, AKT3, MAPK8,

STAT1, STAT3

hsa00190 Oxidative
phosphorylation 1.09 7.27 × 10−6 1.01 × 10−5

NUDFB8, COX6C, TTC19,
ATP6V2, ATP6V1B2,
ATP6V1E1, COX7A2,

ATP6V1G2

NUDFB6, NUDFB4,
NDUFA1, NUDFB9,
NUDFB5, NDUFA2,
COX6C, ATP6V1E1,

ATP6V1B2

hsa04148 Efferocytosis 1.32 3.10 × 10−5 1.30 × 10−3

AGER, GRK6, ROCK1,
ERBB4, MAP3K5, BNIP3L,
ITGA5, SYNE1, MAP2K2,

GABARAPL1, PIK3CB,
PIK3R1, PIK3R3, COL4A6,

LAMA2, LAMB1

METRNL, OXTR,
ITGA1, S1PR1, CD47,
HVCN1, LRP1, VAV1,

TUBB2B, CSF1R, GRK6,
BNIP3L, MAP3K5,

SYNE1, AGER
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Table 1. Cont.

ID
Term

Description
Fold

Change
Lowest p Highest p Up-Regulated Down-Regulated

hsa05208

Chemical
carcinogenesis—
reactive oxygen

species

1.23 1.05 × 10−6 1.04 × 10−5

PIK3CB, MAP3K5,
MAP2K2, FGF1, CYBA,
NCF1, NCF2, NDUFA2,

COX6C, PRDX2,
PRDX6, PRDX1,

MAPKAPK2,
MAPKAPK3, KEAP1,

ASMT, SOD2

PIK3CB, MAP3K5,
MAP2K2, FGF1,

CYBA, NCFA, NCF2,
PRDX2, PRDX1,

PRDX6, MAPKAPK2,
MAPKAPK3, KEAP1,

ASMT, SOD2

hsa04710 Circadian rhythm 2.89 3.91 × 10−16 4.62 × 10−3 DBP, BHLHE41 RORA, PER1, PER2,
PER3, CLOCK

hsa04070 Phosphatidylinositol
signaling system 1.35 6.61 × 10−8 3.73 × 10−2

PTEN, CALM1,
CALM2, PIK3R1,

PIK3R3, DGKZ, GRIN1,
CALM3, CALML4,

CAMK2A, CAMK2B,
CAMK2G, MAP2K2,

MAP3K5

PIK3CB, MAP3K5,
MAP2K2, GRIN1,
CALM1, CALM2,

CALM3, CAMK2A,
CAMK2B, CAMK2G

hsa04713 Circadian
entrainment 1.29 4.36 × 10−7 4.85 × 10−3

GRIN1, CALM1,
CALM2, CAMK2A,

CAMK2B, CAMK2G,
MAP2K2, MAP3K5

GRIN1, CALM1,
CALM2, CAMK2A,

CAMK2B, CAMK2G

hsa04216 Ferroptosis 1.57 2.45 × 10−8 4.60 × 10−2 TP53, SLC1A4, PINK1,
SLC7A11, ACSL4

TP53, SLC1A4,
PINK1, SLC7A11,

ACSL4

Among these, the ferroptosis pathway (hsa04216) may represent a particularly relevant
mechanism potentially implicated in RLS, given its role in iron-mediated oxidative damage
and its potential contribution to disease pathophysiology.

As ferroptosis is closely linked to oxidative stress and redox regulation, we extended
our analysis to pathways such as oxidative phosphorylation (hsa00190) and chemical
carcinogenesis—reactive oxygen species (ROS) (hsa05208), both critical for understanding
oxidative stress-mediated injury.

Oxidative stress and iron dysregulation appear to intersect with circadian rhythm
control (hsa04710, hsa04713), influencing cellular energy metabolism and susceptibility
to ferroptosis. Disruptions in circadian rhythms may impair antioxidant defense systems,
promoting ROS accumulation and cell death.

Additional pathways, FoxO signaling (hsa04068), PI3K-Akt (hsa04151), autophagy
(hsa04140), and adipocytokine signaling (hsa04920), were also analyzed for their roles
in stress responses, cell survival, and inflammation, all of which are relevant to
ferroptosis susceptibility.

The phosphatidylinositol signaling system (hsa04070) is highlighted for its involve-
ment in regulating iron metabolism and oxidative damage responses. Autophagy
(hsa04140) plays a protective role by removing excess iron and damaged cellular com-
ponents, while the dopaminergic synapse pathway (hsa04728) is crucial for brain function
and is notably affected in RLS. Dysregulation of iron metabolism in dopaminergic neurons
may increase susceptibility to ferroptosis activation, thereby contributing to the progression
and exacerbation of neurodegenerative processes. Additionally, the efferocytosis path-
way (hsa04148), the mechanism by which immune cells clear apoptotic or damaged cells,
appears to play a protective role by mitigating oxidative damage. (Figure 3, Table 1).
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Figure 3. Summary of pathway enrichment results. Graphical representation of 12 selected enriched
pathways based on differentially expressed genes.

Shared genes among these pathways suggest a common pathogenic thread. Figure 4
displays a histogram of upregulated (red) and downregulated (green) genes for each biolog-
ical pathway. In the Chemical Carcinogenesis–ROS pathway, there was a predominance of
downregulated genes (32) versus upregulated ones (20), suggesting a suppressed oxidative
stress response. Although this may reflect an adaptive mechanism to limit harmful oxida-
tive pathways, it could also impair the cell’s ability to neutralize ROS, favoring sustained
oxidative stress and the initiation of ferroptosis.

The Circadian Rhythm pathway shows a strong imbalance, with only 2 upregulated
and 12 downregulated genes, a marked downregulation of the genes involved in this
pathway. The concurrent enrichment of pathways related to energy metabolism, the
circadian clock, and ferroptosis suggests the existence of an integrated biological network
in which oxidative stress, iron dysregulation, and disruption of circadian rhythms converge
to increase neuronal vulnerability.
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Figure 4. Histogram showing the number of upregulated (red) and downregulated (green) genes
contributing to the enrichment of the 12 selected biological pathways.

Downregulation of core circadian clock genes (PER1-3, CLOCK, RORA), which are
essential for maintaining the rhythmicity of antioxidant defenses, may impair cellular
homeostasis and heighten susceptibility to ferroptosis.

This network appears to be further modulated by key regulatory pathways, including
FoxO signaling, PI3K-Akt, and autophagy, which orchestrate cellular stress responses and
the clearance of damaged organelles and proteins.

Finally, the involvement of the dopaminergic synapse pathway suggests potential
alterations in synaptic function and neuronal clearance mechanisms, both of which are
critical to the pathophysiology of RLS.

In Figure 5, we show a network representation of pathway interactions, illustrating
how gene expression changes are integrated across pathways. This visualization highlights
the interplay between biological processes and the complexity of signaling alterations
in RLS.

In Figure 6A–E, we focus on key pathways including ferroptosis (hsa04216), circadian
entrainment (hsa04713), circadian rhythm (hsa04710), dopaminergic synapse (hsa04728),
and efferocytosis (hsa04148), respectively, analyzing gene expression variations between
controls and RLS patients.
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Figure 5. Network diagram illustrating the relationships between upregulated and downregulated
genes and the 12 selected enriched KEGG pathways. Each node represents a KEGG pathway; red
and green nodes indicate pathways with predominantly upregulated or downregulated gene sets,
respectively. The complexity of the network reflects the multifactorial nature of RLS pathophysiology
and the high degree of gene overlap among pathways. While dense, the full network was retained to
preserve the biological detail and interconnectedness revealed by the transcriptomic data.

Figure 6. Heatmap of (A) ferroptosis-related gene expression; (B) circadian entrainment pathway
gene expression; (C) circadian rhythm pathway gene expression; (D) dopaminergic synapse path-
way gene expression; and (E) efferocytosis pathway gene expression, across all RLS and controls
(CTRL). samples.
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Hierarchical clustering analysis reveals consistent and statistically significant expres-
sion differences (padj ≤ 0.01 and |FC| ≥ 1.5). RLS samples exhibited a clear upregulation
pattern (red) compared to controls (green/neutral), particularly for ferroptosis-related
genes. This heatmap strongly supports the hypothesis that ferroptosis pathways are acti-
vated or dysregulated in RLS.

4. Discussion

Our research investigated the role of ferroptosis in RLS, a mechanism recently impli-
cated in the disorder [10], also considering its crucial involvement in inflammation and ox-
idative stress [14,15], both of which have been increasingly linked to RLS [25,26]. Moreover,
ferroptosis is known to contribute to intracellular dysregulation of iron metabolism [14]
and to impact dopaminergic metabolism [18], both of which are highly relevant to the
pathogenesis of RLS [8,27].

Given that circadian dysregulation is a hallmark of RLS [4], we also explored po-
tential connections between ferroptosis-related mechanisms (oxidative phosphorylation,
phosphatidylinositol signaling, FoxO, PI3K-Akt and adipocytokine pathways, autophagy,
efferocytosis), circadian regulation, and the dopaminergic system. Our analyses re-
vealed that multiple genes are shared across these pathways, indicating a common
underlying thread.

Our findings demonstrated a significant difference in the expression of the analyzed
pathways, as well as in the regulation of transcripts associated with these biological pro-
cesses, between RLS patients and controls. Each pathway exhibited high fold enrichment,
with circadian rhythms showing the greatest enrichment and involving numerous genes.
Importantly, we highlighted the predominance of either up- or down-regulated genes
within each pathway, providing insights into the genetic mechanisms underpinning circa-
dian dysfunction and its related biological processes in RLS.

Specifically, we observed a marked predominance of down-regulated genes within
the Chemical Carcinogenesis–ROS pathway in RLS, suggesting a potential suppression
of the cellular oxidative stress response. This suppression could lead to the accumulation
of oxidative damage, creating a favorable environment for the activation of ferroptosis,
a process highly sensitive to increased ROS levels and redox imbalance [15]. Indeed,
ferroptosis was markedly upregulated in RLS. This process appears further exacerbated
by the downregulation of FoxO, PI3K-Akt, and phosphatidylinositol signaling pathways,
all of which are crucial for oxidative stress response, cell survival, autophagy, and cellular
repair mechanisms [28,29]. Additionally, downregulation of oxidative phosphorylation and
adipocytokine signaling pathways may also critically contribute to increased oxidative stress
and inflammation, thereby further promoting ferroptosis and neuronal damage [30,31].

Among these mechanisms, phosphatidylinositol signaling is also involved in iron
metabolism regulation [30], suggesting it might directly influence ferroptosis and further
contribute to a vicious cycle of dysregulation of iron metabolism.

It is well established that disruption of brain iron homeostasis is a fundamental
pathological feature of RLS, with consequences for both dopaminergic and glutamatergic
dysfunction [27]. However, the mechanisms driving dysregulation of iron metabolism
remain unclear. Our group was the first to report a pronounced upregulation of ferrop-
tosis in RLS [10], and this study provides a more in-depth exploration of that finding.
Ferroptosis activation promotes intracellular dysregulation of iron metabolism [31], offer-
ing a key explanation for previous observations and the onset of inflammatory mecha-
nisms in RLS [25], while also suggesting therapeutic potential for ferroptosis inhibitors in
the disorder.
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Of note, the upregulation of efferocytosis identified in our study, a crucial immune-
modulatory process by which macrophages and other immune cells clear apoptotic or
damaged cells [32], reinforces growing evidence implicating inflammatory, immune, and
infectious mechanisms in RLS [10,25], consistent with autopsy studies in the disorder [33].

Another critical finding of our study is the downregulation of the PI3K-Akt pathway
in RLS, a signaling cascade known to regulate neuroinflammation, neurogenesis, synaptic
plasticity, and neurotransmission [29]. Impairment of this pathway could thus contribute
to the dysfunction of all these processes, which are known to be altered in RLS [10,34], and
may also be linked to the frequent comorbidity of depression in RLS patients [35].

Importantly, no difference in autophagy regulation was observed, with an equal
number of up- and downregulated genes, suggesting that the protective effect of autophagy,
key in eliminating excess iron and damaged cellular components, may be insufficient
to counteract ferroptosis in RLS [36], thereby facilitating further dysregulation of iron
metabolism, oxidative stress, and inflammation.

Another major goal of our study was to investigate the interplay between ferroptosis,
circadian rhythms, and dopaminergic transmission; again, we found that multiple genes
are shared among these pathways. Namely, we observed a strongly disrupted circadian
rhythm pathway, with only two upregulated genes versus twelve downregulated ones,
suggesting a marked suppression of the circadian system. Since circadian regulation
governs many metabolic and antioxidant processes [37], its disruption may indirectly
facilitate ferroptosis by impairing protective systems such as glutathione production and
lipid peroxide detoxification.

Therefore, the dysfunction of the molecular clock may act as a key modulator of cellular
vulnerability to ferroptosis [38,39] by amplifying oxidative stress imbalance. Investigation
of RLS circadian rhythmicity in relation to circadian markers remains a crucial yet largely
unexplored research area [40]. Despite the recognized importance of genetic factors in RLS
and the diagnostic relevance of its circadian characteristics [8], studies to date have mainly
focused on possible links between CLOCK genes and dopaminergic transmission [40].

It is important to note that the causal relationship between circadian dysregulation
and ferroptosis activation remains to be clarified. While our findings suggest that circadian
disruption may promote ferroptotic vulnerability, the inverse scenario is also plausible:
ferroptosis-induced oxidative damage and neuroinflammation, particularly in dopamin-
ergic pathways, may in turn impair circadian gene expression. The interaction may thus
be bidirectional or self-reinforcing. Future longitudinal and experimental studies will be
crucial to dissect these complex temporal dynamics and clarify the sequence of events in
RLS pathophysiology.

Recent evidence suggests that circadian genes may also regulate ferroptosis [18], with
BMAL1 emerging as a key regulator of antioxidant systems suppressing ferroptosis [41]. In
our study, CRY1, PER1, PER3, CLOCK, and RORA were all downregulated, also BMAL1
(alias ARNTL) was downregulated, but with fold change −1.48 and padj = 2.59 × 10−6,
indicating that circadian suppression might represent a primary trigger for ferroptosis
activation, intracellular dysregulation of iron metabolism, and inflammation in RLS.

Furthermore, recent studies in mouse models have shown that hypothalamic A11
dopaminergic neurons, known to be implicated in RLS pathogenesis [8], may be influenced
by local circadian gene activity and could act as a relay between central circadian networks
and motor regulation circuits [21]. This might explain the upregulation of dopaminergic
synapses observed in our study as a compensatory mechanism for circadian rhythm dis-
ruption, even though increased synaptic transmission does not necessarily imply enhanced
dopaminergic output, which is known to be impaired in RLS, likely due to ferroptosis-
induced neuronal damage. Further research on this topic is necessary to confirm this
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hypothesis. Similarly, upregulation of circadian entrainment might reflect compensatory
responses to circadian gene downregulation.

The circadian modulation of dopamine production has long been associated with RLS
symptoms and motor manifestations such as PLMS [8]; however, this does not fully explain
the link between circadian rhythms and other pathogenetic factors like iron deficiency,
inflammation, or neurotransmitter network alterations [8].

In this context, it would be intriguing to investigate the potential correlation between
daily and seasonal variations in RLS symptoms [8,42] and periodic, including seasonal,
regulation of circadian genes. Innate circannual timing is an evolutionarily conserved
trait present in many species, including humans, and contributes to seasonal variations
in cellular function across different geographical regions [43]. At the molecular level,
epigenetically regulated chromatin remodeling in pituitary cells of the hypothalamus is
thought to drive seasonal oscillations in the transcriptional activity of specific circadian
timer genes, mediating the shift between summer and winter phenotypes [43]. Further
research into circannual rhythms may provide valuable insights into their contribution to
human physiology and disease, including RLS, and may help explain both the circadian
pattern of symptoms and the geographical variability in disease prevalence.

In this context, it is intriguing to consider recent hypotheses suggesting involvement
of additional biological pathways in RLS, including orexinergic signaling [44] and the
Calcitonin Gene-Related Peptide [45], both linked to hypothalamic structures and subject
to circadian regulation [46].

This study has some limitations. First, the relatively small sample size (17 RLS patients
and 39 controls) may limit the generalizability of the findings. However, this limitation
was mitigated by stringent criteria for differential gene expression (adjusted p-value ≤ 0.01
and |fold-change| ≥ 1.5) and by the use of robust pathway enrichment analyses. An
additional limitation is the unequal group size (17 RLS patients vs. 39 controls), which
may introduce potential bias. However, all samples were processed using standardized
protocols, and differential expression analysis was conducted using DESeq2, a method
specifically designed to handle unbalanced groups through rigorous normalization and
dispersion modeling. Furthermore, gene expression data were obtained from peripheral
blood rather than neural tissue, which may not fully reflect central nervous system pro-
cesses. Nonetheless, blood-based transcriptomic profiling has been increasingly recognized
as a valid proxy for identifying systemic molecular alterations relevant to neurological
disorders. Another limitation of our study is the lack of standardized assessment for
subclinical anxiety and depression symptoms, which are common comorbidities in RLS.
Although major psychiatric disorders were part of the exclusion criteria, the absence of
formal rating scales may have limited our ability to account for milder affective symptoms
that could potentially influence gene expression. Finally, while the study establishes as-
sociations between circadian gene expression, ferroptosis, and RLS, causal relationships
cannot be inferred from transcriptomic data alone. Future studies with larger cohorts, lon-
gitudinal designs, and functional validation will be necessary to confirm and expand upon
these findings.

5. Conclusions

In conclusion, our study offers a comprehensive framework of RLS, suggesting that
downregulation of circadian genes may drive ferroptosis overexpression, leading to intra-
cellular dysregulation of iron metabolism, neuronal damage, dopaminergic dysfunction,
and heightened oxidative stress, inflammation, and immune activation, thus establishing a
vicious pathogenic cycle (Figure 7). Nevertheless, further studies with larger cohorts are
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needed to validate these findings and to clarify the complex role of circadian genes and
ferroptosis in RLS pathogenesis.

Figure 7. Schematic representation of the proposed pathogenic cycle in RLS. The diagram illustrates
how the downregulation of circadian genes may initiate the overexpression of ferroptosis pathways.
This, in turn, leads to intracellular iron accumulation, resulting in neuronal damage and dopaminergic
dysfunction. These alterations promote increased oxidative stress, inflammation, and immune system
activation, which further amplify ferroptosis processes. The cycle represents a self-perpetuating loop
that may contribute to the neurobiological and clinical manifestations of RLS.

Such research may also help determine whether ferroptosis could serve as a novel
therapeutic target, as has been proposed in other conditions, including Parkinson’s disease
and other neurodegenerative disorders [47].
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Abstract: In recent years, field-effect transistors (FETs) based on graphene have attracted
significant interest due to their unique electrical properties and their potential for biosensing
and molecular detection applications. This study uses FETs with a nanocrystalline graphite
(NCG) channel to detect DNA nucleobases. The exceptional electronic properties of NCG,
and its high surface area, enable strong π–π stacking interactions with DNA nucleobases,
promoting efficient adsorption and stabilization of the biomolecules. The direct attachment
of nucleobases to the NCG channel leads to substantial changes in the device’s electrical
characteristics, which can be measured in real time to assess DNA binding and sequence
recognition. This method enables highly sensitive, label-free DNA detection, opening up
new possibilities for rapid genetic analysis and diagnostics. Understanding the interactions
between DNA nucleobases and graphene-based materials is crucial for advancing genetic
research and biotechnology, paving the way for more accurate and efficient diagnostic tools.

Keywords: field-effect transistor; graphene-related material; nucleobase; Dirac point;
mobility; DNA technologies

1. Introduction

DNA is the foundation material of biological heredity because it carries the genetic
information used in controlling all biological processes [1,2]. The detection of abnormal
concentrations of nucleic acids can be used for evaluating the occurrence and progress of
different pathological conditions. Therefore, nucleic acid biomarkers could be employed
for the early detection of disease. They can also be employed for lab-on-a-chip (LOC),
point-of-care detection (POC), precision medicine, and personalized therapy. There are
different types of nucleic acids present in body fluids, such as cell-free DNA (cfDNA)
and circulating tumor DNA (ctDNA). Of the two, ctDNA is the most widely searched
tumor-related element in clinical applications to detect minimal residual disease, disease
recurrence, and targetable genomic alterations, and to detect and monitor the emergence of
resistance mechanisms [3,4]. Nucleic acids can also be used for rapid pathogen detection,
which is an emerging issue in the clinical, environmental, and food industry sectors.
Multidrug resistant bacteria like Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter species
(ESKAPE), and some foodborne pathogens such as Listeria monocytogenes, Salmonella
spp., and Campylobacter spp. are responsible for 700,000 deaths per year globally and
have a significant economic impact [5]. Additionally, the recent COVID-19 pandemic
has demonstrated that there is an urgent need for fast, accurate, and cheap diagnosis
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methods [6]. It has been estimated that health issues caused by ESKAPE organisms
generated 55 billion USD in excess direct and societal costs per year in the United States
(US). In the European Union (EU) and European Economic Area (EEA) countries, healthcare
costs sum up to 1.1–1.5 billion EUR yearly [7]. The global economic impact of COVID-19
was estimated to be between 77 billion and 2.7 trillion USD in 2019 [8].

In the last few years, field-effect transistors (FETs) have attracted much attention in
the area of bio-detection due to their sensitivity in detecting molecular interactions. The
FET-based biosensor relies on a biomolecular recognition event at the FET gate [9–12].
During specific bio-recognition interactions, the electric charge distribution changes the
surface density of the electric charge carriers and, therefore, changes the conductivity
of the source–drain channel [10–12]. Graphene is considered an ideal material for the
construction of FET biosensors because the bandgap can be tuned by modifying the surface.
In a typical graphene-based FET architecture, graphene is deposited/transferred on a Si
substrate with a 300 nm SiO2 layer. The doped Si substrate acts as a back gate, which
induces a charge density at the surface and hence changes the Fermi energy level in the
graphene layer [13]. So far, several reports have demonstrated that graphene-based FETs
with electrolytic top gates can be effectively used for charged molecule detection [14–17].
Compared with electrochemical signal readout, graphene-based FETs utilize electrical
sensing to exploit the change in resistivity, mobility, and electric charge distribution when
nucleic acids adsorb on the surface of the source–drain channel of the FET, and their
small or even nanoscale dimensions allow them to provide better sensing abilities. Thus,
these properties make graphene-based FETs a promising instrument for interface studies.
The development of the graphene–nucleic acid nano–bio interface is straightforward and
easy to tailor due to the self-assembly properties of DNA molecules and the detection
specificity that single-stranded DNA (ssDNA) or single-stranded RNA (ssRNA) molecules
offer [9,18–25].

Theoretical studies indicate that DNA molecules attach to the graphene surface
through π−π stacking interactions [26,27]. The calculated binding energies are almost
identical for adenine, thymine, and cytosine. The hierarchy of binding energies is as fol-
lows: G > A ≈ T ≈ C > U (G—guanine, A—adenine, T—thymine, C—cytosine, U—uracil).
The authors found that the calculated binding energies were correlated with the polar-
izabilities of the nucleobases, making polarizability the dominant source of interaction
between nucleobases and graphene. Single-stranded DNA possesses a much higher bind-
ing capacity to graphene than double-stranded DNA. Shorter strands of DNA adsorb faster
and bind more tightly to graphene’s surface [26,27]. However, these theoretical studies
assumed perfectly flat graphene layers, which differ from the real behavior of graphene
layers that naturally tend to roll to achieve structural stability. The appearance of curva-
tures in the graphene layer can significantly alter the electronic properties and the binding
capacity of nucleobases. Theoretical calculations that investigate the binding capacity of
nucleobases to curved graphene, such as carbon nanotubes (CNTs), have been performed
using high-precision first principle calculations [28]. The results show that the binding
energy increases as the curvature decreases and reaches a maximum for planar graphene.
However, these studies are based on CNT structures, not on the nonplanarity of graphene.
Another study has reported that nucleobases have a stronger binding affinity to graphene
with larger radii of curvature compared with the smaller CNTs, as large-size graphene
exhibits significant curvature, as observed by quantum chemical calculations and atomic
force microscopy (AFM) measurements [29]. It has been reported that the interaction energy
increases systematically as the size of the system expands [30]. The curvature may provide
additional stability for nucleobase binding on the graphene surface. Studies also show
that ssDNA binds to graphene mainly through π–π attachment interactions [31–34]. Zhao
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et al. performed molecular dynamics (MD) simulations to investigate the self-assembly of
double-stranded DNA segments on graphene’s surface [35]. They observed that DNA can
form two distinct types of assembly. Both of them use π–π stacking as the main binding
force onto the graphene layer.

As nucleic acids have a charged phosphate backbone, graphene-based FETs are an
ideal tool in nucleic acid/graphene interface property sensing, interfacial studies, and
interface-based sensing applications [14–17,36]. DNA probes, aptamers, or CRISPR/Cas9
molecules have been used as bio-receptors for LOC devices [37–39]. Additionally, as DNA
molecules can bind directly to graphene, DNA origami molecules can be directly attached
to it to develop new types of biosensors or drug delivery platforms [40–42]. Wasfi et al.
developed an FET device based on graphite oxide decorated with a trimetallic nanocluster
of gold, silver, and platinum for real-time nucleic acid detection with a 1.28 nM limit of
detection (LOD) [43]. Ganguli et al. demonstrated that crumpled gFETs can be used to
detect E. coli DNA down to zeptomolar (zM) concentrations [44]. Chen et al. fabricated a
DNA-functionalized graphene field-effect transistor for quantitation of vascular endothelial
growth factor, with a 3.24 pg/mL LOD [24]. Hwang et al. used deformed monolayer
graphene channels for the detection of nucleic acids with a detection sensitivity down to
600 zM in buffer and 20 aM in human serum sample [45].

The transfer characteristic curves of BioFET devices, particularly those utilizing
graphene and graphene-related field-effect transistors (GFETs), are crucial for understand-
ing their biosensing applications. Studies indicate that DNA immobilization significantly
affects the electrical characteristics of these devices and highlight the importance of reduc-
ing defects and preserving graphene’s properties to maintain stable transfer characteristics
during DNA hybridization detection [46]. Similarly, Jia and Ju used simulations to demon-
strate how ssDNA immobilization and hybridization affect GFETs’ performance [47]. They
found that DNA’s negative charge alters the Dirac point and modulates conductivity, sup-
porting the device’s role in biosensing. The charge accumulation method enhances signal
detection by directly transferring charges, improving signal-to-noise ratios [48]. Addition-
ally, Selvarajan et al. modeled GFET transfer characteristics, confirming that doping and
environmental factors influence electrical responses, which is vital for optimizing DNA
detection [49].

As there are no published works that describe this, we propose to study the interaction
of ssDNA probes with nanocrystalline graphite (NCG). In the current paper, we propose
to use NCG for the sensing area of an FET device. NCG is an innovative 3D carbonic
nanomaterial with excellent electric properties. Additionally, the FETs used in the current
paper are a two-gate FET with a back gate and a front gate. By understanding and
characterizing the attachment of the DNA samples and how it influences the behavior of
the FETs, we hope to further advance the fabrication of NCG-based LOC- and POC-type
devices for disease diagnosis and pathogen detection.

This study represents a groundbreaking advancement in the field, as it is the first to
report the direct interaction between guanine, adenine, cytosine, and thymine, with NCG
and its significant impact on the electrical conductivity of NCG. The NCG–guanine complex
demonstrates the highest conductivity among the nucleobases tested, marking a significant
leap in understanding the role of nucleobases in modifying graphene-based materials’
electronic properties. This pioneering research opens new avenues for the development of
guanine-based biosensors, providing insights that could shape the future of bioelectronics
and biosensing technologies.
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2. Materials and Methods

The cleaning of FET devices, deposition of single-stranded DNA probes, incubation,
and washing were carried out at room temperature in a laminar flow hood within an ISO6
cleanroom (class 1000) to minimize surface contamination.

The source–drain channel surface characteristics were evaluated after the immobi-
lization of nucleobases through energy dispersive X-ray spectroscopy (EDX/EDS), at an
acceleration voltage of 15 kV, using the Nova NanoSEM 630 system (FEI Company, Hills-
boro, OR, USA), which is equipped with an EDX detector (EDAX TEAM™, AMETEK, Inc.,
Berwyn Pennsylvania, USA).

Structural characterization was performed using Raman spectroscopy, which provides
information regarding the shape and type of chemical bonds. Raman spectra were acquired
using a Witec Raman spectrometer (Alpha-SNOM 300 S, WiTec GmbH, Germany), utilizing
a 532 nm diode-pumped solid-state laser with a maximum power of 145 mW. The incident
laser spot size was approximately 1.0 μm, with two objectives attached (50× and 100×) to
a Thorlabs MY100X-806 microscope.

Electrical characterization was carried out using the semiconductor characterization
system (DC) with the Wafer Probing Station-4200-SCS/C/Keithley Easyprobe EP6/Suss
MicroTec.

Single-stranded DNA samples were purchased from Integrated DNA Technologies.
We used ssDNA with a length of 20 bases of the same type with 100 μM concentration. We
named them poly G (GGG GGG GGG GGG GGG GGG GG), poly A (AAA AAA AAA
AAA AAA AAA AA), poly C (CCC CCC CCC CCC CCC CCC CC), and poly T (TTT TTT
TTT TTT TTT TTT TT).

Fabrication of the Nanocrystalline Graphite-Based Field-Effect Transistor for Direct Immobilization
of Single-Stranded DNA Probes

The NCG FET was fabricated using conventional photolithography on a 4-inch p-
doped Si wafer. The wafers were cleaned in Piranha solution by immersion. The FET
dimension was 4.7 mm2, with a sensing area of 100 μm × 100 μm.

The fabrication process began with p-doped silicon wafers, which serve as the sub-
strate, cleaned by immersion in Piranha solution for 30 min. The Si wafers were subjected to
a thermal oxidation process in an oxidation furnace at a temperature of 900 ◦C for 340 min.
The NCG channel between the source and drain was synthesized via plasma-enhanced
chemical vapor deposition (PECVD) at a substrate temperature of ≈ 900 ◦C, with a growth
time of 75 min, in a gas flow of CH4 (60 sccm) and H2 (75 sccm). The NCG film is de-
posited on the full wafer surface and patterned via photolithography. A thick positive
photoresist (AZ4562) is used to transfer the pattern from the photomask, as the NCG film
is etched via reactive ion etching (RIE) in an O2 plasma. The removal of the photoresist
after RIE takes place in acetone and isopropyl alcohol. The source and drain electrodes
are fabricated/patterned via the lift-off process: a negative photoresist (LOR 5A) and a
positive photoresist (AZ1518) are spin-coated onto the substrate, followed by UV exposure
through a specific photomask. A thin film of Cr/Au (10/300 nm) is then deposited, and the
lift-off process is carried out in acetone with ultrasonic treatment to remove both the metal
and the photoresist, resulting in the formation of the source–drain electrodes. The front
gate fabrication is also accomplished via a lift-off procedure: after the deposition of two
sacrificial photoresists, followed by alignment and exposure to a photomask with the front
gate design, a thin aluminum oxide (Al2O3) film, with a thickness of 10 nm, is deposited at
120 ◦C via atomic layer deposition (ALD). This film serves to isolate the gate contact. This
is followed by the deposition of a 10 nm thick Cr layer and a 300 nm thick Au layer, with
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subsequent electrode patterning using the lift-off technique. The final step is dicing the
wafers into individual sensors, according to the device geometry.

Figure 1a,b display a schematic representation of the functionalized NCG-based
FET and an optical microscopy image of the FET device, respectively, while Figure 1c
showcases the experimental setup for the electrical characterizations. The microfabrication
process is more extensively presented in a previous article [50]. Figure 1d represents
the transfer characteristic curves of an NCG-FET after the direct immobilization of the
different DNA nucleobases (Poly G, poly T, poly A, and poly C). The immobilization
of different nucleobases shifts the transfer curves, affecting the drain current (Id) and
shifting the Dirac point—Poly G (Red) and poly T (Blue) show relatively similar shifts.
These shifts occur due to the varying charge distribution and dipole moment of the DNA
nucleobases interacting with the graphene surface, affecting the charge carrier concentration
and transport properties of the NCG-FET. The shift direction and magnitude depend on
the specific nucleobase’s electronic properties and its interaction with the graphene-based
sensing layer.

Figure 1. (a) Schematic representation of the NCG-based FET device depicting the NCG channel
and the 4 electrodes. (b) Optical microscopy image of the NCG-FET at 5× magnification with an
enhanced view of the NCG channel (inset). (c) Experimental setup for the electrical characterizations.
(d) Id/Vg plot for different nucleotide at Vd = 3 V.

3. Results

Understanding the nucleobase–graphene interactions is essential for advancements
in genetic research and biotechnology, as they play a critical role in maintaining genetic
accuracy and participating in various biological processes such as energy metabolism
and cell signaling. Direct detection of these nucleobases on NCG surfaces represents a
significant step toward the development of advanced biosensors. Due to its superior elec-
trical properties, NCG provides an optimal platform for such applications. While existing
literature primarily reports theoretical data on the direct interaction between graphene and
nucleotide bases, our study presents novel experimental findings, demonstrating promising
results for the direct detection of DNA. When integrated into an FET, this approach enables
rapid and highly sensitive nucleobase detection, paving the way for high-performance
biosensors with applications in genetics, medical diagnostics, and biotechnology.

Direct Adsorption of Nucleobase on NCG

Based on the theory that DNA interacts with the graphene surface through various
mechanisms, such as π–π attachment, hydrogen bonding, electrostatic interactions, van der
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Waals forces, and hydrophobic interactions, forming spherical particles in the case of poly
A and poly C, while poly T and poly G form a network on the surface, the main mechanism
we applied in the preliminary studies is free adsorption.

For the attachment of single-stranded DNA probes on the GFET, we aimed to function-
alize the NCG channel non-covalently by utilizing π–π interactions between the graphene
layers and the nucleotides. We chose this method to avoid altering the structure and
properties of the graphene-based material. The hydrophobic interaction between the DNA
bases and NCG demonstrated excellent nucleotide base adsorption capabilities without
compromising their structural integrity.

First, each sample is cleaned with 3 μL of isopropyl alcohol. Then, the samples are
dried at room temperature in a laminar flow hood for 10 min, and the ssDNA specimens
are incubated. The immobilization process involves the π–π interaction between the NCG
surfaces and the four nucleotide bases (G, A, T, C), each containing 20 nucleotides. We
added 5 μL of a 100 μM solution—poly G/poly A/poly T/poly C—onto the surface of the
NCG channel. A droplet formed above the channel, and the FET devices were kept at room
temperature overnight in the hood. After incubation, the samples were cleaned three times
with the specific nucleotide buffer IDTE: 1× TE solution, pH = 8, certified nuclease-free,
and stored at room temperature to dry.

The electrical response of the NCG-based FETs for the four types of nucleotides is
presented in Figure 2. The transfer characteristics, where the gate voltage (Vg) is swept
in the interval [−5 V; 5 V]; the drain voltage is biased at −3 V, 1 V, 2 V, and 3 V; and the
drain current is measured, are displayed in Figure 2a,c,e,g. Based on the presented transfer
characteristics, the mobility is computed in each case and is showcased in Figure 2b,d,f,h.

The detection of DNA nucleobases using NCG-FETs is achieved by measuring the
electrical response following the adsorption of ssDNA samples onto the NCG source–drain
channels. The adsorption of nucleobases onto the FET channels induces a leftward shift of
the Dirac point. This leftward shift is attributed to n-type doping of NCG, caused by π–π
stacking interactions between NCG and the electron-rich nucleobases in DNA molecules.
The corresponding values of the Dirac point and its respective shift after ssDNA adsorption
are presented for each of the four nucleobases in Table 1. Depending on the applied gate
voltage, the Dirac point shifts to the left by 0.45 V and 0.9 V in the case of guanine, by
0.1 V to 0.4 V in the case of thymine, by 0.1 V to 0.46 V in the case of adenine, and by 0.1 V
and 0.45 V in the case of cytosine. The Dirac point shift—an indicator of sensitivity—is
significant upon nucleobases adsorption compared with the reference NCG-FET.

Table 1. Analysis of Dirac point shift of the NCG-FETs at different drain potentials, after guanine,
thymine, adenine, and cytosine adsorption.

Vd = 1 V Vd = 2 V Vd = 3 V Vd = −3 V

Guanine

VDP-NCG1 (V) 1.5 2.7 4.09 −4.05
VDP-NCG1 poly G (V) 1.05 2.09 3.15 −3.15
ΔVDP (V) −0.45 −0.61 −0.94 0.9

Thymine
VDP-NCG4 (V) 1.15 2.4 3.65 −3.6
VDP-NCG4 poly T (V) 1.05 2.15 3.25 −3.2
ΔVDP (V) −0.1 −0.25 −0.4 0.4

Adenine

VDP-NCG8 (V) 1.2 2.4 3.75 −3.7
VDP-NCG8 poly A (V) 1.1 2.2 3.29 −3.29
ΔVDP (V) −0.1 −0.2 −0.46 0.41

Cytosine
VDP-NCG12 (V) 1.2 2.45 3.7 −3.7
VDP-NCG12 poly C (V) 1.1 2.2 3.3 −3.25
ΔVDP (V) −0.1 −0.25 −0.4 0.45
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Figure 2. I–V characteristics of the NCG-FETs before and after (a) guanine, (c) thymine, (e) adenine,
and (g) cytosine adsorption/direct interaction. Mobility of the NCG-FETs before and after (b) guanine,
(d) thymine, (f) adenine, and (h) cytosine adsorption at a drain potential of (top-left) 1 V, (top-right)
2 V, (bottom-left) 3 V, and (bottom-right) −3 V.

From an EDAX perspective (Table 2), the adsorption of guanine, thymine, adenine,
and cytosine onto the NCG channel is confirmed by the presence of carbon (C), oxygen
(O), and nitrogen (N). Guanine exhibits significant charge transfer at the NCG interface,
associated with high interaction energy due to π-π interactions playing a crucial role,
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as well as the presence of both amino (−NH2) and carbonyl (=O6) groups, which can
interact with the π-electron cloud at the NCG surface. For thymine, the nitrogen signal
intensity is lower than that observed for guanine, which is expected given that guanine is
a stronger nitrogenous base. Conversely, an increase in oxygen presence is observed, as
thymine contains two oxygen atoms in its chemical structure, whereas guanine has only
one. Adenine shows a more balanced composition, with a notable increase in nitrogen,
while in the case of cytosine, the nitrogen presence is lower, which is likely due to both
the lower number of nitrogen atoms in cytosine (three nitrogen atoms) and the fact that
cytosine is a weaker base.

Table 2. Elemental distribution extracted from EDAX measurements of the NCG FETs’ channel after
poly G, poly T, poly A, and poly C adsorption.

Atoms Weight % Atomic % Net. Int Error %

Poly G
C 34.47 41.17 408.10 5.28
N 0.64 0.65 2.92 68.46
O 64.89 58.18 641.85 6.56

Poly T
C 20.44 25.49 535.7 11.12
N 0.06 0.07 1 99.99
O 79.54 74.4 2326.10 7.17

Poly A
C 37.54 44.45 319.37 5.21
N 0.21 0.22 0.64 0.0007
O 62.62 55.34 421.42 6.90

Poly C
C 33.47 40.12 248.06 5.69
N 0.17 0.17 0.49 90.67
O 66.36 59.71 423.55 6.74

The presence of nucleobases can either enhance or attenuate NCG-specific Raman
peaks (Figure 3), which is expected due to electrostatic interactions and hydrogen bond
formation. The characteristic NCG Raman peaks, such as D (≈1350 cm−1), G (≈1580 cm−1),
2D (≈2680 cm−1), and D + D’ (≈2980 cm−1), may experience frequency shifts in the pres-
ence of nucleobases. These shifts indicate changes in the electronic structure or graphene
lattice dynamics.

The Raman spectra acquired from the NCG-FETs after poly G, poly A, and poly C
adsorption reveal the appearance of a 1152 cm−1 peak, while after poly T the new peak
appears at 1143 cm−1. This peak is frequently associated with specific vibrational modes of
chemical bonds in organic molecules, including nucleobases. This peak may be related to
C–N bond vibrations common in nucleobase structures, C–C bond vibrations, especially
within the aromatic ring, or C–H stretching modes. Additionally, D-band doubling is
observed, which may indicate changes in the electronic structure. When the ssDNA is
adsorbed onto the NCG surface, it influences the lattice vibrations, leading to D-band
splitting. Initially, the D-band appeared at 1336 cm−1 for the control sample for poly G,
poly T, and poly A, and at 1332 cm−1 for the control sample for poly C. After ssDNA
adsorption, the D band splits into two peaks at 1332 cm−1 and 1349 cm−1 for poly G
and poly C, 1328 cm−1 and 1349 cm−1 for poly T, and 1328 cm−1 and 1349 cm−1 for poly
A. The G-band, initially detected at 1594 cm−1 in the pristine NCG channels, shifts to
1578 cm−1 after ssDNA attachment for all nucleobases. Peaks observed at 1489 cm−1 and
1529 cm−1 are associated with N–H bond vibrations and other vibrational modes of amino
groups. Furthermore, N–H stretching vibrations appear at approximately 3125 cm−1 and
3248 cm−1.
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Figure 3. Comparative Raman spectra of the NCG-FETs before and after (a) poly G, (b) poly T,
(c) poly A, and (d) poly C adsorption.

The results from our experimental study support the conclusions drawn in previous
theoretical studies from the literature, which suggest that the presence of guanine signifi-
cantly enhances the electrical conductivity of pure graphene. Theoretical models indicate
that this enhancement is due to guanine’s ability to donate electrons to graphene, thus
facilitating n doping and promoting easier electron flow. Furthermore, the NCG–guanine
complex exhibits the highest conductivity among the nucleobases tested, confirming its
superior electrical properties as predicted by theoretical analyses.

4. Discussion

The comparison of the four nucleobases (adenine, thymine, guanine, and cytosine)
adsorbed onto the NCG-FETs reveals distinct differences in their interaction with the NCG
surface. Figure 4 represents the transfer characteristic curves of the NCG-FET before and
after the direct immobilization of different DNA nucleobases (poly G, poly T, poly A, and
poly C) at a 3 V drain potential, which displayed the highest shift in the Dirac point. Poly G
and poly T show relatively similar drain currents at the Dirac point. These shifts occur due
to the varying charge distribution and dipole moment of the DNA nucleobases interacting
with the NCG surface, affecting the charge carrier concentration and transport properties
of the NCG-FET. The shift direction and magnitude depend on the specific nucleobase’s
electronic properties and its interaction with the NCG-based sensing layer.

Both adenine and guanine, which are purine bases, exhibit the strongest interactions
with NCG, resulting in significant n-doping effects. The Dirac point shift, a key indicator
of doping, is most pronounced for these two bases, with shifts reaching up to 0.46 V for
adenine and even greater for guanine. This is attributed to the electron-rich nature of
purines, particularly their nitrogen atoms, which participate in π–π stacking interactions
with the NCG surface. These strong interactions lead to significant changes in the electronic
structure of NCG, as evidenced by the pronounced Dirac point shifts and enhanced electron
flow through the NCG upon adsorption.
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Figure 4. Transfer characteristic curves of the NCG-FET before and after (a) guanine, (b) thymine,
(c) adenine, and (d) cytosine adsorption. Drain current (Id) vs. gate potential (Vg) plot for the different
nucleotides at a fixed drain potential of Vd = 3 V.

In contrast, thymine and cytosine, the pyrimidine bases, induce weaker electrical
interactions with the NCG surface. The Dirac point shift in these bases is more moderate,
ranging from 0.1 V to 0.4 V for thymine and up to 0.45 V for cytosine. These shifts indicate
a weaker n-doping effect compared with purines, as these bases have fewer nitrogen atoms
and exhibit less electron-donating behavior. The interactions are still detectable, but they do
not induce a significant change in the NCG electronic structure. The electronic sensitivity
of NCG in nucleobase adsorption studies correlates directly with the size of the Dirac
point shift. Purine bases induce more significant shifts in the Dirac point, making them
more effective in modulating the conductivity of NCG, which is crucial for biosensing
applications.

These findings indicate that FET devices can effectively differentiate DNA nucleobases
based on their distinct electronic interactions, providing a pathway for highly selective and
sensitive biosensing applications.

The transconductance behavior (Figure 5) of the NCG-FET devices shows notable
changes after DNA nucleobase immobilization, indicating interactions between the nucle-
obases and the NCG channel. The variations in transconductance suggest that different
nucleobases influence charge transport differently, likely due to their distinct electronic
properties, indicating specific interactions between each nucleobase and the NCG material.
DFT studies show that poly G has the lowest ionization potential (≈7.75 eV), meaning it
donates electrons more easily than other nucleobases. This matches the higher transcon-
ductance observed experimentally NCG-poly G [51].
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Figure 5. Transconductance of the NCG-FET device after DNA nucleobases immobilization on the
NCG channel.

Poly G exhibits the strongest interaction with the NCG surface, as it contains a high
percentage of oxygen (≈64.89 wt%), contributing to significant π–π stacking interactions
with NCG. The high intensity of oxygen-related peaks in the EDAX analysis (641.85)
further suggests a robust interaction with the NCG surface. This is also supported by
its substantial shift in the electrical characteristics of the device, which indicates strong
doping effects and charge transfer to the top graphenic layers. Poly T, while containing
a high percentage of oxygen (≈79.54 wt%), has a lower overall carbon content (≈20.44
wt%), resulting in weaker π–π stacking interactions compared with guanine. Its higher
error margin (11.12%) for carbon and low nitrogen content (≈0.06 wt%) indicate a less
pronounced interaction with the NCG surface, which is reflected in the more moderate
changes in the device’s electrical properties. Adenine shows a more balanced composition
of carbon (≈37.54 wt%) and oxygen (≈62.62 wt%) but with a lower nitrogen content (≈0.21
wt%), which results in moderate interactions with the NCG channel. The device shows
notable changes in electrical behavior, though not as strong as poly G, indicating less
effective electron donation to the NCG surface. Cytosine, with a composition similar to
guanine (≈33.47 wt% carbon and ≈66.36 wt% oxygen), exhibits moderate interactions with
the NCG surface. However, the nitrogen content (≈0.17 wt%) is slightly lower than in
guanine, leading to a weaker doping effect. This results in less pronounced modifications in
the electrical properties, as seen in the relatively lower net intensity values for carbon and
nitrogen (248.06 and 0.49, respectively). These data confirm that guanine induces the most
significant modification in the electronic properties of the NCG channel, while thymine
and cytosine show weaker interactions, highlighting the important role of nitrogen and
oxygen content in modulating the performance of graphene-based biosensors.

The Raman spectra (Figure 6) also confirm these findings, showing D-band splitting
and G-band shifts in all cases, with the purine bases exhibiting more pronounced shifts
compared with the pyrimidine bases. These results emphasize the stronger π–π stacking
interactions and n-doping effects in adenine and guanine, while thymine and cytosine
cause less pronounced structural changes in the graphene lattice.
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Figure 6. Raman spectra after direct immobilization of DNA nucleobases.

5. Conclusions

Each DNA nucleobase contributes differently to the detection sensitivity of the NCG-
FET devices based on its interaction with the NCG channel. The differences in interaction,
observed through changes in the Dirac point, transconductance, and Raman spectra, un-
derline the ability of NCG-FETs to differentiate between nucleobases.

Guanine induces the most significant changes in the NCG-FET response, with a
pronounced shift in the Dirac point and significant modifications in the Raman spectra and
transconductance. Its electron-rich nature, due to the presence of nitrogen atoms, makes it
the most effective nucleobase for modulating the electronic properties of the NCG channel.
This strong interaction increases the sensitivity of the NCG-FET, allowing for the precise
detection of guanine in DNA sequences. Therefore, guanine is the most influential base for
improving detection sensitivity in NCG-FET-based biosensors.

Adenine also induces measurable changes in the NCG-FET, though less dramatic than
guanine. The Dirac point shift and variations in transconductance are moderate, which
suggests a weaker interaction with the NCG channel. However, these changes are still
sufficient to contribute to the detection of adenine in a DNA sequence, though with lower
sensitivity when compared with guanine. Adenine provides a valuable but less impactful
contribution to the detection capabilities of the NCG-FET.

Both thymine and cytosine show relatively weak interactions with the NCG channel,
resulting in smaller shifts in the Dirac point and less significant changes in transconductance
and Raman spectra. These weaker interactions indicate that thymine and cytosine have a
limited impact on the electrical properties of the NCG-FET, leading to lower sensitivity in
detecting these bases. However, they still contribute to the overall ability of the NCG-FET
to differentiate between nucleobases, though their influence on detection sensitivity is
weaker compared with guanine and adenine.

Theoretically, the binding energies of the nucleotide bases are influenced by their
electronic structures, with purine bases (guanine and adenine) typically exhibiting stronger
binding energies due to their electron-donating properties, which facilitate more robust
interactions with graphene or other sensing materials.

In summary, all four nucleobases contribute to the modulation of the NCG channel in
FETs. Guanine stands out as having the biggest influence on NCG’s electrical properties. Its
strong electronic interaction with the NCG channel makes it a key component for precise
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and sensitive DNA detection. Adenine, thymine, and cytosine also play roles in detection,
but their weaker interactions result in less pronounced effects on the NCG-FET’s electrical
properties, contributing to lower sensitivity for detecting these bases.

Current findings pave the way for integrating NCG into FET biosensors. Each nucle-
obase has its own electric signature and its influence on the electric properties of NCG. By
understanding how each of them interacts with the NCG substrate, different types of sen-
sors can be further developed with applications in DNA-based diagnosis, single-nucleotide
polymorphism or mutation detection, and even DNA sequencing. Furthermore, artificial
intelligence can be trained to analyze the electric signals generated by an NCG-FET sensor
so that heterogeneous DNA sequence detection or DNA sequencing is enabled. NCG
can also be coupled with CRISPR/Cas molecules to develop new types of biosensors or
delivery vectors.
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Abstract: Background: Early detection of sphingolipidoses is crucial to prevent irreversible compli-
cations and improve patient outcomes. The use of urine samples dried on filter paper (DUS) is a
non-invasive strategy that simplifies the collection, storage, and shipping of samples compared to
using liquid urine specimens. Objectives: (1) Develop and validate a multiplex ultra-performance
liquid chromatography–tandem mass spectrometry (UPLC-MS/MS) methodology using DUS to
quantify twenty-one lysosphingolipids normalized to creatinine for eight different sphingolipidoses.
(2) Establish normal reference values to evaluate the clinical utility of the methodology. Methods:
Samples were eluted from a 5 cm filter paper disk (~1 mL of urine) and extracted on Oasis MCX
solid-phase extraction cartridges prior to injection in the UPLC-MS/MS system. Results: Urinary
lysosphingolipids were stable on DUS at −80 ◦C and −30 ◦C for 117 days, at 21.5 ◦C and 4 ◦C for
at least 26 days, and at 35 ◦C for 3 days. Globotriaosylsphingosine, glucosylsphingosine, and their
analogs were elevated in patients with Fabry disease and Gaucher disease, respectively, compared to
controls (p-value < 0.0001). The analysis of related analog profiles suggests a better overall reliability
in detecting patients early, especially for Fabry patients. Conclusions: This approach is feasible and
might be useful for the early detection, monitoring, and follow-up of patients with sphingolipidoses.

Keywords: tandem mass spectrometry; urine dried on filter paper; lysosomal storage disorders;
lysosphingolipids; sphingolipidoses; Fabry disease; Gaucher disease

1. Introduction

Lysosomal storage disorders (LSDs) regroup over 70 inborn errors of metabolism
characterized by the excess systemic accumulation of metabolites due to mutated genes
encoding lysosomal enzymes, transporters, or enzyme cofactors [1].

Sphingolipidoses, an LSD subgroup, represent several rare diseases caused by a dys-
functional pathway of sphingolipid catabolism. Sphingolipids form an essential lipid class
regarding the cellular structure, homeostasis, adhesion, signaling, senescence, develop-
ment, and death. Their chemical structure is based on a sphingosine backbone comprised
of a N-acylated fatty acid with a variable chain length (isoforms) or modifications on the
sphingosine moiety (analogs) combined with a carbohydrate group (cerebrosides and
gangliosides) or hydrogen (ceramide) in the C-1 hydroxyl [2–8].

The accumulation of a specific sphingolipid leads to different diseases, such as
metachromatic leukodystrophy, Gaucher disease, Krabbe disease, Fabry disease, GM1
and GM2 gangliosidoses, and Niemann–Pick disease. They are autosomal recessive genetic
disorders, except for Fabry disease, which is X-linked [9].

Gaucher disease (OMIM no. 230800) has an average incidence of 1 in 50,000 births but
is more prevalent in some populations, such as the Ashkenazi Jewish population (1 in 800).
It is caused by mutations in the GBA1 gene (chromosome 1 [1q21]), leading to the deficiency
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of the glucocerebrosidase enzyme (EC: 4.2.1.25), which is essential to the catabolism of glu-
cosylceramide [10]. The cellular accumulation of metabolites, including glucosylceramide,
glucosylsphingosine and related analogs in several tissues (bone marrow, spleen, and
liver) and biological fluids (urine and plasma) will cause cellular dysfunctions and organ
involvement [6,7,11]. There are three major Gaucher disease clinical types (1, 2, 3) and two
variant phenotype forms (perinatal-lethal and cardiovascular). Type 1 is the most common
and is characterized by several clinical manifestations, such as bone involvement, hep-
atosplenomegaly, anemia, thrombocytopenia, and lung disease. Compared to type 2 (acute;
infantile) and type 3 (subacute; juvenile), Gaucher disease type 1 is non-neuronopathic [10].

Krabbe disease (OMIM no. 245200) is caused by mutations in the GALC gene and is
characterized by progressive demyelination and the presence of globoid cells [12]. It is
caused by the deficiency of galactosylceramidase (EC: 3.2.1.46), which causes the accumu-
lation of galactosylceramide and galactosylsphingosine and leads to the degeneration of
oligodendrocytes. These lipids are important for the integrity of the myelin, kidney, and
epithelial cells of the small intestine and the colon [12,13]. Elevated levels of galactosylsph-
ingosine in dried blood spots were previously detected [14].

Fabry disease (OMIM no. 301500) is a multisystemic X-linked sphingolipidosis caused
by mutations in the GLA gene affecting the α-galactosidase A enzyme (EC: 3.2.1.22) activity,
which leads to the accumulation of globotriaosylceramide (Gb3), globotriaosylsphingosine
(lyso-Gb3), and their analogs/isoforms in biological fluids and tissues [5,8,15]. The severity
and signs/symptoms are quite variable. The main features are acroparesthesia, angioker-
atomas, corneal opacity, cornea verticillata, digestive tract issues and severe complications
such as kidney disease, heart failure and stroke. Fabry females may also develop the
disease, albeit generally with less severe symptoms compared to male patients [16].

Niemann–Pick disease types A and B (type A: OMIM no. 257200; type B: OMIM no.
607616) are characterized by the deficiency of acid sphingomyelinase (EC: 3.1.4.12), which
leads to lipid storage accumulation and to visceral or neurovisceral manifestations. Inter-
mediate forms (types A and B) are caused by mutations in the SMPD1 gene. Niemann–Pick
disease type C (OMIM no. 257220) is a less severe form resulting from mutations in the
NPC1 or NPC2 gene and affecting the cholesterol trafficking without altering the enzyme
activity of acid sphingomyelinase [17]. The clinical manifestation spectrum largely de-
pends on the disease form, but patients may suffer from common neurological signs and
symptoms such as gaze palsy, cerebellar ataxia, dysarthria, cataplexy, seizures, dystonia,
and progressive dementia [17].

Metachromatic leukodystrophy (OMIM no. 250100) is the most common leukodys-
trophy, with a prevalence of 1 in 40,000–160,000 worldwide. Due to the deficiency of the
lysosomal enzyme arylsulfatase A (EC: 3.1.6.1), sulfatides and sphingolipids accumulate in
affected cells and damage the myelin sheath of the central and peripheral nervous systems,
causing progressive motor and cognitive involvement [18].

GM1 gangliosidosis (OMIM no. 230500) is caused by mutations in the GLB1 gene
(chromosome 3p21.33), leading to the deficiency of β-galactosidase activity (EC: 3.2.1.23),
while GM2 gangliosidosis (Tay–Sachs disease: OMIM no. 272800; Sandhoff disease: OMIM
no. 268800) is characterized by mutations in the HEXA or HEXB gene, respectively, leading
to the deficiency of β-hexosaminidase A and B (EC: 3.2.1.52). GM1 gangliosidosis is
distinguished by the systemic and central nervous system neurodegeneration phenotype
with a severity spectrum categorized as type I (infantile), type II (late infantile), and
type III (juvenile). GM2 gangliosidosis is characterized only by central nervous system
involvement [19].

There is no treatment available to cure these diseases. However, several approaches
were developed for patients affected by sphingolipidoses to reduce or stop disease progres-
sion: enzyme replacement therapy (ERT) for Gaucher disease [20] and Fabry disease [21],
substrate reduction therapy (SRT) for Gaucher disease [20] and Niemann–Pick C [22],
pharmacological chaperone therapy for Gaucher disease [20] and Fabry disease [21], gene
therapy for Fabry disease [21,23,24], Gaucher disease [20] and metachromatic leukodystro-
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phy [25], and allogeneic hematopoietic stem cell transplantation for Gaucher disease [20],
Krabbe disease [26], and metachromatic leukodystrophy [18]. There is no FDA-approved
therapy option for GM1 and GM2 gangliosidoses. Genome editing by CRISPR-Cas9 is an
emerging therapy currently in progress and seems promising in terms of curing sphingolipi-
doses [27]. Biomarker monitoring is important at various stages of therapy development to
evaluate the safety and the therapeutic efficiency [28].

Early detection of these disorders using biomarkers is important to treat affected
patients in a window of action before the development of irreversible organ damage [29,30].
Newborn screening programs (NBSs) were developed to reduce the diagnostic delays
experienced by LSD patients [31,32]. Currently, the gold standard is to measure spe-
cific enzyme activities from dried blood spots (DBSs), followed by confirmation tests
such as clinical evaluations, enzyme activity measurements in leukocytes/lymphocytes,
biomarker quantitation, and mutation analyses [31–33]. However, analytical challenges
remain. The analytical accuracy when using DBS can be affected by the limited volume
of blood available on the filter paper and the hematocrit effect [34]. Also, patients with
late-onset forms may have residual enzyme activity that is not correlated with the geno-
type and phenotype [31,35,36]. A high number of patients with variants of uncertain
significance (VUS) are detected in NBSs [31,36]. It has been reported that among 248,616
newborns screened in the NBS program of Northeast Italy, 22 of 126 confirmed cases were
asymptomatic with VUS (3 Gaucher disease, 7 Pompe disease, 10 Fabry disease, 2 mu-
copolysaccharidosis type I) [31]. Furthermore, even if NBS programs allow early detection
of patients, the most appropriate course of action for the follow-up, management, and
treatment of these patients still needs to be confirmed [31]. Guidelines for clinicians are
updated frequently. Recent expert consensus guidelines recommend the monitoring of
specific biomarkers, such as lyso-Gb3 instead of Gb3 in plasma, for the evaluation of the
pharmacodynamic response and treatment outcomes in patients with the classic form of
Fabry disease. Nevertheless, detection of late-onset forms or female Fabry patients is still
challenging [37].

Lysosphingolipids, which represent deacylated sphingolipids generated by the acid
ceramidase from intra-lysosomal sphingolipid accumulations, are interesting biomarkers
for the follow-up and monitoring of LSDs [38,39]. As mentioned above, analog forms of
primary lysosphingolipids were found in plasma and urine samples from Fabry disease [5,
8] and Gaucher disease patients [6,7]. In urine samples, the analog levels may be more
elevated than the primary lysosphingolipid itself. More studies analyzing larger cohorts of
Gaucher and Fabry disease patients are needed to assess the clinical benefits of analyzing
the analog profiles. Still, previous studies have shown the advantages of the analog profile
analysis in Fabry patients with late-onset mutations [40,41].

Several analytical MS methods were developed to analyze different lysosphingolipids
in tissues and biological fluids, especially in plasma samples [42–44]. Some methodologies
were developed to analyze the lysosphingolipid profiles using DBSs [45,46]. Some analytical
MS methods were developed using urine samples from patients with metachromatic
leukodystrophy [47], GM1 gangliosidosis [48], GM2 gangliosidosis [49], and Niemann–Pick
disease [50]. We have previously shown that LC-MS sensitivity can ensure the detection
and measurement of sphingolipids and lysosphingolipids in urine, including in Gaucher
disease and Fabry disease [51,52]. We have already developed a multiplex UPLC-MS/MS
methodology to measure lysosphingolipids in liquid urine specimens for the detection
of the aforementioned sphingolipidoses, including Krabbe disease [53]. Compared to
plasma, it remains true that urine sample collection is non-invasive for patients and can
easily be performed at home, but the number of studies using urine samples for analysing
lysosphingolipids is limited. Also, home collection of liquid urine samples from the
pediatric population can still be tedious, according to many parents [54].

Therefore, a urine filter paper collection approach can be readily used. Existing
programs, such as the Provincial Neonatal Urine Screening Program in Sherbrooke, Quebec,
Canada, have proven that using urine dried on filter paper allows the detection of inborn
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errors of metabolism (IEM) in newborns [55]. Until now, more than 3.7 million babies
have been screened using DUSs collected at home by parents, with a voluntary compliance
ranging from 84–93%. Also, the program has highlighted that it is possible to easily collect
samples and analyze 5 cm DUS disks. More recently, a mass spectrometry approach was
used to evaluate the feasibility of screening IEM using DUS specimens as part of a sensitive,
specific, non-invasive, and low-cost strategy [56]. Furthermore, the DUS approach was
previously used to collect LSD patient samples: mucopolysaccharidoses [57], Pompe
disease [58], Fabry disease [59], and MLD [60]. Finally, considering that the concept of
“hospital at home” and virtual medicine is more accessible than before [61], using DUSs
to collect samples from patients may simplify the process, reduce the cost, and facilitate
sample shipping by regular mail to the analytical laboratory [62,63].

Considering these previous studies, there is an incentive to develop a new multiplex
non-invasive high-risk screening MS approach for the early detection, monitoring, and
follow-up of sphingolipidosis-affected pediatric patients, as well as some adult patients,
using DUS instead of liquid urine. Therefore, our main objectives were twofold: (1) to
develop and validate a multiplex quantitative UPLC-MS/MS methodology using DUS to
quantify the levels of 21 lysosphingolipids and their related analogs normalized to creati-
nine for the detection of eight different sphingolipidoses: metachromatic leukodystrophy,
Gaucher disease, Krabbe disease, Fabry disease, GM1 gangliosidosis, GM2 gangliosidosis
(Tay–Sachs and Sandhoff diseases) and Niemann–Pick disease; and (2) to establish nor-
mal reference values to evaluate the clinical utility of this assay for high-risk screening,
monitoring, and follow-up of patients.

2. Materials and Methods

2.1. Ethics Approval

This research project followed the principles outlined in the Declaration of Helsinki
for all human experimental investigations and was approved by the Research Ethics Board
at the Centre intégré universitaire de santé et de services sociaux de l’Estrie—Centre
hospitalier universitaire de Sherbrooke under project ID 2023-4955, which was an extended
study of project ID 2021-3435. Urine samples were obtained from consenting participants
as part of this latter study [53].

2.2. Urine Sample Collection

Urine samples selected from healthy controls (n = 59), patients diagnosed with spe-
cific sphingolipidoses (n = 119), and pathological controls (patients suffering from LSDs
other than sphingolipidoses (n = 21)) were used. The available demographic details,
such as the treatment status, sex, age, and mutation of participants, are summarized in
Tables S1 and S2.

Briefly, the patients recruited for this study according to each disease were as follows:
Fabry disease, 97 patients (untreated males (UFMs): n = 19; treated males (TFMs): n = 22);
untreated females (UFFs): n = 33; treated females (TFFs): n = 23); Gaucher disease, 14
patients (untreated (UG): n = 9; treated (TG): n = 5); GM1 gangliosidosis: two treated
patients; metachromatic leukodystrophy (MLD), four untreated patients; and Niemann–
Pick disease type C, one treated patient. Healthy control samples were obtained from
healthy participants with no incidental findings (<18 years: n = 26; ≥18 years: n = 34).
Samples from patients suffering from other LSDs were used as pathological controls: MPS
type I (n = 4); MPS type II (n = 5), MPS type III (n = 2), MPS type IV (n = 6), MPS type VI
(n = 2), MPS type VII (n = 1), and Pompe disease (n = 2).

Liquid urine specimens were vortexed for 30 s, and one mL was deposited on a 5 cm
Whatman 903 filter paper disk (CF10, GE Healthcare, Chicago, IL, USA). The disks were
flat-dried for 4 h at room temperature, then transferred at −30 ◦C until the UPLC-MS/MS
analysis. For the MLD patients, no liquid urine specimens were available and only a quarter
of a 5 cm DUS was available per patient for the extraction.
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2.3. Reagents

LC/MS-grade water (H2O), methanol (MeOH), American Chemical Society-grade
ammonium formate, o-phosphoric acid (H3PO4, 85%), and ammonium hydroxide (NH4OH,
28–30% purity) were purchased from Fisher Scientific (Hampton, NH, USA). Formic acid
(FA, 99+%) was obtained from Thermo Fisher Scientific (Waltham, MA, USA) and LC-MS-
grade acetonitrile, ReagentPlus-grade dimethyl sulfoxide (DMSO) (≥99.5%), ammonium
formate (Amm. Form.) (≥99.995% trace metals basis) and creatinine (≥98%) were obtained
from Millipore Sigma (Burlington, MA, USA). Glucosylsphingosine (d18:1) (psychosine;
GluSph), galactosylsphingosine (d18:1) (GalSph), globotriaosylsphingosine (d18:1) (lyso-
Gb3), lyso-sulfatide (d18:1) (lyso-Sulf), lyso-monosialoganglioside GM1 (d18:1) (lyso-GM1),
lyso-monosialoganglioside GM2 (d18:1) (lyso-GM2), 13C6-glucosylsphingosine (d18:1) (13C6-
GluSph), D-erythro sphingosylphosphorylcholine (d18:1) (D-erythro-lysosphingomyelin;
lyso-SM) and N-glycinated lyso-sulfatide (d18:1) (N-Gly-lyso-Sulf) were purchased from
Cayman Chemical Company (Ann Arbor, MI, USA). D9-sphingosylphosphorylcholine
(d18:1) (d9-lyso-SM) was purchased from Avanti Polar Lipids (Alabaster, AL, USA). The d3-
creatinine standard (99.8 atom %D) was purchased from CDN Isotopes (Pointe-Claire, QC,
Canada). N-glycinated globotriaosylsphingosine (d18:1) (N-Gly-lyso-Gb3) was synthesized
and purified in our laboratory [51]

2.4. Calibration Standards and Quality-Control Preparation

Spiked (S-) and urine (U-) in-house quality controls (QCs) (lower limit of quantification
level (LLOQC), low level (LQC) at 3xLLOQC, medium level (MQC) at the midrange of
the calibrators and high level (HQC) at the higher range of the calibrators) were used to
evaluate the effectiveness and robustness of the method, as described in the Section 2.7
Method Validation. The S-QCs and calibrators were prepared on the day of the analysis,
while the U-QCs were prepared before the analysis and stored with the working solutions
and urine matrices in the freezer (−30 ◦C) until analysis. The concentration of the QCs and
calibrator working solutions are shown in Table S3.

For creatinine, the S-QCs were freshly prepared before the extraction by spiking 100 μL
of working solutions, prepared in water, uniformly on a 5 cm blank filter paper disk, which
was flat-dried at room temperature (21.5 ◦C) for 30 min. Blank filter paper disks (without
urine) were used because the urine matrix is not exempt from endogenous creatinine. The
U-QCs were made from a pool of urine samples from five healthy controls (three males
and two females) to an endogenous creatinine concentration at 15 mmol/L, then diluted
with water to obtain the same final concentration ranges as the S-QCs, before depositing
1 mL on a 5 cm blank filter paper disk flat-dried at room temperature (21.5 ◦C) for at least
4 h. For the creatinine calibrators, eight working solutions prepared in water were spiked
as the creatinine S-QCs.

For lysosphingolipids, the S-QCs were prepared similarly to the S-QCs for creatinine,
but the working solutions were prepared in 80:20 MeOH:DMSO, sonicated 5 min prior to
use and spiked on 5 cm filter paper disks containing 1 mL of urine with an endogenous
creatinine level at 7 mmol/L, already dried. The U-QCs were made by spiking the same
liquid urine pool used to prepare the creatinine U-MQCs with the same multiplex lysosph-
ingolipid working solutions used for the S-QCs before depositing 1 mL on a 5 cm blank
filter paper, as mentioned previously for the creatinine U-QCs. For the lysosphingolipid
calibrators, eight working solutions prepared in 80:20 MeOH:DMSO were spiked as the
lysosphingolipids S-QCs.

2.5. Extraction of Urine from Filter Paper Disks

Prior to the extraction, the samples, QCs, and calibrators were thawed at room tem-
perature (21.5 ◦C). A volume of 100 μL of multiplex lysosphingolipid internal standard
working solution, containing 50 nmol/L of N-Gly-lyso-Sulf, 13C6-GluSph, N-Gly-lyso-Gb3
and d9-lyso-SM in 80:20 MeOH:DMSO, and 100 μL of creatinine internal standard working
solution, containing 10 mmol/L of d3-creatinine in water, was deposited on each filter
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paper and flat-dried at room temperature for 30 min. Afterwards, each 5 cm filter paper
disk was folded in half and deposited in a 20 mL glass vial with the fold on top. To
elute the compounds, 3 mL of 80:20 MeOH:H2O was added to the glass vial, covered
with parafilm M PM-996 (Bemis Co., Neenah, WI, USA), and agitated for 30 min at 300
rpm on a model G2 gyratory shaker (New Brunswick Scientific Co., Edison, NJ, USA).
Then, 1 mL of eluate was transferred to a 13 × 100 mm borosilicate test tube containing
100 μL of H3PO4 2% in water. For each acidified eluate, the preparations were loaded on
mixed-mode strong cation-exchange cartridges (Oasis MCX, 1 cc, 30 mg, Waters Corp.,
Milford, MA, USA) previously conditioned with 1200 μL of MeOH followed by 1200 μL
of H3PO4 2% in water. Each cartridge was washed successively with 1200 μL of water
containing 2% FA and 1200 μL of 50:50 MeOH:H2O containing 0.2% FA, then transferred in
a clean 13 × 100 mm borosilicate test tube to eluate the compounds by gravity with 1200
μL of 2% NH4OH in MeOH. The collected eluates were dried under a nitrogen flow for
about 60 min. The prepared samples were resuspended in 100 μL of 60:40 mobile phase
A:B (82.2:17.8 ACN:H2O + 5mM Amm. Form. + 0.3% FA). The reconstituted samples were
transferred to a 300 μL borosilicate insert fitted in a 2 mL borosilicate capped vial to be
injected into the UPLC-MS/MS system.

2.6. UPLC-MS/MS Analysis of Lysosphingolipids and Creatinine

An Acquity UPLC I-Class Plus combined with a triple quadrupole Xevo TQ-XS
(MS/MS) from Waters Corporation (Milford, MA, USA) was used to analyze the targeted
molecules. An HILIC column approach with a Halo HILIC column (90 Å, 2.1 × 50 mm,
1.6 μm, Advanced Materials Technology, Wilmington DE, USA) combined with an Acquity
Column In-Line filter (2.1 mm nut, Frit 0.2 μm, Waters Corp., Milford, MA, USA) was
used to separate the lysosphingolipids according to the interaction of their polar moiety
with the UPLC column. This chromatographic approach was successfully used in our
laboratory in previous studies on sphingolipids [53]. The UPLC-MS/MS parameters are
described in Table 1. Briefly, the system was operated in the selected reaction monitoring
(SRM) mode with positive electrospray ionization (ESI+). Using this tandem mode, one
precursor ion specific to each studied lysosphingolipid was selected in the first quadrupole,
and fragmented in the collision cell, followed by the selection of a specific and sensitive
fragment ion in a second quadrupole. The SRM transitions are described in Table 2. The
M + 1 peak was used for the detection of creatinine and its internal standard to avoid
saturating the MS detector signal.

2.7. Method Validation

The method validation was performed for research purposes according to the guideline
recommendations from the FDA guidance for industry [64]. All the S-QCs levels were used
to evaluate the assays from three intradays (n = 5) and one interday (n = 3) for accuracy
(%bias) and precision (%CV). The U-LQCs and U-HQCs were used to evaluate the sample
stability (n = 3) up to 4 months (117 days) for lysosphingolipids and 1 month (26 days) for
creatinine at different temperatures: high temperature (35 ◦C), room temperature (21.5 ◦C),
4 ◦C, −30 ◦C, and –80 ◦C. The effects of 3 and 5 freeze–thaw cycles (n = 3) were also
assessed for all the biomarkers with the U-LQCs and U-HQCs. The autosampler stability
(10 ◦C) of the extracted U-LQCs and U-HQCs was evaluated for 24 h (n = 3). Biomarkers
were considered stable in samples when the accuracy (bias nominal%) was ≤15% at each
concentration level within the precision range of the replicates.

The adsorption of the metabolites to polypropylene tubes and glass tubes was not
investigated because no significant impact was observed in our previous study using liquid
urine samples [53]. The limit of detection (LOD) and the lower limit of quantification
(LLOQ) were, respectively, established as 3 and 10 times the standard deviation of the
analyte concentration after 10 injections of S-LLOQ.
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Table 1. UPLC and MS/MS parameters used for the analysis of the targeted lysosphingolipids
and creatinine.

UPLC Parameters MS/MS Parameters

Column Halo® HILIC 90 Å (USP: L3) Ionization Mode ESI+

ID × Length 2.1 × 50 mm Acquisition Mode SRM
Particle Size 1.6 μm Capillary Voltage 3.0 kV

Column Temperature 40 ◦C Source Offset Voltage 90 V
Autosampler Temperature 10 ◦C Source Temperature 150 ◦C

Flow Rate 0.8 mL/min Desolvation Temperature 650 ◦C
Injection Volume 3 μL Desolvation Gas Flow 1100 L/h

Weak Wash 1800 μL ACN Cone Gas Flow 150 (L/h)
Strong Wash 600 μL 90/10 (H2O/ACN) Collision Gas Flow 0.15 (mL/min)

Injection Mode PLNO Nebuliser Gas Flow 5.00 Bar

Liquid Chromatographic Method

Time (min) Mobile Phase A Mobile Phase B Gradient types

Initial 100% 0% 1 (Isocratic)
0.50 100% 0% 1 (Isocratic)
1.00 92% 8% 6 (Linear)
8.00 92% 8% 1 (Isocratic)
8.50 66% 34% 6 (Linear)

10.50 50% 50% 6 (Linear)
11.00 50% 50% 1 (Isocratic)
12.00 0% 100% 1 (Isocratic)
13.00 100% 0% 1 (Isocratic)

ID: internal diameter; PLNO: partial loop with needle overfill with fixed loop; UPLC: ultra-high-performance
liquid chromatography; MS/MS: tandem mass spectrometry; HILIC: hydrophilic interaction chromatogra-
phy; mobile phase A: (97/2.7/0.3 (ACN/H2O/FA) + 5 mm Amm. Form.); mobile phase B: (60/39.7/0.3
(ACN/H2O/FA) + 5 mm Amm. Form.); SRM: selected reaction monitoring; ACN: acetonitrile; H2O: water;
ESI: electrospray ionisation.

The criteria for the extraction recovery and matrix effect (nominal bias%) were as-
sessed based on Matuszewski et al.’s approach [65]. Three urine matrices with different
levels of endogenous creatinine (1.5, 7, and 15 mM) were used to represent the impact of
the matrix on the results in different spiked QC ranges (L, M, and H). Pre- and post-spiked
extracted matrices were used to evaluate the compound recovery, while post-spiked ex-
tracted matrices with spiked blank results were compared to evaluate the ion suppression
or enhancement. Internal standards were added in the final step before injection on the
instrument. The detailed approach for these assays is described in Protocol S-1.

The sample dilution impact was investigated by comparing the measured concentra-
tions of sphingolipids normalized to creatinine in the U-MQCs of different filter paper
sizes (n = 5): 5 cm filter paper disk, half of a 5 cm filter paper disk and a quarter of a
5 cm filter paper disk. The carry-over impact was evaluated by analyzing a blank sample
after the injection of the most concentrated calibrator, HQCs, and every 20 injections. The
selectivity was evaluated by analyzing a blank sample, zero calibrators, and six healthy
controls without internal standards to verify if they were free of interferences at each SRM
transition and the chromatographic retention times of the biomarkers and the internal
standards. Finally, the LOD, LLOQ, and specificity were the only parameters validated
for the analogs of GluSph and lyso-Gb3, considering that commercial standards are not
available for these molecules. These tests were performed with diluted samples obtained
from an untreated Fabry male and untreated Gaucher patient with a confirmed diagnosis
excreting related analogs.
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Table 2. Selected reaction monitoring (SRM) transitions used to analyze the targeted lysosphingolipids
and creatinine. The SRM transitions were separated into two detection windows according to their
retention times to optimize the number of datapoints collected across the chromatographic peaks.

Compounds Disease Targeted SRM Transitions [M+H]+ Dwell Time Cone CE

Creatinine (M + 1) n/a m/z 115.07 > 45.05 0.01 s 30 V 5 V
d3-creatinine (M + 1) ISTD m/z 118.09 > 48.75 0.01 s 30 V 5 V

Lyso-Sulf MLD m/z 462.34 > 282.28 0.01 s 30 V 20 V
N-Gly-lyso-Sulf ISTD m/z 519.36 > 264.27 0.01 s 30 V 20 V

GalSph Krabbe m/z 462.34 > 282.28 0.01 s 30 V 20 V
GluSph Gaucher m/z 462.34 > 282.28 0.01 s 30 V 20 V

GluSph analog (−28) Gaucher m/z 434.31 > 254.25 0.01 s 30 V 20 V
GluSph analog (−26) Gaucher m/z 436.33 > 238.25 0.01 s 30 V 20 V
GluSph analog (−12) Gaucher m/z 450.31 > 252.23 0.01 s 30 V 20 V
GluSph analog (+2) Gaucher m/z 464.36 > 266.28 0.01 s 30 V 20 V

GluSph analog (+14) Gaucher m/z 476.32 > 278.25 0.01 s 30 V 20 V
GluSph analog (+16) Gaucher m/z 478.34 > 280.26 0.01 s 30 V 20 V
GluSph analog (+30) Gaucher m/z 492.32 > 294.24 0.01 s 30 V 20 V
GluSph analog (+32) Gaucher m/z 494.33 > 296.26 0.01 s 30 V 20 V

13C6-GluSph ISTD m/z 468.36 > 282.28 0.01 s 30 V 20 V

Lyso-SM Niemann-Pick m/z 465.35 > 184.07 0.01 s 30 V 21 V
D9-Lyso-SM ISTD m/z 474.40 > 193.13 0.01 s 30 V 21 V

Lyso-Gb3 analog (−28) Fabry m/z 758.42 > 254.25 0.01 s 30 V 35 V
Lyso-Gb3 analog (−12) Fabry m/z 774.41 > 252.23 0.01 s 30 V 35 V
Lyso-Gb3 analog (−2) Fabry m/z 784.43 > 280.26 0.01 s 30 V 35 V

Lyso-Gb3 Fabry m/z 786.45 > 282.28 0.01 s 30 V 35 V
Lyso-Gb3 analog (+14) Fabry m/z 800.43 > 278.25 0.01 s 30 V 35 V
Lyso-Gb3 analog (+16) Fabry m/z 802.44 > 280.26 0.01 s 30 V 35 V
Lyso-Gb3 analog (+34) Fabry m/z 820.45 > 334.30 0.01 s 30 V 35 V
Lyso-Gb3 analog (+50) Fabry m/z 836.45 > 350.29 0.01 s 30 V 35 V

Lyso-GM2 GM2 m/z 1118.57 > 204.09 0.01 s 30 V 42 V
Lyso-GM1 GM1 m/z 1280.62 > 204.09 0.01 s 30 V 50 V

N-Gly-lyso-Gb3 ISTD m/z 843.47 > 264.47 0.01 s 30 V 48 V

SRM: selected reaction monitoring; ISTD: internal standard; [M+H]+: protonated ion; CE: collision energy.

2.8. Statistical Analyses

The MS data generated were processed with MassLynx-TargetLynx V4.2 SCN 1040
software (Waters, Milford, MA, USA). The calibration curve parameters for all the com-
pounds were defined as a linear curve with the point of origin excluded and with a 1/x
weighting. Statistical analysis was performed using GraphPad Prism 10.2.2. software
(Dotmatics, Boston, MA, USA). Non-parametric tests were chosen because of the small
group size and the non-normal distribution of the results analyzed. Differences between the
healthy controls, pathological controls, other sphingolipidoses, and specific patient groups
were determined by comparing the group medians with the Kruskal–Wallis test with the
post hoc Dunn’s multiple comparisons test. For the healthy control group, the Spearman
test was used to evaluate if there was a correlation between the biomarker levels and the
participant age, and the Mann–Whitney U test was used to evaluate if the biomarker levels
were associated with the sex of the participant. The area under the receiver operating
characteristic (ROC) curve (AUC) was calculated to evaluate the overall diagnostic accu-
racy of the putative biomarkers and related analogs in the Fabry and Gaucher disease
untreated groups compared to the healthy controls (n = 59). The ROC curve represents
the true-positive rate (sensitivity: (true positives/(true positives + false negatives)) on the
y-axis versus the false-positive rate (1 − (specificity: true negatives/(true negatives + false
positives)) on the x-axis, as a function of the cut-off value tested. The optimal cut-off
according to the Youden index (sensitivity + specificity − 1) was evaluated. The diagnostic
reliability of the assay regarding the other sphingolipidoses could not be evaluated due to
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the limited number of patients. However, the normal reference values were determined
by calculating the 95th percentile of the results from the biomarker levels of the healthy
control specimens.

3. Results and Discussion

3.1. Chromatographic Separation of Lyso-Sulf, GluSph and GalSph

In our previous studies, it was already shown that chromatographic HILIC approaches
were efficient in separating structural isomers, such as GluSph and GalSph, which allowed
the differentiation between Gaucher disease and Krabbe disease biomarkers and ensured a
reliable quantification [53]. It was observed that with positive electrospray ionization (ESI+),
the lyso-Sulf precursor ion lost its H2SO4 group by in-source fragmentation and had the
same mass-to-charge (m/z) ratio as GluSph and GalSph (m/z 462.34). Even if another study
selected the m/z 542 precursor ion in ESI+ for the quantification of lyso-Sulf in plasma [66],
we observed, by MS infusion (50:50 MeOH:H2O + 10 mM ammonium formate), that the
in-source fragmentation ion was ten times more sensitive than the m/z 542 precursor ion
in our specific setting. Also, lyso-Sulf was analyzed in negative electrospray ionization
(ESI−) in our previous study [53]. However, we used a more recent triple quadrupole MS
for this study, and with our optimized parameters, at molar equivalence, the precursor ion
at m/z 462.34 was three times more abundant in ESI+ than analyzing m/z 540.48 using
ESI− according to the signal-to-noise ratio (S/N) (Figure 1). For these reasons, the lyso-Sulf
precursor ion at m/z 462.34 was selected.

Figure 1. Chromatograms of lyso-Sulf using: (A) negative electrospray ionization (ESI−); and
(B) positive electrospray ionization (ESI+) at 1 nmol/L. Red lines show chromatogram sections
to calculate the signal-to-noise ratio (S/N) and the root mean square (RMS) of lyso-Sulf with the
MassLynx software. Cps: counts per second.

Considering that lyso-Sulf was not retained with the previous chromatography strat-
egy developed [53], a new chromatographic method was devised to optimize the lyso-Sulf
retention time while still allowing a good separation of GluSph, and GalSph. The HPLC
column previously used (Halo® HILIC 2.7 (4.6 × 150 mm, 2.7 μm, Advanced Materials
Technology, Wilmington, DE, USA) was replaced by the equivalent particles of a UPLC
column to improve the chromatographic resolution and separation efficiency (Halo® HILIC
90 Å (2.1 × 50 mm, 1.6 μm, Advanced Materials Technology, DE, USA), with a slight
modification of the mobile phase A to ensure the retention of lyso-Sulf. Also, the strong
wash and the injection mode were modified to avoid carry-over in-between injections
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using the different UPLC system. All the other compounds targeted in this study were
still clearly separated by the new UPLC-MS/MS method developed, as shown in Figure 2.
Furthermore, analogs of lyso-Gb3 and GluSph were analyzed, and their chromatographic
separation is shown in Figure 3. The urinary analogs of lyso-Gb3 (−28, −12, −2, +14, +16,
+34 and +50) in Fabry disease patients and of GluSph (−28, −26, −12, +2, +14, +16, +30,
and +32) in Gaucher disease patients were discovered in previous metabolomic studies in
urine [5,7]. For Fabry disease, analogs +16, +34, and +50 had a positive association with the
left ventricular mass index in Fabry patients from Taipei carrying the IVS4 + 919G>A mu-
tation (cardiac variant) [40]. For Gaucher disease, larger cohorts are needed to understand
the clinical significance of GluSph-related analogs in urine [52].

 

Figure 2. Chromatograms of the principal biomarkers analyzed by UPLC-MS/MS. (A) Extracted ion
currents from SRM transitions of creatinine, lyso-Sulf, GluSph, GalSph and their internal standards;
and (B) extracted ion currents from SRM transitions of lyso-Gb3, lyso-GM2, lyso-GM1, lyso-SM and
their internal standards. Cps: counts per second; %: relative abundance; ESI+: positive electrospray
ionization; m/z: mass-to-charge ratio; ISTD: internal standard.

3.2. Method Validation Results

The intra- and interday accuracy, and the intra- and interday precision assays, are
summarized in Table S4, while the LOD, LLOQ and linearity assays for sphingolipids and
creatinine are shown in Table S5. The matrix effect and extraction recovery assays are
shown in Table S6. The stability results are shown in Table S7, and in Figures 4 and 5, while
the freeze–thaw assay results are shown in Table S8. The sample dilution impact assays are
shown in Table S9.

Briefly, no carry-over and no cross-interference between the targeted compounds
and internal standards were observed during the validation and the sample analysis.
Except for lyso-SM (bias%: 23.6% to 57.2%, but CVs% < 15%), the three intraday assays
(3 × n = 5) revealed that the CVs% and biases% were <20% for the LLOQC and <15% for
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the LQC, MQC, and HQC. Nevertheless, the lyso-SM interday assays showed precision
results for all the levels of QCs with CV% < 15%, except for LLOQC range (CV%: 22.0%).
Considering this, the lyso-SM measurements were considered semi-quantitative for this
method. The LOD and LOQ were established. Lyso-GM2 and lyso-GM1 had higher
limit values compared to the other biomarkers and their calibration curves were adjusted
according to this result. The Pearson’s correlation coefficients (r), and the coefficients of
determination (R2) were ≥0.995 (n = 15) for the calibration curve in the validation of all
the compounds.

Figure 3. Chromatograms of separated (A) Lyso-Gb3 and its analogs (−28, −12, −2, +14, +16, +34,
and +50) using UPLC-MS/MS for Fabry disease; and (B) GluSph and its analogs (−28, −26, −12, +2,
+14, +16, +30, and +32) by UPLC-MS/MS for Gaucher disease. Cps: counts per second; %: relative
abundance; ESI+: positive electrospray ionization; m/z: mass-to-charge ratio.

The extraction recovery and matrix effect were investigated for the targeted sphin-
golipids and creatinine. Ideally, the internal standards selected for quantification should
have similar physical and chemical properties and ionization efficiency compared to the
analytes. Usually, stable isotope-labelled (SIL) standards are used [67]. SIL standards were
commercially available for creatinine (d3-creatinine), lyso-SM (d9-lyso-SM), and GluSph
(13C6-GluSph) during the study design. The N-Gly-lyso-Gb3 internal standard was used
for lyso-Gb3 and its analogs, lyso-GM1, and lyso-GM2 due to their retention time proximity.
The GalSph and GluSph analogs were corrected with 13C6-GluSph, and N-Gly-lyso-Sulf
was used to correct lyso-Sulf due to their structural similarities. Due to the limitation
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of the availability of SIL standards, the methodology was developed to limit the matrix
effect and to optimize the extraction recovery. The results obtained showed that the cre-
atinine levels do not affect the extraction recovery, and the matrix effect seems limited.
The creatinine matrix spiked with high concentrations of creatinine was excluded because
the MS signal of creatinine saturated the instrument detector, and the results were not
reliable. However, other levels have shown similar and acceptable results for creatinine.
The extraction recovery was ≥63.5% and the matrix effect varied between −12.8% and
17.0% for all the biomarkers except lyso-Gb3, lyso-GM2, and lyso-GM1, which have higher
enhancement effects, especially when the urine is more concentrated (matrix effect bias
min-max range: 10.2% to 52.5%). However, within the same biomarker analysis, the matrix
effect and recovery were similar independently of the creatinine and analyte levels.

Figure 4. Long-term stability follow-up for (A) creatinine; (B) lyso-Sulf; (C) GluSph; and (D) GalSph
at several temperatures and concentration levels. LQC: low-concentration quality control; HQC:
high-concentration quality control; upper red dot line: maximum limit of 15% of bias compared
to the nominal concentration; lower red dot line: lower limit of −15% of the bias compared to the
nominal concentration.
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Figure 5. Long-term stability follow-up for (A) lyso-Gb3, (B) lyso-GM2, (C) lyso-GM1 and (D) lyso-
SM at several temperatures and concentration levels. LQC: low-concentration quality control; HQC:
high-concentration quality control; upper red dot line: maximum limit of 15% of bias compared
to the nominal concentration; lower red dot line: lower limit of −15% of bias compared to the
nominal concentration.

The biomarker stability was assessed at 35 ◦C, 21.5 ◦C, 4 ◦C, −30 ◦C and −80 ◦C until
117 days for lysosphingolipids and 26 days for creatinine. These conditions were used to
simulate different environmental impacts on the samples. Creatinine was stable for at least
26 days at all the concentrations and temperatures (bias between −7.6% to 10.2%). For
lysosphingolipids, all the compounds were stable for at least 6 days at 35 ◦C but showed
important degradation (>20% bias) at 26 days (nominal bias between −19.0% to −36.8%).
At 21.5 ◦C and 4 ◦C, all the lysosphingolipids, except lyso-SM, were stable at least for
26 days. Lyso-SM showed higher bias (−13.7% to −26.3%) but good stability for at least
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6 days. At −30 ◦C and −80 ◦C, only lysosphingolipids were evaluated over 26 days and
were stable for at least 117 days. The autosampler (10 ◦C) stability showed nominal bias
≤7.3% for all the compounds.

The results have shown that the compounds are stable after three freeze–thaw cycles
from −30 ◦C to 21.5 ◦C. Only lyso-GM1 had a bias over 20% for three and five freeze–thaw
cycles, which might be caused by the large CV% for this molecule in these assays.

Finally, the results have shown that dilution factors of two and four were reliable
because all the nominal biases were below 15.1%, with coefficients of variability below
9.2% between replicates. However, the MS signal of the compounds was reduced, and the
results should respect the LOD and LLOQ established.

3.3. Normal Reference Values

To evaluate the normal reference values, 59 urine samples from healthy controls
(24 males (<18 yrs: n = 11, ≥18 yrs: n = 13); 35 females (<18 yrs: n = 15, ≥18 yrs: n = 20))
were analyzed to establish the lysosphingolipid reference values normalized to creatinine
according to the 95th percentile. Except for lyso-SM and GluSph, no lysosphingolipids
were detected in the healthy controls. For the lyso-SM levels, no relation or significant
differences were observed according to age and sex (p-value > 0.05). For GluSph, the levels
were significantly different between male and female controls according to the Mann–
Whitney U test (p-value < 0.0001). However, due to the limited Gaucher patient samples
available to evaluate the normal reference values, the 95th percentile was established with
the total cohort for the GluSph. The same strategy was used for all the lysosphingolipids
targeted. For analogs related to lyso-Gb3 and GluSph, the reference values were established
individually and as a group. The normal reference values are summarized in Table S10.
Briefly, only the GluSph (37 pmol/mmol creatinine) and lyso-SM (293 pmol/mmol) levels
were quantified in the healthy controls.

3.4. Lysosphingolipid Levels in Patients and Controls

Urine samples dried on filter paper from patients diagnosed with specific sphingolipi-
doses (n = 119) were analyzed, and the results normalized to creatinine (pmol/mmol creati-
nine) are summarized in Table S11. The lyso-Sulf, GluSph, GalSph, lyso-Gb3, lyso-GM1,
lyso-GM2, and lyso-SM levels were measured in all the samples. Relative quantifications
of analogs of Lyso-Gb3 and GluSph were performed with their putative biomarker curve.

The number of patient samples available was limited for some sphingolipidoses (MLD,
Krabbe, GM1, GM2, and Niemann–Pick C) due to the low prevalence of these diseases.
Although it is feasible to quantify lyso-Sulf, GalSph, lyso-GM1, lyso-GM2, and lyso-SM in
DUS, further validation in larger patient cohorts is required to better evaluate the sensitivity
and specificity before the clinical implementation of these biomarkers in urine. However,
a slight amount of lyso-SM was detected in specimens obtained from all the patients
with sphingolipidoses, pathological and healthy controls, and there was no significant
difference observed between the Niemann–Pick type C patient sample (53 pmol/mmol
creatinine) compared to the other sphingolipidoses. Niemann–Pick type C is a less severe
disease form compared to types A and B and should not affect the enzyme activity of acid
sphingomyelinase [17]. A previous study showed increased plasma levels of lyso-SM in
Niemann–Pick types A and B. Lyso-SM 509, a recently detected biomarker for Niemann–
Pick, was increased in Niemann–Pick type C in the same study [42]. The lyso-SM level was
also increased in dried blood spots of Niemann–Pick B. No study evaluating the detection
of Niemann–Pick A/B using urine specimens was found [68]. Furthermore, six female
Fabry patients, one male Fabry patient, four MLD patients, four MPS patients and three
female healthy controls showed levels over 293 pmol/creatinine. Consequently, more
samples are needed to confirm the reference value proposed in this study and to evaluate
the potential of lyso-SM for the monitoring and follow-up of Niemann–Pick patients using
urine dried on filter paper. Lyso-GM1 and lyso-GM2 were not detected in any groups.
These biomarkers were, respectively, detected in plasma samples of GM1 patients and GM2
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patients in a previous study [69]. In our current study, samples from only two GM1 treated
patients were available, and no large study was found analyzing lyso-GM1 and lyso-GM2
in GM1 and GM2 patient urine samples. For lyso-sulfatide, only quarters of a 5 cm filter
paper disk from diagnosed MLD patients with a concentration of creatinine near the LLOQ
were available. Only one MLD patient (unknown form) had elevated lyso-Sulf, while no
lyso-Sulf was detected in the three other patients.

According to the Kruskal–Wallis test (p-value < 0.0001), there were significant differ-
ences between the median levels of GluSph and its related analogs between the Gaucher
patients, other patients and controls. The post hoc Dunn test analysis of the Kruskal–Wallis
test revealed significant differences between groups. The results are shown in Figure 6
and in Table S12. The GluSph levels were significantly different in the Gaucher patients
compared to the other groups. As expected, marked elevations of GluSph and its related
analogs were found in the untreated patients compared to the treated patients. However,
the differentiation was less important when the statistical analysis was performed with only
the GluSph values. Interestingly, some controls and other sphingolipidoses had a slight
elevation of GluSph, which may impact the median rank in the Dunn’s test comparison
between groups. Nevertheless, some related analogs were detected in other sphingolipi-
doses than Gaucher disease but were still negligible compared to levels from the Gaucher
patients. The distribution of analogs −26 (21.18%), −12 (10.64%), +2 (9.71%), +14 (18.58%),
+16 (17.71%), +30 (13.19%), +32 (6.70%) showed that the analog levels tend to be largely
higher than GluSph (1.47%) itself (Figure 7).

Figure 6. Box plots of the urinary levels of GluSph and the eight related analogs normalized to
creatinine (pmol/mmol creatinine) in the healthy control group (CTRL, n = 59), pathological control
group (LSD, n = 21), other sphingolipidoses group (Sph, n = 105), treated Gaucher patient group
(TG, n = 5) and untreated Gaucher patient group (UG, n = 8) from urinary samples dried on filter
paper; box plots represent the normalized urinary levels of (A) GluSph levels only; (B) GluSph related
analog levels only; and (C) total levels of GluSph and its related analogs. The lower and upper limits
shown by the box plots are the 25th and 75th percentiles, respectively. The center horizontal box
line is the median. The symbol “+” is the mean. The whiskers correspond to the highest and lowest
values at the 95th and 5th percentile, respectively. Values outside the 95th percentile are considered as
outliers. Comparison of the CTRL group with other groups with the Kruskal–Wallis post hoc Dunn’s
test: ns: non-significant, *: p-value ≤ 0.05; ***: p-value ≤ 0.001; ****: p-value ≤ 0.0001.
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Figure 7. Mean distribution of GluSph and its eight related analogs (−28, −26, −12, +2, +14, +16,
+30, +32) in the untreated Gaucher disease group (n = 5).

For lyso-Gb3 and its related analogs, the Dunn’s test results (comparison of the CTRL
group to other groups for these biomarkers) and biomarker levels are shown in Figure 8
and summarized in Table S13. The Fabry patients were separated according to their
sex and their predicted likely phenotype according to their mutation. Lyso-Gb3 and its
related analogs were significantly different in the Fabry disease patients compared to the
pathological and healthy controls, especially for patients with classical mutations. Fabry
patients with classical mutations have higher levels of lyso-Gb3 and analog levels than
patients with late-onset mutations. It was previously shown that patients with classical
mutations are more likely to present an elevation of lyso-Gb3 and related analogs compared
to patients with non-classical mutations (late-onset phenotypes) [40,41,70]. Considering
that only five late-onset mutations from Fabry patients were evaluated in the current study,
and that these were not equally distributed in each study group, this might have affected
the biomarker profiles detected. All the patients carrying the N215S mutation (5/8 UFM;
1/6 UFF; 2/2 TFM), a cardiac variant mutation, had higher analog levels compared to the
patients with other late-onset mutations. This was previously observed in another cohort
of Fabry patients [41,70]. As also observed in the current study, patients with intronic
mutations such as c.639+919G>A (1/2 TFF; 1/6 UFF; 2/8 UFM) or c.640-801G>A (2/6 UFF;
1/8 UFM) had no urinary lyso-Gb3 or related analogs increased. The male Fabry group
tends to have higher levels of biomarkers compared to the female Fabry patient group,
even if they are treated. The variation of the biomarker levels in the patient groups may
partially be explained by the marked heterogeneity in the GLA mutations and the sex of
the patients [71]. Unfortunately, the α-Gal enzyme activities for all the Fabry patients
were not available and cannot be taken into consideration in our interpretation. Moreover,
the X-linked inheritance of the disease, especially in heterozygous females, may lead to
phenotypic variations according to the random inactivation of one of the X chromosomes
in somatic cells [72]. The distributions of lyso-Gb3 and its analogs in the untreated patients
regrouped according to their sex and mutation type (classical or non-classical) are shown in
Figure 9. The lyso-Gb3-related analogs +16, +34, and +50 were the most abundant analogs
in the male and female Fabry patients and were sometimes higher than lyso-Gb3 itself.
They could also be quantified in patients with late-onset mutations, even if their excretion
levels were reduced, especially in the UFM group [40,70]. Considering that there are over
1000 GLA gene variants, including pathogenic mutations, variants of unknown significance

62



Biomolecules 2024, 14, 1612

and benign mutations [21], larger cohort studies are needed to evaluate the analog profile
in the urine samples of patients with other late-onset variants.

Figure 8. Box plots of the urinary levels of lyso-Gb3 and its eight related analogs normalized to
creatinine (pmol/mmol creatinine) in the healthy control group (CTRL, n = 59), pathological control
group (LSD, n = 21), other sphingolipidose groups (Sph, n = 20), treated Fabry female patient group
(TFF, n = 22 with classical mutations (CM) and n = 2 with late-onset mutations (LO)), untreated Fabry
female group (UFF, CM: n = 27, LO: n = 6), treated Fabry male group (TFM: CM: n = 20, LO: n = 2),
and untreated Fabry male group (UFM: CM: n = 11, LO: n = 8) from urinary samples dried on filter
paper; box plots represent normalized urinary levels of (A1,A2) lyso-Gb3 levels only in controls and
patients with (1) CM and (2) LO; (B1,B2) lyso-Gb3 related analog levels only in controls compared
to patients with (1) CM and (2) LO; and (C1,C2) total levels of lyso-Gb3 and its related analogs in
controls compared to patients with (1) CM and (2) LO. The lower and upper limits shown by the box
plots are the 25th and 75th percentiles, respectively. The center horizontal box line is the median. The
symbol “+” is the mean. The whiskers correspond to the highest and lowest values at 95th and 5th
percentile, respectively. Values outside the 95th percentile are considered as outliers. Comparison of
the CTRL group with other groups with Kruskal–Wallis post hoc Dunn’s test: ns: non-significant,
**: p-value ≤ 0.01; ***: p-value ≤ 0.001; ****: p-value ≤ 0.0001.
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Figure 9. Box plots of the urinary levels of lyso-Gb3 and its eight related analogs (−28, −12, −2,
+14, +16, +34, +50) normalized to creatinine (pmol/mmol creatinine) in the untreated Fabry female
(UFF) and untreated Fabry male (UFM) groups according to the classical and nonclassical (late-
onset phenotype) mutations. (A) Results regrouping all the UFF; (B) results regrouping only UFF
with classical mutations; (C) results regrouping only UFF with nonclassical mutations; (D) results
regrouping all the UFM; (E) results regrouping only UFM with classical mutations; and (F) results
regrouping only UFM with nonclassical mutations. The lower and upper limits shown by the box
plots are the 25th and 75th percentiles, respectively. The center horizontal box line is the median. The
whiskers correspond to the highest and lowest values.

3.5. Receiver Operating Characteristics (ROC Curve)

The AUCs were used to assess the efficacy of lyso-Gb3, GluSph and their related
analogs in discriminating untreated patients from healthy controls without considering
their genotype. The sensitivity and specificity were evaluated at the optimal cut-off value
suggested by the highest Youden index value. The AUCs, optimal cut-off levels selected,
sensitivity and selectivity results are summarized in Table 3. The Youden index values are
summarized in Table S14. The AUCs results were statistically significant in the analyzed
subgroups (p-value < 0.0001), and over 0.75, suggesting that these urinary biomarkers are
clinically useful for diagnostic reliability. For the untreated Fabry patients, the AUC results
seem to be more favourable if the complete profile of lyso-Gb3 and its related analogs
was used to discriminate patients from controls (UFF: AUC = 0.877; UFM: AUC = 0.920)
compared to using lyso-Gb3 only (UFF: AUC = 0.811; UFM: AUC = 0.758). Similarly, for the
untreated Gaucher patients, the AUCs results tend to be slightly favourable when using
the complete profile of GluSph and its related analogs (UG: AUC = 1.000) compared to
using GluSph only (UG: AUC = 0.966). Interestingly, the AUC value appears to improve
in the UFM group when the analogs are included in the cut-off evaluation compared to
the analysis of lyso-Gb3 itself. According to Table S1, 11/19 UFM patients have a classical

64



Biomolecules 2024, 14, 1612

mutation and 8/19 UFM patients have a late-onset mutation. However, three patients
with classical mutations and six patients with late-onset mutations have an elevation of
lyso-Gb3-related analogs, but not of lyso-Gb3. This observation was also made in the UFF
(3/33 patients) cohorts, but not in the UG group. Even if larger cohorts are needed to
optimize the cut-off values for high-risk screening and to confirm these results due to the
limited number of variants studied, these data suggest that analyzing a complete profile of
lysosphingolipids in urine is a more comprehensive approach than analyzing the lyso-Gb3
levels alone. For the UG patients, the analogs might be interesting in patients with low
levels of GluSph, but this remains to be confirmed.

Table 3. Diagnostic reliability of lyso-Gb3, GluSph and the respective related analog evaluation
according to their ROC curve results in untreated Fabry female (UFF), untreated Fabry male (UFM)
and untreated Gaucher patients (UG) compared to healthy controls.

Fabry
Disease

Biomarkers
Used

Lyso-Gb3

Only
Lyso-Gb3

Related Analogs Only
Lyso-Gb3

and Its Related Analogs

UFF

AUCs—ROC curve 0.811 **** 0.864 **** 0.877 ****
95% CI 0.705 to 0.916 0.769 to 0.958 0.786 to 0.967

Optimal cut-off value
(pmol/mmol creatinine) >5.36 >13.6 >27.4

Sensitivity 63.6 72.7 75.8
95% CI 46.6% to 77.8% 55.8% to 84.9% 59.0% to 87.2%

Specificity 98.3 100 100
95% CI 91.1% to 99.9% 94.0% to 100% 94.0% to 100%

Highest Youden index value 0.619 0.727 0.758

UFM

AUCs—ROC curve 0.758 *** 0.921 **** 0.920 ****
95% CI 0.610 to 0.907 0.823 to 1.00 0.821 to 1.00

Optimal cut-off value
(pmol/mmol creatinine) >12.3 >40.6 >12.6

Sensitivity 52.6 84.2 84.2
95% CI 31.7% to 72.7% 62.4% to 94.5% 62.4% to 94.5%

Specificity 98.3 100 98.3
95% CI 91.1% to 99.9% 94.0% to 100% 91.1% to 99.9%

Highest Youden index value 0.509 0.842 0.825

Gaucher
Disease

Biomarkers
Used

GluSph
Only

GluSph
Related Analogs Only

GluSph
and its Related Analogs

UG

AUCs—ROC curve 0.966 **** 1.000 **** 1.000 ****
95% CI 0.925 to 1.00 1.000 to 1.000 1.000 to 1.000

Optimal cut-off value
(pmol/mmol creatinine) >29.2 >85.5 >146

Sensitivity 100 100 100
95% CI 67.6% to 100% 67.6% to 100% 67.6% to 100%

Specificity 91.7 100 98.3
95% CI 83.8% to 97.3% 94.0% to 100% 91.1% to 99.9%

Highest Youden index value 0.917 1.000 0.983

UFF: untreated Fabry female; UFM: untreated Fabry male; UG: untreated Gaucher 95%. CI: confidence interval;
***: p-value < 0.001; ****: p-value < 0.0001.

4. Conclusions

The first aim of this study was to develop and validate a new, robust and sensitive
UPLC-MS/MS multiplex method for the analysis of 21 creatinine-normalized lysosphin-
golipid biomarkers in DUS according to the FDA recommendations. The second objective
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was to establish normal reference values to evaluate the clinical utility of this assay for
high-risk screening, monitoring, and follow-up of patients for eight sphingolipidoses.
This method provides an absolute quantification of lyso-Sulf, GluSph, GalSph, lyso-Gb3,
lyso-GM1, lyso-GM2, and creatinine. The relative quantification of lyso-SM, seven related
analogs of lyso-Gb3 and eight related analogs of GluSph was also performed. The results of
this study using a urine filter paper matrix show the stability of urinary lysosphingolipids
at 35 ◦C for 3 days, at room temperature and 4 ◦C for at least 26 days, and at −30 and
−80 ◦C for at least 117 days. Moreover, the use of filter paper to collect, store and transport
urine specimens to laboratories instead of using “liquid urine specimens” in sample tubes
allows sample shipment by regular mail (avoiding the use of dry ice), thus reducing costs.
Filter paper samples also facilitate long-term storage in the freezer. Furthermore, as demon-
strated in the literature, urine filter paper collection can easily be performed at home for
a neonatal or pediatric population [55–63]. The current results from Fabry and Gaucher
patients show that using DUS to analyze lysosphingolipids can be a feasible approach
applicable to the clinical field. These results show the importance of analyzing an analog
profile related to lyso-Gb3 and GluSph to improve the biomarker sensitivity and reliability
to monitor Fabry disease and Gaucher disease patients. Finally, another advantage is that
the urine filter paper sample collection might facilitate patient recruitment for further
collaborative studies on rare diseases.

However, this study has limitations. Except for the MLD patients, urine liquid samples
were obtained from retrospective studies and were not directly collected on filter paper. The
number of samples available from patients with MLD, Krabbe disease, ganglioside GM1,
ganglioside GM2 and Niemann–Pick disease was small, thus limiting the interpretation of
the clinical reliability of GalSph, lyso-GM1 and lyso-GM2, lyso-Sulf and lyso-SM in DUS.
The interpretation of the results for lyso-Gb3 and its analog levels might be affected by the
heterogeneity of the GLA variants in Fabry cohorts. It was not possible to compare the
plasma, cerebrospinal fluid, dried blood spots and urine levels of these patients. Clinical
information, such as the patient enzymatic activity, clinical manifestations and ethnicity,
was limited and it was not possible to evaluate any further correlation. Future perspectives
will involve the patients’ experience using filter paper urine sample collection. More clinical
studies with larger cohorts are needed to measure these lysosphingolipids in urine samples
from patients with various sphingolipidoses and gene variants.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/biom14121612/s1, Protocol S-1. Extraction recovery and matrix
effect assays; Table S1. Demographic information of participants from the sphingolipidoses group to
the study where the sex, mutation, phenotype, treatment, age and biomarker levels are described;
Table S2: Demographic information of participants from the healthy and pathological control groups
to the study where the sex, mutation, phenotype, treatment, age and biomarker levels are described;
Table S3. Concentration of working solutions of the calibrators and QCs for the evaluation of the
quality criteria of the methodology; Table S4. Intra- and interday accuracy and precision assays
for the targeted sphingolipids and creatinine on urine filter paper; Table S5. Limits of detection,
limits of quantification and evaluation of the linearity of the calibration curve using the coefficient
of determination and Pearson correlation; Table S6. Extraction recovery and matrix effect assays
for the targeted sphingolipids and creatinine on urine filter paper; Table S7. Long-term stability
assays at several temperatures for the targeted sphingolipids and creatinine on urine filter paper;
Table S8. Freeze–thaw cycle assays (n = 3) for the targeted sphingolipids and creatinine on urine filter
paper at different concentrations for 0, 3 and 5 cycles; Table S9. Dilution factor assays (n = 5) for the
targeted sphingolipids and creatinine on urine filter paper using a full, half and quarter 5 cm filter
paper disk containing U-MQC; Table S10. Normal reference values were established according to
the 95th percentile evaluation of lysosphingolipidose levels normalized to creatinine (pmol/mmol
creatinine) in healthy control samples (n = 59); Table S11. Lysosphingolipids (A) lyso-Sulf, GalSph,
lyso-GM2, lyso-GM1 and lyso-SM; (B) GluSph and the eight related analogs; (C) lyso-Gb3 and the
seven related analogs; and (D) regrouped related analogs of lyso-Gb3 and GluSph levels in urine dried
on filter paper normalized to creatinine (pmol/mmol creatinine) in sphingolipidoses (Fabry disease,
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Gaucher disease, MLD, GM1 and NPC) in pathological controls and healthy controls; Table S12.
Kruskal–Wallis test and post hoc Dunn’s test statistical results for GluSph and its analogs in the
CTRL, LSD, Sph, and Gaucher disease subgroups (treated Gaucher patients (TG) and untreated
Gaucher patients (UG)); Table S13. Kruskal–Wallis test and post hoc Dunn’s test statistical results
for GluSph and its analogs in CTRL, LSD, Sph, and Fabry disease subgroups (treated Fabry female
(TFF), untreated Fabry female (UFF), treated Fabry male (TFM) and untreated Fabry male (UFM));
Table S14. Youden index evaluation of the ROC curve results obtained from (A) untreated Fabry
female (UFF); (B) untreated Fabry male (UFM); and (C) untreated Gaucher (UG) patients.
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Abstract: Glucagon-like peptide-1 (GLP-1) and glucagon-like peptide-2 (GLP-2) are related intestinal
L-cell derived secretory products. GLP-1 has been extensively studied in terms of its influence on
metabolism, but less attention has been devoted to GLP-2 in this regard. The current study compares
the effects of these proglucagon-derived peptides on pancreatic beta-cell function, as well as on
glucose tolerance and appetite. The insulin secretory effects of GLP-1 and GLP-2 (10−12–10−6 M)
were investigated in BRIN-BD11 beta-cells as well as isolated mouse islets, with the impact of test
peptides (10 nM) on real-time cytosolic cAMP levels further evaluated in mouse islets. The impact of
both peptides (10−8–10−6 M) on beta-cell growth and survival was also studied in BRIN BD11 cells.
Acute in vivo (peptides administered at 25 nmol/kg) glucose homeostatic and appetite suppressive
actions were then examined in healthy mice. GLP-1, but not GLP-2, concentration dependently
augmented insulin secretion from BRIN-BD11 cells, with similar observations made in isolated
murine islets. In addition, GLP-1 substantially increased [cAMP]cyt in islet cells and was significantly
more prominent than GLP-2 in this regard. Both GLP-1 and GLP-2 promoted beta-cell proliferation
and protected against cytokine-induced apoptosis. In overnight fasted healthy mice, as well as mice
trained to eat for 3 h per day, the administration of GLP-1 or GLP-2 suppressed appetite. When
injected conjointly with glucose, both peptides improved glucose disposal, which was associated
with enhanced glucose-stimulated insulin secretion by GLP-1, but not GLP-2. To conclude, the impact
of GLP-1 and GLP-2 on insulin secretion is divergent, but the effects of beta-cell signaling and overall
health are similar. Moreover, the peripheral administration of either hormone in rodents results in
comparable positive effects on blood glucose levels and appetite.

Keywords: appetite; beta-cell; cAMP; incretin; insulin secretion; islet

1. Introduction

Glucagon-like peptide-1 (GLP-1) and glucagon-like peptide-2 (GLP-2) are peptide
hormones derived from the same precursor gene, known as proglucagon, and co-secreted
in equimolar concentrations by enteroendocrine L-cells in response to nutrient ingestion [1].
The proglucagon gene product undergoes tissue-specific post-translational processing to
yield different bioactive peptides, including GLP-1 and GLP-2 [2]. Thus, in the intestine
and brain, proglucagon is processed by prohormone convertase 1/3 (PC1/3) at Arg-Arg
sites to yield glicentin, oxyntomodulin (OXM), intervening peptide-2 (IP-2), GLP-1 and
GLP-2. Conversely, in alpha-cells of the endocrine pancreas, proglucagon is cleaved by PC2
to generate glicentin-related pancreatic polypeptide (GRPP) intervening peptide-1 (IP-1),
the major proglucagon fragment (MPGF) and glucagon [3,4]. Whilst there is evidence of
islet synthesis and the secretion of GLP-1 and GLP-2 under conditions of islet stress [5,6],
these hormones are still largely considered as intestinal-derived peptides.

To date, there is a plethora of literature relating to the metabolic benefits of GLP-1
receptor activation, highlighted by the clinical approval of GLP-1 mimetics for both type 2
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diabetes and obesity [7,8]. Thus, the positive modulation of GLP-1 receptor signaling leads
to an enhancement of glucose-stimulated insulin secretion (GSIS) from pancreatic beta-cells,
together with the inhibition of glucagon secretion from alpha-cells [7], the slowing of gastric
emptying and the promotion of satiety [2]. On the other hand, GLP-2 receptor activation
has been shown to exert benefits on intestinal growth and repair through the promotion
of epithelial proliferation [9], leading to the clinical application of GLP-2 drugs for short
bowel syndrome [10]. Despite the structural similarities of GLP-1 and GLP-2, alongside the
fact that both hormones are secreted in response to nutrient ingestion [1], there is a lack of
information about the possible metabolic benefits of GLP-2. However, GLP-2 may have the
potential to protect against the dysregulation of glucose metabolism, as well as positively
modulate energy homeostasis [11–13].

Therefore, the present study directly compares the impact of GLP-1 and GLP-2 on
pancreatic BRIN BD11 beta-cell proliferation, survival and overall secretory function. The
effects of both peptides on insulin secretion were then verified in isolated murine islets,
along with their influence on islet cell cytosolic cAMP concentrations. In addition, we
investigated the effects of the intraperitoneal injection of GLP-1 and GLP-2 on glucose
tolerance and GSIS in mice. Finally, the influence of both peptides on appetite regulation
in mice fasted overnight, as well as mice trained to eat for 3 h per day, was examined.
Overall, the data further emphasize the prominent anti-diabetic and -obesity effects of
GLP-1 receptor signaling. Furthermore, we also reveal, for the first time, the positive impact
of GLP-2 receptor signaling on islet cell cAMP levels, as well as beta-cell turnover, meriting
further investigation in terms of therapeutic strategies for diabetes.

2. Materials and Methods

2.1. Peptides

Peptides (95% purity) were obtained from a commercial source (Synpeptide, Shanghai,
China) and fully characterized in our laboratory, as previously described [14].

2.2. In Vitro Insulin Secretion

The BRIN-BD11 beta-cell line [15] was used to examine the insulin secretory actions of
the test peptides (n = 8; 20 min incubation; 10−12–10−6 M) at 5.6 and 16.7 mM of glucose,
as described previously [16]. Furthermore, the impact of the peptides on insulin secretion
(n = 4; 60 min incubation; 10−8 and 10−6 M) was also examined in an islet isolated from
12-week-old C57BL/6 mice by collagenase digestion [16]. The subsequent acid–ethanol
extraction of test islets allowed for the presentation of islet secretion data as a percentage of
the islet insulin content. Samples were kept at −20 ◦C prior to insulin determination using
an in-house radioimmunoassay [17].

2.3. Live Islet Cell Time-Lapse Imaging

C57BL/6 male mouse (12 weeks old) islets were isolated as above. To quantify
the cytosolic cAMP levels, a recombinant fluorescent sensor (Upward Green cADDis,
Montana Molecular, Bozeman, MT, USA) was used. The sensor was delivered to the
islets via adenoviral transduction, allowing 24–48 h for gene expression. Time-lapse
imaging of [cAMP]cyt was performed using the Green Upward cADDis sensor, as described
previously [18], with image acquisition managed using μManager 2.0 software, capturing
the cAMP levels in the islets every 60 s (16 mHz). For imaging, a bath perfusion solution
(140 mM of NaCl, 4.6 mM of KCl, 2.6 mM of CaCl2, 1.2 mM of MgCl2, 1 mM of NaH2PO4, 5
mM of NaHCO3, 10 mM of glucose, 10 mM of HEPES, pH 7.4) was used, along with GLP-1,
GLP-2 (both at 10 nM) or IBMX (100 μM) as a positive control. Image sequences were
analyzed with the use of the open-source FIJI software version 2.9.0 (National Institutes of
Health (NIH), Bethesda, MD, USA).
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2.4. Beta-Cell Proliferation and Cellular Stress Studies

The impact of GLP-1 and GLP-2 on BRIN-BD11 beta-cell proliferation (40,000 cells per
well) was assessed using the Ki67 primary antibody (Ab15580, AbCam, Cambridge, UK)
and the Alexa Fluor® 594 secondary antibody, as described previously in our laboratory [19].
For apoptosis studies, cellular stress was induced by the incubation of BRIN BD11 beta-
cells with a cytokine cocktail (IL-1β 100 U/mL, IFN-γ 20 U/mL, TNF-α 200 U/mL),
and the rate of apoptosis was monitored through TUNEL staining (Fluorescein, Roche
Diagnostics, Burgess Hill, UK) [19]. The effects were visualized using a fluorescence
microscope (Olympus system microscope, model BX51; Southend-on-Sea, UK) and a DP70
camera adapter system using DAPI (350 nm), TRITC (594 nm) and FITC (488 nm) filters,
alongside an Olympus XM10 camera. For quantification, the cell-counter function within
ImageJ Software Version 1.54 (National Institutes of Health (NIH), Bethesda, MD, USA)
was employed to establish the number of positively stained Ki-67 or TUNEL cells, as
appropriate; the data were then presented as a percentage of the total cells investigated.

2.5. Animal Experiments

Animal experiments were performed in male C57BL/6 (12–14 weeks of age) or NIH
Swiss male mice (30 weeks of age), as appropriate; both were purchased from Harlan Ltd.,
Huntingdon, UK. Animals were housed individually in the Biomedical and Behavioural
Research Unit (BBRU) at Ulster University for pre-clinical studies, with a standard tem-
perature and light cycle, namely 22 ± 2 ◦C and a 12 h light/dark cycle, respectively. All
procedures were performed in compliance with the UK Animal Scientific Procedures
Act 1986.

2.6. In Vivo Experiments

The effects of GLP-1 or GLP-2 (25 nmol/kg bw, an intraperitoneal (i.p.) administration)
on food intake, glucose homeostasis and insulin secretion were studied in overnight fasted
C57BL/6 mice, as previously documented in our laboratory [19]. The dosing regimen
employed for the test peptides was based on previous positive observations with GLP-1
and GLP-2, as well as related gut-derived peptide hormones, within the same experimental
systems [19]. In a separate series, NIH male mice habituated to a daily feeding regime of
3 h/day were also used to evaluate the impact of GLP-1 and GLP-2 (25 nmol/kg bw) on
the cumulative food intake, using the same protocol as described above. These mice were
subject to a progressive reduction in the daily feeding period over 3 weeks at 12 weeks of
age, as detailed previously [20]. Mice were maintained on this 3 h/day feeding regimen
until 30 weeks of age, and experiments were then conducted.

2.7. Biochemical Analyses

Blood glucose levels were quantified using a blood glucose meter (Ascencia Contour;
Bayer Healthcare, Berkshire, UK). For plasma insulin analysis, blood samples were col-
lected into chilled fluoride/heparin glucose micro-centrifuge tubes (Sarstedt, Numbrecht,
Germany), immediately centrifuged at 13,000× g for 1 min, and retained at −20 ◦C before
insulin quantification by radioimmunoassay [17].

2.8. Statistical Analyses

Statistical analyses were conducted using GraphPad PRISM software (Version 8.0,
Irvine, CA, USA). Data are presented as mean ± S.E.M. Comparative analyses between
groups were performed using one-way ANOVA with a Bonferroni post hoc test or Student’s
unpaired t-test, as appropriate. Statistical significance was defined as p < 0.05.
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3. Results

3.1. GLP-1, but Not GLP-2, Evokes Prominent Insulin Secretion from BRIN BD11 Beta-Cells and
Isolated Islets

At 5.6 and 16.7 mM of glucose, GLP-1 (10−10–10−6 M) significantly (p < 0.05–0.001)
augmented insulin secretion when compared to the controls (Figure 1A,B). Conversely,
GLP-2 did not impact insulin release from BRIN BD11 cells at any of the concentrations
tested at either 5.6 or 16.7 mM glucose (Figure 1A,B). Equivalent observations were made
at 16.7 mM of glucose in collagenase-isolated mouse islets (Figure 1C).

Figure 1. Effects of GLP-1 and GLP-2 on insulin secretion from (A,B) BRIN BD11 beta and (C) isolated
mouse islets. BRIN BD11 cells were incubated for 20 min with (A) 5.6 or (B) 16.7 mM of glucose
alone and in combination with test peptides (10−12 to 10−6 M), and the insulin secretion determined.
(C) Isolated mouse islets were incubated for 60 min with peptides (10−8 and 10−6 M) at 16.7 mM of
glucose (10 islets per well), and the insulin secretion was determined. Values are mean ± SEM (n = 8).
* p < 0.05, ** p < 0.01, *** p < 0.001, compared to the respective glucose control.

3.2. GLP-1 and GLP-2 Elevate Cytosolic cAMP Concentrations in Isolated Mouse Islets

The incubation of murine islets with 10 mM of glucose in combination with 10 nM
of GLP-1 resulted in a rapid and sustained increase (p < 0.01) in [cAMP]cyt (Figure 2A,B).
GLP-2 also enhanced (p < 0.01) [cAMP]cyt in mouse islet cells, but was significantly less
effective (p < 0.01) than GLP-1 (Figure 2A,B). As expected, the incubation of mouse islet cells
with 100 μM of IBMX led to prominent increases (p < 0.01) in [cAMP]cyt (Figure 2A,B). In
agreement, the impact of GLP-1 and IBMX on islet cell [cAMP]cyt was moderately positively
correlated (r = 0.56), whereas similar correlations for GLP-2 with either IBMX (r = −0.18) or
GLP-1 (r = −0.08) were not observed (Figure 2C).
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Figure 2. Effects of GLP-1 and GLP-2 on real-time cytosolic cAMP concentrations in isolated mouse
islets. (A) Dynamics of [cAMP]cyt in mouse islet cells in response to incubation with GLP-1, GLP-2
(both at 10 nM) or IBMX (100 μM) in the presence of 10 mM of glucose. (B) Quantification of islet
cell [cAMP]cyt responses to GLP-1, GLP-2 (both at 10 nM) or IBMX (100 μM). (C) Pearson correlation
(per-cell) between [cAMP]cyt responses for GLP-1, GLP-2 and IBMX in islets. Values are mean ±
SEM (n = 615 from three preparations). ** p < 0.01 compared to basal condition. ## p < 0.01 compared
to 10 nM of GLP-1.

3.3. GLP-1 and GLP-2 Promote BRIN BD11 Beta-Cell Proliferation and Protect Against
Cytokine-Induced Apoptosis

Both GLP-1 and GLP-2 (10−8 and 10−6 M) significantly increased (p < 0.001) BRIN
BD11 cell proliferation following overnight culture (Figure 3A). Representative images of
Ki-67-stained cells are also presented, with arrows indicating proliferating cells (Figure 3B).
Similar to observations regarding proliferation, both GLP-1 and GLP-2 (10−8 and 10−6 M)
significantly enhanced (p < 0.001) beta-cell survival and protected against cytokine-induced
beta-cell apoptosis (Figure 4A). Representative images of TUNEL-stained BRIN BD11 cells
are provided, with arrows indicating apoptotic cells (Figure 4B).
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Figure 3. Effects of GLP-1 and GLP-2 on BRIN-BD11 cell proliferation. BRIN-BD11 cells were
incubated with GLP-1 or GLP-2 (10−6 M and 10−8 M) for 18 h. Cells were then stained for Ki-67
(red) and DAPI (blue). The quantification of Ki-67 positive cells is shown in (A). Representative
images (B) show Ki-67-positive cells indicated by arrows. Values are expressed as mean ± SEM
(n = 6). *** p < 0.001 compared to media control.

Figure 4. Effects of GLP-1 and GLP-2 on BRIN-BD11 cell apoptosis. BRIN BD11 cells were incubated
in the presence of cytokines (IL-1β 100 U/mL, IFN-γ 20 U/mL, TNF-α 200 U/mL) alone or alongside
GLP-1 or GLP-2 (10−6 M and 10−8 M) for 18 h before staining for TUNEL (green) or DAPI (blue).
The quantification of TUNEL positive cells is shown in (A). Representative images (B) show TUNEL-
positive cells indicated by arrows. Values are expressed as mean ± SEM (n = 4). *** p < 0.001 compared
to the cytokine group.
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3.4. GLP-1 and GLP-2 Improve Glucose Tolerance and Supress Appetite in Mice

The I.p. administration of GLP-1 or GLP-2 conjointly with glucose, at a dose of
25 nmol/kg, decreased individual as well as overall glucose values (Figure 5A,B). Specifi-
cally, GLP-1 reduced blood glucose levels at 60 (p < 0.05) and 90 (p < 0.01) minutes post-
injection, with GLP-2 significantly reducing (p < 0.05) glucose only at 90 min (Figure 5A).
Accordingly, the 0–90 min overall AUC glucose values were decreased by both GLP-1
(p < 0.01) and GLP-2 (p < 0.05) administration (Figure 5B). As expected, GLP-1 also aug-
mented GSIS, corresponding to increased (p < 0.05) plasma insulin concentrations at 15 min
post-injection, as well the overall values at 0–90 min (p < 0.01) (Figure 5C,D). In contrast,
the effects of GLP-2 on insulin secretion failed to reach significance (Figure 5C,D). In terms
of appetite suppression, both GLP-1 and GLP-2 reduced food intake (p < 0.05–0.001) at all
observation points in the overnight fasted mice (Figure 6A). Both peptides were found to
have similar significant (p < 0.05–0.01) appetite suppressive effects in mice trained to eat for
3 h/day, although GLP-2 lost efficacy in this model at 180 min post-injection (Figure 6B).

Figure 5. Effects of GLP-1 and GLP-2 on glucose tolerance and insulin secretion in mice. (A) Blood
glucose and (C) plasma insulin was assessed following the administration of glucose alone
(18 mmol/kg bw) or in combination with GLP-1 and GLP-2 (25 nmol/kg bw). (B,D) Overall 0–90 min
AUC (B) glucose and (D) insulin values are also shown. Values are mean ± SEM (n = 6). * p < 0.05,
** p < 0.01, compared to the glucose control.
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Figure 6. Effects of GLP-1 and GLP-2 on food intake in mice. Saline vehicle (0.9% NaCl), GLP-1 or
GLP-2 (25 nmol/kg bw, i.p.) were administered to (A) overnight fasted mice or (B) mice trained to
eat for 3 h per day, and the cumulative food intake was recorded at 30 min intervals for 3 h. Values
are mean ± SEM (n = 6). * p < 0.05, ** p < 0.01, *** p < 0.001, compared to the respective saline control.

4. Discussion

In recent years, the products of the proglucagon gene have generated significant inter-
est in the context of the regulation of glucose homeostasis and body composition. Among
these, GLP-1 has emerged as a central player, with established therapeutic applicability
for type 2 diabetes and obesity [2]. GLP-2 is a related proglucagon gene product that has
structural and amino acid sequence homology with GLP-1 and has been found to promote
intestinal growth and integrity, but has less well characterized effects on metabolism [21].
However, similar to GLP-1, GLP-2 receptor expression is evidenced in both human and
rodent pancreatic islets, suggesting that it plays a direct role in islet function and overall
metabolism [19,22]. Moreover, the GLP-2-mediated suppression of appetite has recently
been observed in rodents and been demonstrated to be dependent on hypothalamic GLP-1
receptor signalling [23]. Thus, GLP-2 may have an overlapping bioactivity profile with
GLP-1 that merits further consideration.

As anticipated, GLP-1 induced prominent concentration-dependent insulin secretory
actions in BRIN BD11 beta-cells, as well as isolated mouse islets, that were associated
with increased intracellular cAMP [24]. More intriguingly, we were also able to evidence
small, but significant, GLP-2-mediated elevations in islet cell cAMP concentrations. In this
regard, we have previously shown that GLP-2 does not alter the membrane potential or
intracellular Ca2+ levels in pancreatic beta-cells [19]; thus, GLP-2 likely signals via cAMP
and related downstream effectors such as protein kinase A (PKA) or exchange protein
activated by cAMP (Epac) in islets, similar to GLP-1 [25]. This corresponds well with that
observation that GLP-2 enhanced BRIN BD11 cell proliferation, as well as protection against
cytokine-induced apoptosis, in the current study [26]. Such findings are also consistent
with the well-documented proliferative actions of GLP-2 within the intestine [9]. That
said, and in good agreement with others [6,19], GLP-2 did not augment GSIS within either
the in vitro, ex vivo or in vivo environments. Similar differential effects of compounds
on beta-cell function have been reported previously [27], as well as with agents such as
Peptide YY (PYY) and Pancreatic Polypeptide (PP), which can inhibit insulin secretion but
augment beta-cell growth and survival [4].

To add to the complexity, GLP-2 has been demonstrated to function as a low potent
agonist of the GIP receptor [28], with GIP being well known to augment beta-cell func-
tion [29]. Thus, further investigations such as islet-cell-specific receptor knockdown studies
would be required to fully delineate the effects of GLP-2 at the level of the beta-cell. This
is even more relevant given the observations of local pancreatic islet GLP-2 synthesis and
secretion in both rodent and human islets [6,19]. In addition, GLP-2 receptor expression
is considered to be relatively low on beta-cells [6]. Nonetheless, the equivalent effects of
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GLP-2 and GLP-1 on beta-cell turnover are intriguing and merit further investigation given
that all types of diabetes are ultimately linked to the loss of beta-cell mass and function [30].
The anti-apoptotic role of GLP-1 in various cell types is already well documented [2], with
GLP-2 previously demonstrated to protect against streptozotocin-induced DNA damage in
beta-cells [19], as well as dextran sulphate-induced colitis and obesity-related neuroinflam-
mation in mice [31,32]. Overall, it appears that GLP-2 possesses beta-cell-sparing activities
that could be highly relevant for diseases such as diabetes.

Interestingly, both GLP-1 and GLP-2 improved glucose handling following combined
injection with glucose in mice. For GLP-1, this can largely be attributed to GSIS [33],
whereas for GLP-2, improvements in insulin action and/or insulin-independent glucose
uptake would seem the most likely explanation. In this respect, there is an inverse correla-
tion between the GLP-2 concentrations and insulin sensitivity in obese human subjects [34].
Moreover, GLP-2 receptor activation has been shown to prevent the glucose dysregulation
that occurs following the induction of insulin resistance by prolonged high-fat feeding
in mice [13], partly through enhancing insulin signalling [35]. In agreement with oth-
ers [12,23], GLP-2 curbed food intake in mice to a similar degree as GLP-1, consistent
with the knowledge that GLP-2 can directly regulate the hypothalamic neurons linked to
appetite control [36]. However, unlike GLP-1 [37,38], the full translation of the appetite
suppressive actions of GLP-2 is yet to be confirmed. However, our reliable observations
in a well characterized rat beta-cell line and mouse model, alongside knowledge that the
proglucagon gene is highly conserved across mammalian species [39], would suggest good
translatability. Overall, GLP-2 exerts benefits on metabolism that are akin to those of
GLP-1 [2], likely mediated through distinct pathways. It follows that a unimolecular dual
GLP-1/GLP-2 receptor agonist, known as GUB09-145, suppressed caloric intake, promoted
weight loss, and improved glucose tolerance in obese mice [40]. Furthermore, another
recently characterized GLP-1/GLP-2 hybrid peptide, namely PG-102, was demonstrated to
exert benefits on beta-cell mass and glucose control in ob/ob mice that were superior to ei-
ther tirzepatide or retatrutide [41]. Thus, although the pancreatic beta-cell secretory actions
of GLP-1 and GLP-2 are distinct, parallels in terms of their beneficial effects on beta-cell
signalling and turnover, as well as glucose homeostasis and appetite regulation, provide an
attractive avenue for therapeutic application. That said, there is some evidence that GLP-2
could accelerate the growth of colonic neoplasms [42]; thus, the potential intestinotrophic
effects of GLP-2 would need to be appropriately moderated within this setting.

5. Conclusions

Interest in GLP-1 has increased significantly within the clinical field of diabetes and
obesity. However, other related proglucagon-derived peptides, such as GLP-2, also merit
attention. As such, despite GLP-2 lacking direct beta-cell secretory actions, this hormone
supports overall beta-cell health by encouraging growth and preventing the destruction of
these cells. In addition, we have shown, for the first time, that GLP-2 positively impacts
cAMP oscillations in islet cells, giving credence to the notion that locally produced GLP-2
mediates the important crosstalk between endocrine cells [22]. When viewed alongside
satiety and glucose homeostatic actions, this suggests that GLP-2 has untapped potential
for the treatment of diabetes and obesity, either alone or perhaps more likely alongside
GLP-1 therapies.
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Abstract

This scoping review explores the expression patterns and molecular features of sarcogly-
cans (SGs) in non-muscle organs, challenging the long-standing assumption that their
function is confined to skeletal and cardiac muscle. By analyzing evidence from both
animal models and human studies, the review highlights the widespread presence of SG
subunits in organs, including the nervous system, glands, adipose tissue, oral mucosa,
retina, and other structures, with distinct regional and cell-type-specific patterns. Studies
on the central nervous system demonstrate a widespread “spot-like” distribution of SG
subunits in neurons and glial cells, implicating their involvement in synaptic organiza-
tion and neurotransmission. Similarly, SGs maintain cellular integrity and homeostasis in
glands and adipose tissue. At the same time, the altered expression of SGs is associated
with pathological conditions in the gingival epithelium of the oral mucosa. These find-
ings underscore the multifaceted roles of SGs beyond muscle, suggesting that they may
contribute to cellular signaling, membrane stability, and neurovascular coupling. How-
ever, significant gaps remain regarding SG post-translational modifications and functional
implications in non-muscle organs. Future research integrating molecular, cellular, and
functional approaches in animal models and human tissues is essential to fully elucidate
these roles and explore their potential as therapeutic targets in various diseases.

Keywords: synaptic organization; sarcoglycans; cell adhesion; non-muscle organ; tissue
homeostasis; epithelial signaling

1. Introduction

Sarcoglycans (SGs) are a family of transmembrane glycoproteins essential for the
maintenance of muscle cell structure and function [1–3]. These proteins, comprising six
known subunits (α, β, γ, δ, ε, and ζ), assemble to form the sarcoglycan complex (SGC), a
core component of the dystrophin-associated glycoprotein complex (DGC). Together with
α- and β-dystroglycans (DGs), and sarcospan (SSPN), SGs establish a molecular bridge
between the intracellular cytoskeleton and the extracellular matrix via laminin α2, thereby
contributing to sarcolemmal integrity and enabling signal transduction during muscle
contraction [4–10]. Disruption of this system leads to membrane instability and progressive
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muscle degeneration, as observed in several forms of limb–girdle muscular dystrophies
(LGMDs) [11]. Each SG subunit displays tissue-specific expression patterns and distinct
structural characteristics. α-, β-, γ-, and δ-SGs are predominantly expressed in skeletal
and cardiac muscle, whereas ε-SG (which shares 44% sequence similarity with α-SG) is
mainly found in smooth muscle. ζ-SG is structurally related to both γ- and δ-SG. The
composition of the SGC adapts to tissue type: α-, β-, γ-, and δ-SGs are typically found in
striated muscle, while ε-SG replaces α-SG in smooth muscle [12,13]. Structurally, β-, γ-,
and δ-SGs are type II transmembrane proteins with intracellular N-termini, whereas α- and
ε-SGs are type I proteins with extracellular N-terminal domains [13]. These differences
suggest the existence of at least two distinct sarcoglycan complexes with potentially diverse
functions [12,14]. Importantly, the structure and function of SGs are highly dependent
on post-translational modifications and molecular interactions. Within the endoplasmic
reticulum (ER), SGs undergo N-glycosylation, a sequential process involving the addition
of mannose, sialic acid, and N-acetylglucosamine residues, which is essential for protein
maturation, membrane targeting, and interaction with DG [3,15,16]. SGs are also localized
within lipid-rich membrane microdomains (lipid rafts), composed of cholesterol and sphin-
golipids, which influence their clustering, localization, and signaling capacity. Moreover,
SGs interact with various protein scaffolds, which support their stabilization and functional
integration within cellular signaling networks.

While most research has focused on the role of SGs in muscle tissue and related
pathologies, there is growing evidence of their expression in non-muscle tissues, including
smooth muscle layers of internal organs (gastrointestinal and urogenital tracts, ureters,
skin) [17–20], as well as in the brain, endocrine glands, and adipose tissue. Furthermore,
mutations in SG-encoding genes have been linked to non-muscle phenotypes, such as the
association between ε-SG mutations and myoclonus–dystonia syndrome, suggesting SG in-
volvement in neuronal signaling and motor control [21,22]. However, the existing literature
on SGs in non-muscle tissues primarily focuses on expression patterns, with limited atten-
tion to the molecular mechanisms that govern their function, specifically post-translational
modifications, lipid interactions, and associations with scaffold proteins. Given that these
factors are fundamental to SG structure and activity, it is likely that evaluating SGs in
non-muscle contexts without considering these molecular features is incomplete or even
misleading. This scoping review aims to explore and synthesize the current knowledge
on SGs in non-muscle tissues, focusing primarily on their expression profiles and, secon-
darily, examining available data on their glycosylation patterns, interactions with lipid
membranes, and associations with membrane scaffold proteins. By identifying whether
and how these aspects have been investigated outside of muscle, this review seeks to fill
a critical gap in the literature and support a more comprehensive understanding of SG
functions across different tissue types.

2. Materials and Methods

2.1. Search Strategy

This scoping review followed the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses for Scoping Reviews (PRISMA-ScR) statement [23].

2.2. Eligibility Criteria

The primary question was the expression of SG proteins in various healthy non-muscle
organs in both human and animal models. The secondary questions were as follows:

• Which SG subunits have been detected in non-muscle organs?
• What experimental or observational methods have been employed to assess SG expression?
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• Are there reported associations between SG expression levels and specific pathological
or physiological states in non-muscle organs?

• Are there molecular features, such as glycosylation, membrane lipid associations, or
scaffold protein interactions, described for SGs in these organs?

• What are the main research gaps identified in the literature?

The eligibility criteria for admission in this scoping review are defined in Table 1.

Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

Clinical and ex vivo human studies Studies focusing exclusively on muscle

Animal studies Studies on the expression of SGs in non-muscle organs
identified in the muscular coat

Cell-based models Studies involving sarcoglycanopathies and
myoclonic dystonia

Studies that investigate the expression of one or more SG
subunits (α, β, γ, δ, ε, and ζ) in non-muscle organs

Case reports, case series, reviews, meta-analyses, letters,
editorials, commentaries, communications, supplements,

and proceedings papers
Research articles as experimental studies, observational

studies, and in vitro/in vivo analyses Papers without full-text availability

Papers published in English Papers published in languages other than English

2.3. Information Sources

A comprehensive literature search was conducted using the following electronic
databases: PubMed/MEDLINE, Scopus, Web of Science, and ScienceDirect. In addition,
Google Scholar was consulted to identify relevant grey literature. To ensure comprehen-
siveness, the search strategy included Boolean operators to identify articles using both
MeSH (Medical Subject Headings) terms and free-text keywords: (Sarcoglycan complex
OR Sarcoglycans) AND (Non-Muscle Tissue OR Epithelial tissue OR Gland OR Prostate
OR Breast OR Liver OR Pancreas OR Spleen OR Nervous system OR Kidney OR Lung
OR Connective tissue OR Adipose organ) AND (Immunohistochemistry OR RT-PCR OR
Immunofluorescence OR mRNA). The search strategy was adapted for each database to
optimize the retrieval of relevant articles (Table 2).

2.4. Screening and Selection Process

All articles identified by the search in the various databases were imported into
reference management software (Mendeley Desktop, version 1.19.8), where duplicates
were removed. After duplication, the titles and abstracts of the remaining studies were
independently reviewed by two reviewers (FN and GV) to assess their relevance to the
research questions. Studies containing the relevant search terms in the title and/or abstract
were selected for full-text review. The two reviewers (FN and GV) independently reviewed
the full-text articles of potentially relevant studies based on predefined eligibility criteria.
Studies that met all criteria were included for data extraction, while those that did not meet
the criteria were excluded, and the reasons for exclusion were recorded. Any disagreements
between the two reviewers at this stage were discussed and resolved by consensus. If
disagreement persisted, a third independent reviewer (JF) was consulted.

2.5. Data Extraction

The two reviewers (FN and GV) independently extracted the following data from
the selected articles: authors’ names, year of publication, type of study, tissue/organ
types examined, SG subunits studied, and species/models. In cases where discrepancies
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emerged between data extractions, the third reviewer (JF) was consulted to resolve any
disagreements.

Table 2. Database-specific search strategies.

Database Search Strategy

PubMed/MEDLINE
“https://pubmed.ncbi.nlm.nih.gov/
(accessed on 19 February 2025)”

(Sarcoglycan complex OR Sarcoglycans) AND (Non-Muscle Tissue OR
Epithelial tissue OR Gland OR Prostate OR Breast OR Liver OR
Pancreas OR Spleen OR Nervous system OR Kidney OR Lung OR
Connective tissue OR Adipose organ) AND (Immunohistochemistry
OR RT-PCR OR Immunofluorescence OR mRNA)

Scopus
“https://www.scopus.com/home.uri
(accessed on 19 February 2025)”

(“Sarcoglycans” OR sarcoglycan*) AND (“Non-Muscle Tissues”) AND
(expression OR “immunohistochemistry” OR “immunofluorescence”
OR “RT-PCR” OR mRNA)

Web of Science
“https://www.webofscience.com/wos/
(accessed on 19 February 2025)”

(Sarcoglycan complex OR Sarcoglycans) AND (Non-Muscle Tissue OR
Epithelial tissue OR Gland OR Prostate OR Breast OR Liver OR
Pancreas OR Spleen OR Nervous system OR Kidney OR Lung OR
Connective tissue OR Adipose organ) AND (Immunohistochemistry
OR RT-PCR OR Immunofluorescence OR mRNA)

ScienceDirect
“https://www.sciencedirect.com/ (accessed
on 19 February 2025)”

(Sarcoglycan complex OR Sarcoglycans) AND “Non-muscle tissue”
AND (Immunohistochemistry OR “RT-PCR” OR Immunofluorescence
OR mRNA)

Google Scholar
“https://scholar.google.com/ (accessed on
19 February 2025)”

(Sarcoglycan complex OR Sarcoglycans) AND “Non-muscle tissue”
AND (Immunohistochemistry OR “RT-PCR” OR Immunofluorescence
OR mRNA)

2.6. Data Synthesis

The extracted data from the included studies were synthesized narratively and or-
ganized by organ type. Subunits were mapped based on reported mRNA and protein
expression across tissues, and evidence from human and animal studies was clearly dis-
tinguished. Consistencies and discrepancies among studies were noted, and results were
summarized in descriptive tables and figures.

3. Results

3.1. Study Selection

The search process identified 438 articles. After removing duplicates, 380 articles
remained for initial screening. From these, 317 papers were dismissed based on their titles
and abstracts, primarily for being unrelated to SGs involvement in non-muscle organs.
A comprehensive review of the remaining 63 articles revealed that 18 studies met the
inclusion criteria and were included in the final analysis. Figure 1 shows the workflow of
the selected studies.

3.2. Characteristics of the Included Studies

The included studies were published between 2000 and 2022, and employed various
experimental approaches to investigate SG expression. Immunohistochemistry and im-
munofluorescence [16,24–37], fluorescence in situ hybridization (FISH) [16], and in situ
hybridization (ISH) [38] were widely used to examine protein expression and localiza-
tion in tissue samples. For immunohistochemistry, sections were examined using a laser
scanning confocal microscope [16,24–37] or a fluorescence microscope [16,25]. For FISH,
fluorophore-labeled probes were observed by a confocal microscope [16], whereas ISH em-
ployed radiolabeled cRNA probes [38]. Real-time reverse transcriptase–polymerase chain
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reaction (RT-PCR) [25–28,30,34,36,38–40], Western blot [25,26,28,30,33,39,40], and Northern
Blot [38] were frequently applied to analyze mRNA and protein expression levels.

Figure 1. PRISMA flowchart summarizing the article selection process.

Studies have examined a wide range of non-muscle organ types. The nervous system,
divided into central [16,24,26,28,30,31,37,38] and peripheral [25,33], and adipose [39,40]
have been studied. Other organs/tissues explored included the glands (as breast [27],
prostate [36], thyroid [29], pancreas [30]), and oral gingival mucosa [32,35]. The most
investigated SG subunit was represented by ε [16,24–29,31–40], followed by β [24–29,31–
34,36,37,39,40] and δ [24–31,34,36,37,40], γ [24,26–32,34–37], α [24,26–29,31,34–37,40], and
ζ [25,26,29–31,37]. Regarding the species, the research included animal models and hu-
man tissue samples [27–29,32,35,36]. Rats [24,25,31,37–39] and mice [16,26,34,40] were
frequently used. Only one study used the rabbit species [32]. Furthermore, several stud-
ies investigated human disease models, exploring conditions such as benign prostatic
hyperplasia and prostate adenocarcinoma [36], fibrocystic mastopathy and breast fibroade-
noma [27], Hashimoto’s thyroiditis [29], and bisphosphonate-related osteonecrosis of the
jaw [32,35]. The findings related to the expression of SGs, as reported in the studies, are
presented in Figure 2.

3.3. Overview of SG Expression Across Non-Muscle Organs

Current evidence highlights both widespread and tissue-specific expression patterns of
SG subunits across organ systems. Among them, β- and δ-SGs are the most consistently de-
tected, being expressed in all major tissues analyzed, including the CNS [24,26,28,31,34,37],
PNS [25,33], glands [27,29,36], and adipose tissue [39,40]. Their broad presence suggests a
constitutive role across both neuronal and non-neuronal compartments. ε-SG also shows
widespread expression but with a more variable distribution. It is abundantly expressed
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in the CNS [16,24,26,28,31,37,38], including in the Müller glial and ganglion cells of the
retina [34], in Schwann cells of the PNS [25,33], in the prostate, breast, and thyroid [27,29,36],
and in the gingival epithelium [32,35]. However, this subunit is detectable in certain organs,
such as the liver, kidney, spleen, and testis, while in adipose tissue, it is only detectable
during the adipogenic process [40], indicating potential tissue-specific regulation. ζ-SG
displays a more restricted pattern, with predominant expression in the brain [24,30,37]
and limited or absent mRNA signals in other tissues such as the pancreas, kidney, or
liver [30]. By contrast, γ-SG is primarily enriched in the muscle and lung [30], with only
low expression detected in the CNS (mainly in the cerebellum and brainstem) [30,31,37],
and it is absent from Schwann cells and adipose tissue [25,40].

Figure 2. Expressions of SGs in non-muscle organs categorized by human and animal models (mouse,
rat, and rabbit).

Other subunits (α- and γ-SGs) also exhibit more tissue-restricted profiles. α-SG is
detected in cerebral cortex neurons and astrocytes [24,28,31,37], in glands [27,29,36], the
oral epithelia [35], and adipose organ [40], but is consistently absent from the retina [34] and
PNS [25,33]. γ-SG was primarily found in the brainstem and cerebellar regions [24,31,37],
and in epithelial and oral mucosal tissues [27,29,32,35,36], but was absent in peripheral
nerves and adipose tissue [25,33,39,40]. To better visualize these distribution patterns, a
heatmap was generated to summarize the expression of individual SG subunits based on
evidence from the included studies (Figure 3).

3.4. Central Nervous System (CNS)
3.4.1. Animal Studies

Xiao and LeDoux [38] detailed the molecular characteristics and expression patterns
of the rat ε-SG gene. First, it was shown that this gene encodes a 437-amino-acid protein
highly conserved in rats, mice, and humans, especially in its 46-amino-acid N-terminal
signal sequence, which directs the protein to the cell membrane. While the rat and mouse
sequences are identical, subtle variations were found in the human sequence that could
affect species-specific aspects of SG function. In addition, the structural analysis showed
that the extensive extracellular domain contains a conserved asparagine for glycosylation
and four cysteine residues. Northern blot analysis of ε-SG mRNA expression showed
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moderate levels in the brain. Furthermore, quantitative RT-PCR confirmed the presence
of ε-SG mRNA, revealing minimal developmental variation in the hippocampus, unlike
the significant decrease in muscle tissue, where neonatal levels were over ten times higher
than in adults. The in situ hybridization of brain sections demonstrated a widespread
and uniform distribution of ε-SG mRNA in neurons, with the strongest signals found in
areas with high neuronal density, such as the pyramidal cell layer of the hippocampus,
cerebellum, and cerebral cortex, as well as in various brainstem, midbrain, thalamic, and
hypothalamic nuclei. Clear hybridization signals observed in fiber pathways and white
matter tracts (cerebellar peduncles and corpus callosum) suggested that glial cells also
express ε-SG mRNA.

Figure 3. Heatmap summarizing the expression of SG subunits across non-muscle organs. Color
intensity reflects the frequency of reported expression in the literature based on the number of studies
identifying each SG subunit in a given organ.

Complementary findings by Chan et al. [16] further extended these insights by re-
vealing that ε-SG mRNA and protein have a widespread presence across the mouse brain,
as demonstrated through FISH and immunohistochemistry. High levels of ε-SG mRNA
expression were particularly evident in the olfactory bulb’s mitral cell layer and the cere-
bellum’s Purkinje cell layer. Moreover, significant expression was detected in various
monoaminergic cell clusters, including dopaminergic neurons within the substantia nigra
pars compacta (SNc), substantia nigra pars reticulata (SNr), and ventral tegmental area
(VTA), as well as serotonergic neurons in the dorsal raphe nucleus and noradrenergic
neurons in the locus coeruleus. In contrast, moderate expression levels were observed in
the hippocampus, multiple hypothalamic nuclei, and the amygdala, whereas lower levels
were noted in regions such as the neocortex, globus pallidus, and most thalamic nuclei.

Shiga et al. [30] investigated the tissue-specific expression of ζ-SG, reporting its pre-
dominant expression in the brain. In contrast, γ-SG exhibited lower levels of expres-
sion. A more detailed regional analysis revealed a uniform distribution of ζ-SG through-
out the brain, whereas γ-SG was abundant in specific areas such as the cerebellum and
pons/medulla. Post-translational analysis revealed that ζ-SG, like other SGs and DGs, un-
dergoes N-linked glycosylation, as evidenced by a shift in molecular weight after PNGase
F treatment. Deglycosylation resulted in a reduction of ζ-SG’s molecular weight, while
maintaining a doublet migration pattern. To better understand the role of ζ-SG in SGC
formation, CHO cells were used to perform the co-expression of all six known SGs with
DG, which is crucial for the transportation of the SG complex to the cell plasma membrane.
Similar molecular weight shifts as described above were observed for all SG and DG
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proteins expressed in CHO cells following PNGase F treatment. Concerning membrane
interactions and scaffold proteins, ζ-SG was detected in both the plasma membrane and in-
tracellular compartments, including the ER and Golgi apparatus. Cell surface biotinylation
and immunoprecipitation experiments in CHO cells demonstrated that ζ-SG forms stable
complexes with α-, β-, δ-, and ε-SG, but not with γ-SG. In particular, the simultaneous
expression of all six known SGs with DG in CHO cells led to the identification of four
distinct SG complexes at the membrane: (1) α- β- γ- δ, (2) α- β- ζ- δ, (3) ε- β- γ- δ, and
(4) ε- β- ζ- δ. These findings indicate that ζ-SG can functionally substitute for γ-SG in SGC
assembly and integrate into both α- and ε-based complexes. Moreover, SG complexes were
also found to associate with DG, regardless of whether ζ-SG is present or not, suggesting
that ζ-SG-containing complexes can exist as a subcomplex of the entire DGC in vivo.

Immunofluorescence studies in the cerebral and cerebellar cortices confirmed the
presence of multiple SG subunits [24,37]. The research by Vermiglio et al. [24] reported that
all tested SGs (α, β, γ, δ, and ε) are expressed in the rat cerebral cortex, where they exhibit a
“spot-like” fluorescence pattern with spots (0.5–2 μm in diameter) around neuronal somas.
All SG expressions were marked in the cerebellar cortex in the Purkinje cell layer, while
the granular and molecular layers showed low or absent staining. Regarding localization,
SG expression was also observed in glial cells, mainly in the central portion rather than
around the soma.

Cutroneo et al. [37] further corroborated these findings by showing that all SGs (α, β,
γ, δ, ε, and ζ) are expressed in rat neurons across the hippocampus, cerebral cortex, and
cerebellar cortex. In these regions, the proteins exhibited a spot-like fluorescence pattern
(0.5–2 μm in diameter) predominantly localized in the soma of pyramidal and granular
neurons. Specifically, in the hippocampus, SGs were more expressed in pyramidal neurons
of some Cornu Ammonis regions (CA1, CA2, and CA3) and dentate gyrus granular cells,
which displayed more minor fluorescence spots than pyramidal neurons. In the cerebellar
cortex, SG expression was evident in all layers, with a high spot-like immunostaining
predominantly localized to the Purkinje cell layer. Additionally, the colocalization of each
SG with the GABA_A receptor indicated colocalization at the soma level, confirming the
neuronal expression of SGs.

Boulay et al. [26] investigated the expression of the SG complex in the cerebrovascular
system and its regulation by astrocytic Connexin 30 (Cx] 30). RT-PCR analysis performed
on purified brain vessels demonstrated the presence of transcripts encoding all known
SG subunits (α, β, δ, ε, γ, and ζ) as well as SSPN, indicating that the full SG complex is
transcriptionally active in the cerebrovascular system. Among these subunits, δ- and ε-SG
were particularly expressed in larger-caliber vessels (diameter > 100 μm). To explore the
regulatory influence of astrocytic Cx30 on vascular SG expression, the authors examined
Cx30-knockout mice. Transcriptomic analysis revealed that most SG subunits, including
α- and β-SG, maintained comparable expression levels between wild-type and knockout
animals. However, the expression of Sgcg, the gene encoding γ-SG, was significantly
upregulated in the absence of Cx30. Western blot analysis confirmed that this transcriptional
upregulation of γ-SG translated into increased protein levels in brain vessels.

Rizzo et al. [31] investigated the expression of SGs in the cerebral and cerebellar
cortices of rats. In the cerebral cortex, single immunofluorescence reactions revealed that
all six SG subunits are expressed in a distinctive “spot-like” pattern, with spots (0.5–2 μm
in diameter) primarily localized around the soma of neurons and glial cells. The statistical
analysis of spot counts across different cortical regions indicated significant variability
in subunit expression, particularly for α-, β-, and γ-SG, between anterior and posterior
cortical areas. Conversely, in the cerebellar cortex, SG expression was consistently uniform
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across different regions, with the same staining pattern observed around the soma of
Purkinje cells and glial cells.

In wild-type mouse retinae observed by Fort et al. [34], SGs and SSPN exhibited
a distinct expression profile compared to skeletal muscle, with their localization and
abundance appearing largely independent of dystrophin. Using RT-PCR and Western blot
analyses in both wild-type and mdx3cv mice, the authors confirmed the presence of β-, δ-,
γ-, and ε-SG subunits, along with SSPN, at both mRNA and protein levels. Among these,
ε-SG and β-SG were the most abundantly expressed, while α-SG was undetectable in the
retina of either genotype. Notably, even in mdx3cv mice, characterized by a severe reduction
in Dp71 (a short dystrophin subunit), the expression levels and spatial distribution of SGs
and SSPN remained unchanged. Immunofluorescence analyses revealed that SGs and
SSPN localize predominantly at the inner limiting membrane (ILM), corresponding to the
end feet of Müller glial cells (MGCs), and at the outer limiting membrane (OLM), with
additional expression in the ganglion cell layer (GCL) and inner nuclear layer (INL). Double
immunolabeling with markers for MGC (glutamine synthetase) and ganglion cell axons
(NF68) confirmed that SGs and SSPN localize to both glial and neuronal compartments, with
strong signal overlap observed particularly for ε-SG. Importantly, SGs did not colocalize
with dystrophin in photoreceptor terminals or dendritic processes, and their localization
was not disrupted in dystrophin-deficient mice. Based on these findings, the authors
proposed the presence of two distinct SG–SSPN assemblies: one associated with Dp71 at
the MGC end feet and another located in the outer retina, potentially interacting with as
yet unidentified molecular partners.

3.4.2. Human Studies

Anastasi et al. [28] investigated the expression and localization of SGs in the human
cerebral cortex. The study found that all SG subunits (α-, β-, γ-, δ-, ε-, and ζ-SG) are present
in large neurons of the cerebral premotor cortex, with immunostaining localized predomi-
nantly along the cell surface. Three-dimensional reconstructions of full-thickness sections
verified that SG immunoreactivity is distributed throughout the neuronal membranes.
Furthermore, double labeling with neuronal and glial markers demonstrated that SGs are
expressed in neuronal and astrocytic populations, with colocalization patterns indicating
potential functional interactions at the cell surface.

Table 3 summarizes the available studies investigating SG expression in the CNS
across both animal and human models.

3.5. Peripheral Nervous System (PNS)
3.5.1. Animal Studies

In the PNS, SGs are prominently expressed in the outer regions of nerve fibers, as
described by Imamura et al. [33]. Western blot analysis of various mouse tissue lysates
showed that the 46 kDa ε-SG is widely expressed, with the highest levels observed in pe-
ripheral nerve tissue. Immunofluorescence analysis of rabbit peripheral nerve cryosections
revealed that β-SG, δ-SG, and ε-SG, together with α-DG and β-DG, are localized along the
outer region of nerve fibers. In contrast, α-SG, γ-SG, and SSPN were not detected in these
regions. Double staining with antibodies against ε-SG and neurofilament or laminin B1
chain indicated that ε-SG is not located on the axon but near the basal lamina in close associ-
ation with Schwann cells. In addition, ε-SG colocalized with both β- and δ-SGs at the outer
region of the myelin sheath and showed colocalization with DGs, Dp116, and utrophin.
Wheat germ agglutinin (WGA) affinity chromatography of peripheral nerve lysates con-
firmed these findings. In the WGA-bound fraction from peripheral nerve, immunoblotting
detected β-SG, δ-SG, and ε-SG along with DGs, Dp116, and utrophin, whereas α-SG, γ-SG,
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and SSPN were absent even at high detection sensitivities. Immunoprecipitation of this
fraction with an anti-ε-SG antibody further confirmed that β-, δ-, and ε-SGs assemble into
a complex with DGs and Dp116.

Table 3. Overview of the studies included for the CNS.

Study (Authors, Year) Study Design
Tissue/Organ/Cell Types

Examined
Types of SG

Proteins Studied
Species/Models

Xiao and LeDoux (2003) [38] Molecular study (Northern
analysis, RT-PCR and ISH)

Neural (cerebellar cortex, striatum,
cerebral cortex, thalamus,

hippocampus)
ε

Rat [16]
Vermiglio et al. (2011) [24] Immunofluorescence study Cerebral and cerebellar cortex (neurons

and glial cells) α, β, γ, δ, ε

Cutroneo et al. (2015) [37] Immunohistochemical study hippocampus, cerebral and
cerebellar cortex α, β, γ, δ, ε, ζ

Rizzo et al. (2018) [31] Immunofluorescence study
Cerebral cortex (neurons and glial cells)

Cerebellar cortex (neurons and
glial cells)

α, β, γ, δ, ε, ζ

Chan et al. (2005) [16] Immunohistochemistry and
molecular (FISH) study

Olfactory bulb (mitral cell layer)
Cerebellum (Purkinje cell)

Hippocampal formation and neocortex
Monoaminergic cell groups and

brainstem nuclei

ε

MouseShiga et al. (2006) [30]
Immunofluorescence and
molecular (RT-PCR and

immunoprecipitation) study
Brain γ, ζ

Fort et al. (2005) [34] Immunohistochemistry and
molecular (RT-PCR) study Retina (Müller and ganglion cells) α, β, γ, δ, ε

Boulay et al. (2015) [26]
Immunofluorescence and

molecular (RT-PCR, Western
blot) study

Cerebrovascular system (brain vessels,
cortex, and hippocampus) α, β, γ, δ, ε, ζ

Anastasi et al. (2012) [28]
Immunohistochemical

and molecular
study (RT-PCR, Western Blot)

Cerebral cortex (neurons and
astrocytes) α, β, γ, δ, ε, ζ Human

Cai et al. [25] provided complementary evidence for the expression of SGs in Schwann
cells of the PNS, where they contribute to the structural integrity of the myelin sheath.
Through RT-PCR and Western blot analyses, the authors demonstrated that β-, δ-, ε-, and ζ-
SGs are expressed in adult rat sciatic nerves and cultured Schwann cells, even in the absence
of neuronal input. In contrast, α- and γ-SGs were not detected. Immunofluorescence
localized these subunits to the abaxonal membrane of Schwann cells near the basal lamina.
Notably, SG expression occurred before the onset of myelination and was upregulated
by the presence of neurons, independent of myelin assembly. Co-immunoprecipitation
experiments showed that β-, δ-, ε-, and ζ-SGs form a stable heteromeric complex with
Dp116 and α/β-DGs. In BIO14.6 hamsters, which lack δ-SG due to a genetic deletion, the
entire complex was destabilized, with reduced levels of Dp116 and α-DG in membrane
fractions. Additionally, α-DG was also reduced in the supernatant. In contrast, β-DG,
utrophin, and syntrophin levels remained unchanged. Electrophoretic analysis showed
altered mobility of α-DG between muscle and nerve tissues. Structural analysis revealed
abnormalities in the myelin sheath, including excessive folding, internal splitting, and
occasional axonal compression, as well as disruption of Schmidt–Lanterman incisures.
Despite normal levels of myelin proteins (MAG, MBP, P0), these structural defects were
associated with mild conduction delays under thermal stress at temperatures below 20 ◦C.

3.5.2. Human Studies

To date, there is a paucity of human data on SG expression in the PNS.
Table 4 summarizes the available studies investigating SG expression in the PNS across

both animal and human models.
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Table 4. Overview of the studies included for the PNS.

Study (Authors, Year) Study Design
Tissue/Organ/Cell Types

Examined
Types of SG

Proteins Studied
Species/Models

Cai et al. (2007) [25]
Immunofluorescence and

molecular study (RT-PCR and
Western blot)

Peripheral nervous system
(sciatic nerves and

Schwann cell cultures)
α, β, γ, δ, ε, ζ Rat

Hamster

Imamura (2000) [33]

Immunofluorescence and
molecular

(immunoprecipitation and
Western blot) study

Peripheral nerves (sciatic,
femoral and tibial) α, β, γ, δ, ε Rabbit

3.6. Glands
3.6.1. Animal Studies

Additional insights into the composition and tissue distribution of SG complexes were
provided by Shiga et al. [30]. When examining mouse tissues by RT-PCR, ζ-SG mRNA
levels were highest in the brain and very weak in other tissues, including those of glandular
origin (e.g., pancreas). In contrast, δ-SG exhibited broad and abundant expression across
all tissues examined.

3.6.2. Human Studies

Arco et al. [27] analyzed the distribution of SGs in breast glandular epithelial cells. In
normal glandular breast tissue, single immunofluorescence analysis revealed a uniform
staining pattern of all tested SG subunits (α-, β-, γ-, δ-, ε-SGs) in polyhedral epithelial
cells. Serial sectioning combined with three-dimensional reconstruction confirmed that SG
staining spanned the entire cellular thickness, with expression evident in both epithelial and
myoepithelial cells, as validated by double localization with α-SMA and DAPI. In contrast,
breast tissue affected by fibrocystic mastopathy and fibroadenoma exhibited a marked
reduction in SG expression. In these pathological specimens, immunofluorescence showed
only isolated, faint fluorescent spots, and RT-PCR analysis demonstrated significantly
decreased mRNA levels of all SGs compared with normal tissue.

Cutroneo et al. [36] extended the investigation to the prostatic gland. In normal
prostate, single immunofluorescence reactions demonstrated clear expression of α-, β-,
γ-, δ-, ε-SGs, with a well-defined distribution localized to the apical, lateral, and basal
areas of the epithelial cells arranged in a single layer. Double-localization with α-SMA
and DAPI confirmed that SGs are present in epithelial and myoepithelial cells. However,
these patterns were altered in prostatic diseases. Benign prostatic hyperplasia displayed
only a limited SG staining pattern confined to the apical areas of epithelial cells. In
contrast, in prostatic adenocarcinoma, SG expression was absent in both epithelial and
myoepithelial cells. RT-PCR analysis further confirmed decreased SG transcript levels in
these pathological conditions.

Favaloro et al. [29] performed an immunofluorescence study on thyroid tissue in
both healthy and pathological conditions to evaluate the expression of SGs (α, β, γ, δ, ε,
and ζ) and αvβ3-integrin. In healthy subjects, single-localization immunofluorescence in
thyrocytes showed a uniform staining pattern for all six SG subunits and αvβ3-integrin.
In contrast, thyrocytes from subjects with Hashimoto’s thyroiditis exhibited a decreased
staining pattern for all SGs and αvβ3-integrin, while merged images demonstrated an ab-
sence of SG signal in some of these cells. Quantitative pixel intensity analysis corroborated
these observations, revealing significantly lower protein expression levels in pathological
samples compared to controls.

92



Biomolecules 2025, 15, 1020

Table 5 summarizes the available studies investigating SG expression in the glands
across both animal and human models.

Table 5. Overview of the studies included for gland organs.

Study (Authors, Year) Study Design
Tissue/Organ/Cell Types

Examined
Types of SG

Proteins Studied
Species/Models

Shiga et al. (2006) [30]
Immunofluorescence and
molecular (RT-PCR and

immunoprecipitation) study
Pancreas δ, ζ Mouse

Arco et al. (2012) [27]
Immunohistochemical

and molecular
study (RT-PCR)

Glandular breast (epithelial
and myoepithelial cells) α, β, γ, δ, ε

Human
Cutroneo et al. (2014) [36]

Immunohistochemical
and molecular (RT-PCR)

study

Prostate gland
(epithelial and

myoepithelial cells)
α, β, γ, δ, ε

Favaloro et al. (2022) [29] Immunofluorescence study Thyroid α, β, γ, δ, ε, ζ

3.7. Oral Mucosa
3.7.1. Animal Studies

There is little to no animal data on SG expression in the oral mucosa for the
studies reviewed.

3.7.2. Human Studies

Nastro-Siniscalchi et al. [32] investigated the effects of bisphosphonate treatment on
oral mucosa, explicitly focusing on the expression of proteins critical for cell viability and
signaling, including SGs. In control samples, the immunofluorescence analysis showed a
clear and consistent expression of three SG subunits (β, γ, and ε) within the basal lamina.
In samples from bisphosphonate-treated subjects without osteonecrosis, the expression of
these SGs was markedly reduced. Basal lamina exhibited an almost complete absence of
detectable staining for these SGs, which indicated a disruption of normal protein expression
patterns. Conversely, in bisphosphonate-treated samples from patients with osteonecrosis,
increased SG staining was observed on the basal lamina, with a concomitant qualitative
and quantitative rise in vascular-associated fluorescence.

Further supporting these observations, the study by De Ponte et al. [35] on oral mucosa
biopsies from untreated subjects revealed a regular and continuous expression of α-, ε-, and
γ-SGs from the basal keratinocyte layer to the superficial layers. In biopsies from patients
treated with zoledronate for 24 months, a general decrease in SG fluorescence pattern
was noted, while in specimens from patients undergoing bisphosphonate therapy for 36
months, SG expression was nearly undetectable. Quantitative analysis using fluorescence
intensity profiles confirmed these findings, with control samples displaying distinct peaks
of SG fluorescence that were markedly diminished or absent in long-term bisphosphonate-
treated specimens.

Table 6 summarizes the available studies investigating SG expression in the oral
mucosa across both animal and human models.

Table 6. Overview of the studies included for the oral mucosa.

Study (Authors, Year) Study Design
Tissue/Organ/Cell Types

Examined
Types of SG

Proteins Studied
Species/Models

Nastro Siniscalchi et al.
(2010) [32] Immunohistochemical study Gingival epithelium β, γ, ε

Human
De Ponte et al. (2013) [35] Immunohistochemical study Gingival epithelium α, γ, ε
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3.8. Adipose
3.8.1. Animal Studies

Groh et al. [40] investigated the expression and functional importance of SGs in
white adipose tissue. RT-PCR and protein analyses in freshly isolated white adipocytes
demonstrated the presence of α-, β-, and δ-SGs, along with SSPN and DG. In contrast,
γ- and ε-SG are not expressed in these cells. Immunofluorescence confirmed membrane
localization of these SGs in adipocytes, and expression levels were consistent with transcript
abundance. Functional experiments using mouse models deficient in individual DGC
components revealed that the adipocyte SG complex functions as a tightly interdependent
unit: loss of either β- or δ-SG led to destabilization of the entire complex, including SSPN.
This also resulted in a significant reduction in the glycosylated form of α-DG, thereby
compromising its ability to bind laminin despite the continued presence of the core α-DG
protein. In contrast, the deletion of α-SG did not affect the expression of the adipocyte
SG complex.

Complementing these observations, Romo-Yáñez et al. [39] investigated the expression
and regulation of SGs and associated DGC components in white adipose tissue, with a
focus on adipocyte differentiation. Their study demonstrated that β-, δ-, and ε-SGs are
consistently expressed at the mRNA level throughout the adipogenic process in both
visceral and subcutaneous fat depots of adult rats. These transcripts were detected by
RT-PCR and remained present throughout all stages of adipocyte differentiation in vitro,
including preconfluent preadipocytes, quiescent preadipocytes, committed adipocytes, and
mature adipocytes. In contrast, no expression of α- or γ-SG was reported. Additionally,
SGs were co-expressed with key DGC components, including β-dystroglycan and utrophin.
Both proteins were present at all differentiation stages, implying that a functional DAPC
is assembled in adipose cells. In addition, multiple subunits of syntrophins (α, βI, βII,
and cII) and dystrobrevins (α and β) were expressed, forming a cytoplasmic interface
for signaling and cytoskeletal anchorage. Among these, α-dystrobrevin was selectively
expressed only after adipogenic commitment. Conversely, βI-syntrophin displayed depot-
specific regulation, with stable expression during visceral adipogenesis and a progressive
decrease in subcutaneous adipocytes.

3.8.2. Human Studies

Currently, direct studies on SG expression in human adipose tissue are limited.
Table 7 summarizes the available studies investigating SG expression in the adipose

across both animal and human models.

Table 7. Overview of the studies included for the adipose organ.

Study (Authors, Year) Study Design
Tissue/Organ/Cell Types

Examined
Types of SG

Proteins Studied
Species/Models

Groh et al. (2009) [40] Molecular study (RT-PCR
and Western blot) White adipocytes α, β, δ Mouse

Romo-Yáñez et al.
(2011) [39]

Molecular study (RT-PCR
and Western blot)

Adipose tissue
(differentiation adipocyte) β, δ, ε Rat

3.9. Other Organs
3.9.1. Animal Studies

Xiao and LeDoux. [38] investigated the expression of ε-SG mRNA in non-neural
tissues. Using Northern analysis, ε-SG transcript was present in all rat tissues examined,
with the highest levels detected in the kidney, moderate in the lung, and lower levels
in the liver, spleen, and testis. Shiga et al. [30] also focused on ζ-SG expression in other
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organs. The RT-PCR analysis of mouse tissues revealed that ζ-SG mRNA levels are faintly
detectable in the liver, lung, and spleen. In contrast, γ-SG exhibited high expression in
organs such as the lung, while δ-SG showing broad expression in all examined tissues.

3.9.2. Human Studies

There is limited direct evidence from human studies.
Table 8 summarizes the available studies investigating SG expression in the other

organs across both animal and human models.

Table 8. Overview of the studies included for other organs.

Study (Authors, Year) Study Design
Tissue/Organ/Cell Types

Examined
Types of SG

Proteins Studied
Species/Models

Xiao and LeDoux (2003) [38] Molecular study (Northern
analysis, RT-PCR and ISH)

Liver
Kidney
Lung

Spleen
Testis

ε Rat

Shiga et al. (2006) [30]
Immunofluorescence and
molecular (RT-PCR and

immunoprecipitation) study

Kidney
Liver
Lung

Spleen

δ, γ, ζ Mouse

4. Discussion

This scoping review highlights the widespread and heterogeneous expression of
SGs across various non-muscle organs, including the central and peripheral nervous
systems, glands, oral mucosa, and adipose tissue. Traditionally studied in the context of
muscle, SGs are increasingly recognized as structural and possibly signaling components
in multiple cellular environments. The data reviewed here reveal not only the presence of
SGs in diverse organ types but also substantial variability in subunit composition, regional
distribution, and cellular localization, features that suggest functional specialization beyond
their canonical role in the DGC.

4.1. Expression and Functional Roles of SGs in Non-Muscle Organs
4.1.1. CNS

The expression of SGs within the CNS is both widespread and subunit-specific, sug-
gesting distinct and possibly specialized roles beyond their classical functions in muscle.
Multiple studies have consistently reported strong expression of ε- and ζ-SG in neurons
and glial cells across various brain regions, including the cortex, hippocampus, cerebel-
lum, thalamus, and monoaminergic nuclei [16,30,37,38]. In particular, ζ-SG appears to be
predominantly brain-specific, suggesting possible neural specificity [30]. Immunohisto-
chemical studies reveal that SGs are not only widely expressed but also follow a distinct
“spot-like” distribution around neuronal somas, particularly in pyramidal and granular
neurons, as well as in glial cells [24,31,37]. This spot-like pattern, uniform in some re-
gions (e.g., cerebellum) and variable in others (e.g., cortex), could represent membrane
microdomains implicated in synaptic stability or signal transduction. Despite these mor-
phological observations, the exact molecular composition and function of these SG-positive
spots remain unknown. In humans, Anastasi et al. [28] confirmed the presence of all six
SG subunits in the cerebral premotor cortex, expressed in both neurons and astrocytes.
This evidence not only validates the rodent findings but also suggests that SGs could play
conserved and functionally relevant roles in the human brain. The membrane-associated
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distribution observed in full-thickness reconstructions reinforces the idea that SGs may
contribute to membrane specialization or intercellular signaling at neuron–glia interfaces.

An interesting case is presented by Shiga et al. [30], who examined both the tissue
distribution and biochemical assembly of ζ-SG. While ζ-SG showed strong expression in the
brain, it was weakly detectable in skeletal muscle and peripheral tissues. In contrast, γ-SG
displayed the opposite expression pattern, suggesting that these two subunits are deployed
in a mutually exclusive, tissue-specific manner. In addition, in CHO cell models, ζ-SG was
able to assemble into stable DGC complexes when co-expressed with other SG subunits
and DG. These complexes mimicked those containing γ-SG, but ζ- and γ-SG did not co-
assemble, implying a level of structural redundancy as well as functional exclusivity. These
results seem to reflect a divergence between biochemical competence and physiological
deployment. The ability of ζ-SG to form complexes in vitro does not imply its incorporation
into muscle DGCs in vivo, likely due to transcriptional or trafficking constraints. Instead,
ζ-SG could fulfill unique roles in neural-specific DGC variants, particularly in regions
where γ-SG is absent. These findings underscore the modularity of the SG complex and
highlights the need for in vivo validation to determine whether ζ-SG–based complexes
support distinct signaling or structural roles in the CNS.

A key functional insight comes from the observed co-localization of SGs with GABA_A
receptors, particularly in hippocampal pyramidal neurons and cerebellar Purkinje cells [37].
This spatial association suggests a critical role for SGs, particularly ε-SG, as scaffolding
or regulatory elements in inhibitory synaptic domains. Supporting this hypothesis, the
study by Cazurro-Gutiérrez et al. [41] provides compelling evidence that ε-SG directly
contributes to the stabilization of GABAergic synapses, influencing receptor clustering and
tonic inhibitory transmission. In ε-SG-deficient mice, these functions are impaired, leading
to altered GABAergic neurotransmission, disrupted synaptic inhibition, and motor distur-
bances resembling myoclonus-dystonia (MD), a movement disorder associated with SGCE
(ε-SG gene) mutations. The evidence suggests that SGCE plays a crucial role in synaptic
function, and its dysfunction in MD may contribute to an imbalance in neurotransmission,
particularly a deficit in GABAergic inhibitory signaling.

The CNS-centered view of SGs contrasts with their expression and likely function in
the retina. Fort et al. [29] demonstrated that in both wild-type and Dp71-deficient mouse
retinas, multiple SG subunits, notably β-, δ-, γ-, and ε-SG, are expressed at the inner and
outer limiting membranes, where they predominantly colocalize with Müller glial cell
end feet. This distribution occurs independently of dystrophin, indicating that SGs could
participate in alternative membrane complexes in the retina, distinct from canonical DGC
assemblies. This distinctive pattern suggests that retinal SGs could support non-synaptic
functions, such as maintaining glial polarity, epithelial adhesion, or barrier function, rather
than participating directly in neurotransmission. Their persistent expression in dystrophin-
deficient conditions further implies the existence of alternative membrane complexes or
molecular partners yet to be identified. Therefore, the divergence between the brain and
retina underscores the context-dependent versatility of SGs. Unlike in the brain, where
ε-SG loss affects GABAergic synapses and contributes to motor dysfunction associated
with MD, the functional implications of retinal SGs remain speculative but could involve
non-synaptic scaffolding roles.

Adding further complexity, Boulay et al. [26] conducted one of the few focused
investigations into the expression of SGs in the cerebrovascular system, revealing important
but still largely unexplored aspects. The study identified all SG transcripts, as well as SSPN,
in purified mouse brain vessels. Notably, δ- and ε-SG were enriched in larger vessels,
suggesting spatially regulated expression. These findings raise the possibility that SGs
contribute to the molecular architecture of the neurovascular unit, perhaps supporting
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blood–brain barrier integrity or mechanotransduction. However, no cellular localization
or functional data were provided to distinguish expression in endothelial or astroglial
components. Of particular interest is the upregulation of γ-SG in Cx30-deficient mice,
suggesting that astrocyte-endothelial communication mediated by gap junctions could
influence the molecular composition of the vascular DGC. Nevertheless, the biological
relevance of this upregulation remains unclear in the absence of mechanistic data.

4.1.2. PNS

Compared to the CNS, the expression and function of SGs in the PNS remain less
explored but nonetheless reveal important tissue-specific features. The available data
indicate that SGs are expressed in peripheral nerves with a distinct subunit composition
and spatial localization, suggesting a specialized role in Schwann cell function and myelin
architecture [25,33]. Immunohistochemical and biochemical studies show that β-, δ-, and
ε-SG are the predominant subunits present in peripheral nerve fibers, where they localize
to the outer region of the myelin sheath, particularly the abaxonal membrane of Schwann
cells. In contrast, α-, γ-SG, and SSPN appear to be absent or below detection thresholds
in this compartment [33]. These SGs co-localize with known DGC components such as
α- and β-DG, Dp116, and utrophin, suggesting the existence of a Schwann cell-specific
variant of the DGC. Importantly, the functional role of SGs in the PNS extends beyond
structural presence. Co-immunoprecipitation studies in tissues and cultured Schwann cells
demonstrate that β-, δ-, ε-, and ζ-SG form stable complexes with Dp116 and DGs even
in the absence of neuronal input [25]. The formation of these complexes appears to be
developmentally regulated and responsive to axonal signals, as SG expression increases in
the presence of neurons even before active myelination occurs. This suggests that SGs may
be involved in Schwann cell differentiation or in preparing the membrane environment for
myelin formation.

Evidence from δ-SG–deficient BIO14.6 hamsters further supports a functional role for
SGs in myelin integrity. In these animals, the absence of δ-SG leads to destabilization of
the DGC complex, reductions in Dp116 and α-DG levels, and ultrastructural abnormali-
ties of the myelin sheath, including excessive folding and disrupted Schmidt–Lanterman
incisures [25]. These defects occur despite preserved expression of major myelin proteins
such as MBP, MAG, and P0, indicating that SGs contribute to myelin organization indepen-
dently of canonical myelin gene expression. While functional deficits were subtle under
normal conditions, thermal stress exacerbated nerve conduction delays, implying that SG-
containing complexes may confer mechanical or homeostatic resilience to the peripheral
myelin sheath.

These observations suggest that, in contrast to their synaptic roles in the CNS, SGs in
the PNS may function primarily as scaffolds for cytoskeletal or ECM interactions that stabi-
lize Schwann cell morphology or regulate myelin architecture under stress. The absence of
α- and γ-SG, which are essential in muscle tissue, also reinforces the idea of tissue-specific
DGC configurations tailored to the mechanical and molecular environment of peripheral
nerves. Notably, human data on SG expression in the PNS remain lacking, leaving open
questions about the translational relevance of these findings. Future investigations should
focus on the dynamics of SG complex assembly during development and regeneration, as
well as its interaction with axonal cues and potential role in human peripheral neuropathies.

4.1.3. Glands and Oral Mucosa

Beyond the nervous system, SGs are also expressed in various epithelial tissues, where
their roles remain incompletely understood. Evidence from both human and animal studies
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consistently indicates that SG expression is spatially organized and sensitive to pathological
changes, hinting at potential structural or regulatory roles.

In the pancreas, Shiga et al. [30] observed the slight expression of ζ-SG mRNA, in
contrast to its strong and widespread expression in the brain. This minimal transcriptional
activity could suggest that ζ-SG does not play a major role in pancreatic physiology, or
that its expression is limited to a specialized subpopulation of cells, possibly within islets
or ductal epithelium. While δ-SG was more broadly expressed across multiple tissues in
the same study, no detailed regional or cellular localization in the pancreas was provided.
This limits functional interpretation but raises questions about whether different SGs
contribute to distinct cellular compartments, such as endocrine versus exocrine regions.
The possibility that SGs participate in maintaining the structural integrity of pancreatic
acini or islets remains open but unexplored. Given the critical role of cell polarity, adhesion,
and membrane organization in secretory function, even low-level SG expression might
serve stabilizing or scaffolding roles. However, without protein-level confirmation or
immunolocalization data, such roles remain hypothetical.

In contrast, human studies in glandular organs such as the breast, prostate, and thyroid
have provided more extensive data. Under physiological conditions, all SG subunits (α-,
β-, γ-, δ-, ε-, and ζ-SG) are expressed with a uniform distribution throughout the apical,
lateral, and basal surfaces of epithelial cells [27,29,36]. These patterns, confirmed by
3D reconstructions and colocalization with myoepithelial markers, suggest that SGs are
integral components of epithelial cell architecture and may contribute to cell polarity,
adhesion, or barrier function. Importantly, SG expression is sensitive to disease state. In
healthy and pathological conditions of the breast and prostate, SG expression is markedly
reduced or even lost [27,36]. This downregulation is not limited to protein localization
but also involves decreased mRNA levels, as shown by RT-PCR. Similarly, in Hashimoto’s
thyroiditis, SG expression in thyrocytes is significantly diminished and often completely
absent in affected cells [29]. These observations raise the possibility that SG loss may not
be merely a consequence of cellular dysfunction but could also contribute to epithelial
disorganization, impaired intercellular signaling, or altered immune interactions. The
mechanisms behind this downregulation remain uncertain. It is unclear whether SG
expression in epithelial tissues is directly modulated by inflammatory signals, altered
ECM composition, or hormonal control. Moreover, the functional implications of SG loss,
whether it leads to impaired epithelial barrier integrity, altered mechanotransduction, or
increased susceptibility to cell transformation, have yet to be addressed experimentally.

The oral mucosa provides another example of SG sensitivity to environmental and
pharmacological stress. Studies in human tissue reveal that SGs are expressed in the
basal and suprabasal layers of the oral epithelium, but their expression is progressively
reduced in patients undergoing long-term bisphosphonate therapy, especially those with
medication-related osteonecrosis of the jaw [32,35]. Interestingly, while SG expression
decreases in tissue without osteonecrosis, it appears paradoxically upregulated in samples
from patients with established necrosis [32], possibly reflecting a reactive or compensatory
remodeling response.

This evidence points to a broader, context-dependent role for SGs in epithelial biology.
Their expression appears tightly regulated under physiological conditions and dynamically
modulated in response to pathological conditions. Downregulation of these proteins
in pathological states suggests functional relevance, but a mechanistic understanding is
lacking. Without functional studies, it remains uncertain whether SGs in these tissues
form classical DGC-like complexes or participate in alternative membrane scaffolds. The
co-expression of SGs with DGC components such as DG or SSPN in these tissues has not
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been examined. Future studies should explore whether loss of epithelial SGs plays a causal
role in disease progression at the level of glandular and mucosal epithelia.

4.1.4. Adipose

Emerging data suggest the relevance of SGs in adipose biology. Studies in rodents
have identified a selective pattern of SG expression in white adipose tissue, particularly im-
plicating β-, δ-, and ε-SG, alongside core components of the DGC, such as β-DG, utrophin,
and SSPN [39,40]. These results suggest that adipocytes may form a non-canonical and
tissue-specific DGC. Romo-Yáñez et al. [39] showed that SG transcripts are present through-
out adipocyte differentiation, from preadipocytes to mature cells, in both visceral and
subcutaneous depots. Notably, α- and γ-SG are consistently absent, reinforcing the idea
that SG assembly is highly context-dependent and adapted to local structural and signaling
needs. The persistence of β-, δ-, and ε-SG throughout all stages of adipogenesis further
suggests a role in membrane stabilization or intracellular signaling, rather than a transient
developmental function. In addition, Groh et al. [40] demonstrated that deletion of either β-
or δ-SG leads to destabilization of the entire adipocyte SG complex, including a reduction
in glycosylated α-DG, which compromises laminin binding despite the presence of the core
DG protein. This disruption suggests that SGs in adipose tissue are not redundant but nec-
essary to maintain proper DGC assembly and their interaction with the extracellular matrix.
The fact that α-SG deletion does not destabilize the complex highlights a divergence from
muscle biology, where α-SG is indispensable for complex integrity. These observations
suggest that the adipocyte SG complex may play a role in anchoring the cytoskeleton to
the extracellular matrix, regulating cell shape, or maintaining membrane stability under
metabolic or mechanical stress. Additionally, the co-expression of syntrophins and dystro-
brevins in differentiating adipocytes suggests possible signaling roles, although the exact
pathways involved remain undefined [39].

Despite this growing body of evidence, direct functional studies on SGs in adipose
physiology are lacking. It is unclear whether SG deficiencies influence adipocyte metabolism,
insulin signaling, or inflammation, factors critically relevant to obesity and metabolic syn-
drome. Moreover, human data are absent, limiting translational interpretation.

4.1.5. Other Organs

Compared to previously described tissues, SGs expression in visceral organs such as
the kidney, liver, lung, spleen, and testis has been less extensively explored and remains
poorly understood. Nevertheless, early transcriptomic data from rodent models indicate
that certain SG subunits, particularly ε-SG and δ-SG, are expressed at varying levels across
these tissues [30,38].

In particular, ε-SG mRNA was found at moderate to high levels in the kidney and lung,
and at lower levels in the liver, spleen, and testis [38], suggesting a broad but non-uniform
distribution. Shiga et al. [30] further reported that ζ-SG mRNA is faintly detectable in
several non-neural tissues, including the liver and kidney, in contrast to its strong expres-
sion in the brain. These data suggest that while SGs are not exclusive to excitable tissues,
their expression is likely tissue-specific and finely regulated. However, despite these
transcript-level findings, no functional analyses or protein-level localization studies have
been reported for most of these organs. The cell types on which to assess SG expression,
whether epithelial, endothelial, stromal, or immune-derived, remain unidentified. Fur-
thermore, it is unclear whether these SGs participate in classical DGC assemblies or form
alternative complexes with distinct partners, as proposed for retina and adipose tissue.

This lack of data represents a significant knowledge gap. The possibility that SGs could
contribute to organ-specific membrane stability, epithelial polarity, or mechanotransduction
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remains speculative. Moreover, whether SG expression is altered in diseases affecting these
organs—such as nephropathies, hepatic fibrosis, or pulmonary hypertension—has not been
explored. Given the diversity of mechanical and signaling demands across these tissues,
it is plausible that SGs may perform supportive or regulatory roles that differ markedly
from those observed in muscle and brain. Nonetheless, without cellular resolution, protein
localization, or disease-model data, these hypotheses remain untested.

4.2. Focus of the Post-Translational Modifications (PTMs) of SGs: Glycosylation

Glycosylation is the most consistently reported post-translational modification of SGs
across non-muscle organs. Evidence from the CNS clearly demonstrates that ζ-SG, like other
SGs, undergoes N-linked glycosylation [30]. This was confirmed by molecular weight shifts
following PNGase F treatment, observed not only in native brain tissue but also in cellular
systems (CHO cells) where SGs were co-expressed with DGs, confirming a conserved
biochemical nature. These results suggest that glycosylation is integral to the formation
and stability of the SG complex. However, the functional consequences of this modification
in the brain remain completely unexplored. In the retina, Fort et al. [34] confirmed the
presence of glycosylated SG subunits, including β-, δ-, and ε-SG, even in the absence
of dystrophin, indicating glycosylation as an independent feature from DGC integrity.
However, no glycosylation-specific experiments were conducted, leaving open the question
of whether SGs contribute to the formation of unique glycoprotein complexes in Müller glia
or photoreceptors. In the PNS, Imamura et al. [33] indirectly confirmed the glycosylated
state of SG-associated DGC proteins in Schwann cells via WGA chromatography. On the
other hand, the loss of δ-SG in BIO14.6 hamsters caused destabilization of glycosylated
α-DG [25]. These data suggest that SG-dependent glycosylation may modulate DGC
composition and function, particularly in glial and Schwann cells.

Similarly, in adipose tissue, Groh et al. [40] showed that the absence of β- or δ-SG
destabilized the glycosylated form of α-DG, impairing laminin binding. This observation
suggests that SGs could indirectly control the glycosylation status of associated DGC
components. However, SGs themselves were not directly analyzed for glycosylation status
in this context. Despite the clear expression of SGs in epithelial and glandular tissues,
no data are currently available on the glycosylation patterns of SGs. Given the role of
glycosylation in adhesion and cell–matrix interactions, this represents a significant gap,
especially in tissues where polarity and tight junctions are crucial.

5. Limitations and Gaps in the Literature

Despite growing interest in the role of SGs beyond skeletal and cardiac muscle, our
understanding of their biological significance across non-muscle organs remains incom-
pletely characterized. Much of the current knowledge stems from animal models and relies
heavily on descriptive immunolocalization studies. Although these investigations have
revealed consistent SG expression in various tissues, including the central and peripheral
nervous systems, glands, adipose tissue, and the oral mucosa, they often lack the molecular
depth and functional integration necessary to establish the physiological or pathological
relevance of these findings.

One of the most pervasive limitations is the technical heterogeneity across studies.
Differences in experimental protocols, including antibody specificity, tissue fixation meth-
ods, staining conditions, and imaging analysis, undermine the comparability of results.
For example, the widely reported “spot-like” distribution of SGs in neurons, glia, and
epithelial cells has been variably interpreted, but without standardized criteria for subcel-
lular annotation or sufficient functional validation. The specificity of SG staining is further
complicated by inconsistencies in antibody performance and the lack of rigorous controls
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in some studies, which raises questions about data reproducibility and the interpretation
of results.

The distribution of studies across organs is highly uneven. The CNS remains the
most extensively investigated, but the bulk of available evidence derives from animal
models, with limited validation in human tissues. Notably, SG expression in the eye is
supported by only a single study focused on the retina, underscoring a significant gap in
ocular research. Glandular organs have been studied in a handful of human investigations;
however, these studies are largely descriptive and limited to comparisons between normal
and pathological states. Functional implications remain speculative and cross-species
validation is lacking. The oral mucosa, although represented by two human studies,
remains poorly understood from a mechanistic perspective. Similarly, in adipose tissue, SG
expression has been documented in rodents, but the functional relevance and regulation of
these complexes, especially in humans, remain unexplored. Furthermore, the molecular
characterization of SGs in non-muscle contexts remains incomplete and uneven across
organs. While certain PTMs, most notably N-linked glycosylation, have been confirmed
in the CNS and adipose tissue, other important PTMs remain largely unclear. However,
no study to date has directly tested whether SGs undergo these modifications, leaving a
critical gap in understanding how membrane retention and spatial compartmentalization
are regulated in diverse cellular environments.

Adding to this complexity, the functional consequences of SG expression in non-
muscle organs remain largely unexplored. While data from the nervous system suggest
roles in GABAergic signaling, myelin architecture, and neurovascular interactions, these
remain exceptional cases. In contrast, tissues such as the thyroid, prostate, mammary
gland, and oral mucosa exhibit marked SG downregulation under pathological conditions
(e.g., Hashimoto’s thyroiditis, adenocarcinoma, or drug-induced osteonecrosis), yet the
biological significance of these changes is unknown. Whether SG loss reflects disrupted
cell–matrix adhesion, altered membrane polarity, or impaired signaling remains speculative
in the absence of mechanistic or functional studies.

Finally, the lack of standardized methodological frameworks and multi-modal analy-
ses hinders the development of a coherent model for SG function outside the muscle. Most
studies fail to integrate transcriptomic, proteomic, and functional data within the same
tissue, preventing meaningful cross-organ comparisons. The use of different animal mod-
els, developmental stages, and tissue processing protocols further compounds this issue,
especially given the tissue-specific diversity in SG subunit composition and PTM land-
scapes. Future research should aim to bridge these gaps through multi-modal approaches
that integrate molecular, cellular, and physiological analyses. Priorities include validating
SG expression and localization in human tissues, characterizing their post-translational
modifications and binding partners across organ systems, and investigating their roles in
maintaining tissue architecture and function under both physiological and pathological
conditions. Such comprehensive studies are essential for clarifying the roles of SGs in
non-muscle organs and for evaluating their potential as biomarkers or therapeutic targets
beyond the muscular system.

6. Conclusions

This scoping review emphasizes that SGs, classified as muscle-specific proteins, are
widely expressed in non-muscle organs and tissues with heterogeneous expression pat-
terns and subcellular localizations, suggesting novel roles in synaptic organization, cell
adhesion, and neurovascular integrity. Nevertheless, considerable gaps exist concerning
the molecular composition and functional implications of SG complexes in these tissues.
Although evidence of conserved molecular features, such as N-linked glycosylation and
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interactions with scaffold proteins, is emerging, the composition, regulation, and mecha-
nistic roles of SG complexes in non-muscle contexts remain incompletely defined. Future
research should aim to elucidate these aspects using integrated molecular, cellular, and
functional approaches. Advanced techniques such as proteomics and gene editing may
reveal novel interactors and tissue-specific regulatory mechanisms. To support a broader
conceptual framework for these emerging functions, we tentatively propose the functional
term Anastasi Linkage Proteins (ALPs) to describe SG-containing complexes in non-muscle
contexts. This terminology, honoring Professor Giuseppe Pio Anastasi’s contributions, is
not intended as a formal genetic reclassification, but rather to support a conceptual shift
toward their recognition as widely distributed, functionally diverse membrane complexes.
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Abstract: Coacervate is a form of liquid–liquid phase separation (LLPS) in which a solution
containing one or more charged components spontaneously separates into two immiscible
liquid phases. Due to their ability to mimic membraneless cellular environments and their
high biocompatibility, coacervates have found broad applications across various fields
of life sciences. This review provides a comprehensive overview of recent advances in
biomolecule-based coacervation for biotechnological and biomedical applications. Encapsu-
lation via biomolecule-based coacervation enables high encapsulation efficiency, enhanced
stability, and the sustained release of cargos. In the field of tissue engineering, coacervates
not only support cell adhesion and proliferation but also serve as printable bioinks with tun-
able rheological properties for 3D bioprinting. Moreover, biomolecule-based coacervates
have been utilized to mimic membraneless organelles, serving as experimental models
to understand the origin of life or investigate the mechanisms of biochemical compart-
mentalization. This review discusses the mechanisms of coacervation induced by various
types of biomolecules, evaluates their respective advantages and limitations in applied
contexts, and outlines future research directions. Given their modularity and biocompati-
bility, biomolecule-based coacervates are expected to play a pivotal role in next-generation
therapeutic development and the construction of controlled tissue microenvironments,
especially when integrated with emerging technologies.

Keywords: liquid–liquid phase separations; coacervates; membraneless organelles;
complex coacervation; simple coacervation

1. Introduction

Coacervation is liquid–liquid phase separation (LLPS) that occurs in a solution contain-
ing one or more polymeric colloids that spontaneously separate into two immiscible liquid
phases [1]. In this process, the phase with a higher concentration of colloidal components
is referred to as the coacervate phase, which exists in equilibrium with a lower-density
liquid phase [2]. The coacervate phase typically appears as amorphous liquid droplets and,
over time, these droplets can fuse together, forming a more stable structure that can be
obtained in large quantities [1,3]. Due to these physicochemical properties, coacervation
has found various applications in the biological and biomedical fields, where it serves
as a crucial mechanism for molecular organization and regulation under physiological
conditions [4–6].

Biomolecules 2025, 15, 861 https://doi.org/10.3390/biom15060861
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In biological systems, the organization and compartmentalization of biomolecules
play an essential role in maintaining cellular function [7]. Traditionally, intracellular com-
partmentalization has been attributed mainly to the membrane organelles [8,9]. However,
recent studies have highlighted the significance of LLPS-driven compartmentalization as
an alternative mechanism for organizing cellular components [3]. LLPS enables the selec-
tive enrichment and segregation of biomolecules, leading to the formation of coacervate
phases [10]. As a result, biomolecule-based coacervation has attracted increasing attention
in life sciences and bioengineering, particularly for its role in various biological processes.

Biomolecule-based coacervation is driven by interactions among biomolecules such
as proteins, nucleic acids, and polysaccharides. These interactions involve electrostatic
attractions, hydrogen bonding, and hydrophobic forces [10–13]. Compared to synthetic
polymer-driven systems, biomolecule-based coacervates offer superior biocompatibility,
greater responsiveness to physiological stimuli, and intrinsic functional significance for
biological systems [8,14]. For example, protein-based coacervates can create microenviron-
ments that regulate enzyme activity, while nucleic acid-based coacervates play crucial roles
in gene expression and RNA metabolism [15–17].

Although synthetic polymer-based coacervation systems have been widely explored,
they often exhibit low biocompatibility and pose challenges related to polymer residue and
purification [1,11]. In contrast, biomolecule-based coacervates provide a more biomimetic
and biologically relevant platform, exhibiting features like stimuli-responsive behavior and
enhanced integration with cellular systems [18–20].

Given these advantages, biomolecule-based coacervation is emerging as a key research
focus in fields such as synthetic biology, biotechnology, and biomedicine. Despite the
growing interest and recent progress in this system, a comprehensive understanding of
its biotechnological and biomedical applications remains limited. As shown in Figure 1,
this review summarizes the mechanisms, types, and formation factors of coacervation, as
well as recent advances in this area, focusing on the biological relevance and application
potential of coacervation systems derived from natural biomolecules.

Figure 1. Illustration of factors and applications of coacervation based on cation biomolecules and
anion biomolecules.
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2. Mechanism of Coacervation

Various theories have been proposed to understand the complex mechanism of coac-
ervation. Bungenberg de Jong and Kruyt were pioneers in the study of coacervation, first
describing the phenomenon in the late 1920s [2]. Their research revealed that polymeric
coacervates consist of four non-water species: a polyanion, a polycation, a cation, and an an-
ion. Their work provided essential insights into the interactions between charged polymers
and the conditions necessary for coacervation to occur [2]. This early research facilitated
the establishment of an empirical basis for explaining the coacervate systems. The first
successful theory of complex coacervation was published by Voorn and Overbeek [21]. This
model introduced a theoretical framework to describe coacervate systems, highlighting a
two-phase coexistence region where phase separation occurs. It described the phenomenon
as a spontaneous polymer charge neutralization process driven by electrostatic interactions
between the polyelectrolytes used in the experiment. It also explained the conditions
for coacervation in terms of polymer charge density, molecular weight, temperature, and
dielectric constant [2,21]. Furthermore, this theory described the condition of coacervation
based on the Flory–Huggins theory [22,23] for entropy contributions and the Debye–Hückel
theory [24] for electrostatic interactions, where σ and r represent the charge density and
polymer molecular weight, respectively [21,25].

σ3r ≥ 0.53

Subsequently, Veis and Aranyi refined the Voorn–Overbeek theory by modifying the
Flory–Huggins interaction parameter and replacing the electrostatic term with entropy
gain to achieve a more precise characterization of coacervation, leading to the develop-
ment of the following model where A+ and B− represent the polycation and polyanion,
respectively [26,27].

[A+] + [B−] → [A+B−]agg.

[A+B−]agg. → [A+B−]Dilute pahse
agg. + [A+ + B−]Conc. pahse

Random.Cc

This theory states that a neutralized aggregate ([A+B−]agg.) is formed through electro-
static interactions, resulting in low configurational entropy. An increase in configurational
entropy leads to LLPS that forms randomly mixed concentrated phases and diluted aggre-
gate phases. However, this theory has a limitation in that it is only applicable to polymeric
systems with a low charge density.

In 1980, Tainaka advanced the Veis–Aranyi theory by proposing that phase separation
in polyelectrolyte systems is primarily driven by attractive forces between aggregates [28].
The Tainaka model expands the applicability beyond low-charge-density systems to include
high-charge-density polyelectrolytes, suggesting that coacervation is possible even in
systems without specific ionic bonds. Experimental observations indicate that deviating
from critical parameters leads to different physical outcomes. When the charge density
is excessively high, flocculation occurs instead of coacervation, while insufficient charge
density prevents the phase separation necessary for coacervation. However, this theory
fails to explain why coacervation is suppressed under low ionic strength conditions and
cannot fully describe the complex coacervation processes in multi-polymer systems [2,28].

A variety of contemporary theoretical frameworks have developed to deal with the
intricacies of coacervation. These include Random Phase Approximation, Field Theoretic
approaches, Counterion Release models, Molecular Simulation techniques, and the Poly-
mer Reference Interaction Site model [29]. These advancements indicate an increasing
comprehension of the physical characteristics of polymeric coacervates and the persistent
challenges within this field. Although a multitude of theories elucidates various aspects
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of complex coacervation, no singular theory can thoroughly cover all the characteristics
evident in these systems [29]. The variety of approaches signifies continuous investigation
and the necessity for an integrated theory capable of forecasting coacervate characteristics
across various parameters and scales.

3. The Type of Coacervation

Coacervation is classified into simple coacervation and complex coacervation based
on its formation process. Simple coacervation involves a single macromolecular species
and can be induced by dehydration or desolvation through the addition of salts, alcohols,
or other additives, as well as by changes in temperature [18]. This process reduces the
interactions between the macromolecule and the solvent while promoting intermolecular
interactions among the macromolecules [9,30].

In contrast, complex coacervation is primarily driven by electrostatic interactions
between oppositely charged molecules, with charge neutralization being modulated by fac-
tors such as ionic strength and pH [31,32]. However, in addition to electrostatic interactions,
other intra- and intermolecular forces—such as π–π interactions, cation–π interactions,
hydrogen bonding, dipole–dipole interactions, and their combinations—can also influence
the coacervation process [33,34].

3.1. Simple Coacervation

Simple coacervation, also known as self-coacervation, is a process that occurs when
the condition of an aqueous solution is meticulously modulated to specific parameters.
These parameters may include the pH level, the ionic strength, or the temperature of the
solution. In such instances, the macromolecules within the solution interact intrinsically,
resulting in phase separation into a coacervate phase and a dilute phase [18,35].

Cai et al. provided a comprehensive analysis of the molecular mechanisms underlying
the simple coacervation of histidine-rich beak protein 1 (HBP-1) and histidine-rich beak
protein 2 (HBP-2). Their findings revealed that the process of simple coacervation of
HBPs was predominantly driven by hydrophobic interactions, which occurred after charge
neutralization through salt screening and pH regulation. An increase in ionic strength
was observed to result in enhanced protein–protein interactions, thereby facilitating the
process of simple coacervation. This study demonstrated that the sequence modularity of
the C-terminus of HBPs played a significant role in their ability to form simple coacervates.
This finding suggests that the specific arrangement of amino acids influences their behavior
in a solution [36].

Research is also being conducted on simple coacervation utilizing chitosan, a material
extensively employed in drug delivery. Jing et al. explored the simple coacervation process
of carboxymethyl chitosan (CMCS) [37]. This process was achieved by adjusting the pH
of the aqueous solution close to its isoelectric point. The simple coacervation of CMCS
occurred across a wide pH range of 3.0 to 6.0, which involved electrostatic interactions,
hydrogen bonding, and hydrophobic interactions [37].

Kaushik et al. investigated the simple coacervation of elastin, focusing in particular on
the effects of temperature and ionic strength on the coacervation process [38]. The simple
coacervation in elastin was explored near its isoelectric point (pI = 4.7). The result of the
experiment was that the coacervation temperature was found to decrease from 38 ◦C to
33 ◦C as the ionic strength of the solution increased from 0 to 40 mM NaCl. The results
indicated that hydrophobic interactions were significant forces in simple coacervation in
elastin [38].
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3.2. Complex Coacervation—Binary and Ternary

Binary coacervation is the most common type of coacervation that is formed through
the mixing of two oppositely charged molecules. The stoichiometric properties of two
polyelectrolytes, salt, and pH have been demonstrated to exert a significant influence on
the processes of their formation, stability, and viscoelastic behavior [1].

Gulão et al. [39] conducted a study on the subject of binary coacervation between
polypeptide-leucine and gum arabic (GA), with a view to regulating GA and salt concen-
tration at different pH values ranging from 1.0 to 12.0. The formation of insoluble complex
coacervates was most prevalent at a pH of 4.0. The formation of coacervate was indicated
by higher turbidity and larger particle sizes in samples containing 0.2% polypeptide-leucine
and 0.03% GA without salt. The precipitate was dissociated at a pH of 2.0, which is the pKa
of the GA [39].

Ternary coacervation refers to the phase separation process that involves the addition
of a third component to the binary coacervation composed of two components. The
physical properties and responses of ternary coacervation are largely governed by this third
component, which renders its selection critical for maintaining the characteristic features of
binary coacervation [18]. The incorporation of a third material has been shown to result in
ternary coacervation, thereby providing enhanced protection against environmental factors
such as salt concentration and pH. This process enables the formation of the coacervate
over a broader compositional range compared to that observed in binary coacervation [18].

Black et al. [40] proposed a method for the stable encapsulation of proteins using
complex coacervation driven by electrostatic interactions between charged polypeptides.
In this study, PLys was used as the cationic component, while PGlu was employed as the
anion counterpart. Bovine serum albumin (BSA) was selected as the third component to
induce coacervation. The process of ternary coacervation was initiated by the formation of
an intermediate complex between the positively charged PLys and the negatively charged
BSA under physiological pH (7.4) through electrostatic interaction. Subsequently, the
addition of PGlu to this complex induced ternary coacervation [40].

4. Factors Influencing the Coacervation Process

The process of coacervation is initiated by a delicate balance among the electrostatic
interaction, hydrophobic interaction, hydrogen bonding, and van der Waals forces between
distinct molecular species [41]. A disruption of this balance can lead to the disassembly
of coacervation into a homogeneous single-phase solution, or alternatively, induce phase
separation, leading to precipitation. Consequently, the physicochemical parameters of
the system—including the molecular structure, ionic strength, pH, and molecular ratio of
the components—play a significant role in the formation and stability of the coacervate
phases [1]. Figure 2 shows the coacervation formation of the mechanisms and regula-
tory factors.

4.1. Molecular Structure

Molecular characteristics are a key factor influencing coacervation. The molecular
structure is essential in determining the degree and properties of coacervation [1]. The ar-
rangement, location, and density of the charges within the molecule can fluctuate based on
its structure, thereby affecting the intermolecular interactions [42]. Variations in molecular
size and topology (e.g., linear, branched, or secondary structures) alter the ion distribution,
potentially influencing coacervate formation [43–46]. In addition, the chirality of a molecule
can induce steric hindrance, resulting in unique aggregation behaviors that may cause
precipitation instead of coacervation [47].
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Figure 2. Illustration of (A) the range of LLPS of coacervation, (B) the intrinsic and extrinsic factors
influencing the coacervation process, and (C) the phase transition of coacervates depending on
temperature, pH, or ionic strength.

Perry et al. investigated the complex coacervation of PLys with PGlu by varying the
polymer chirality [47]. The phase separation between oppositely charged PLys and PGlu
was established by electrostatic interactions and hydrogen bonding. Coacervation occurred
when at least one of the polypeptides was racemic, which disrupted the hydrogen bonding
among the chains. In contrast, when both polypeptides possessed pure chirality, they
formed solid precipitates with β-sheet structures due to steric hindrance [47].

Pramanik et al. demonstrated that histidine-rich peptides, specifically (GHGXY)4

(where X = Leu/Val/Pro), have a significant impact on coacervate formation [48]. The hy-
drophobicity of the amino acid residues exerted a substantial influence on the coacervation
process. Leucine demonstrated enhanced coacervate stability and increased droplet sizes
in comparison to those containing less hydrophobic residues such as valine. However, the
impact of chirality (D- and L-amino acid variants) on coacervate characteristics did not
show significant differences [48].

Vieregg et al. examined the formation of coacervates based on the structural character-
istics of oligonucleotides [49]. Single-stranded DNA underwent coacervation with PLys
due to its lower charge density. However, double-stranded DNA with its higher charge
density led to the formation of solid precipitate [49].

4.2. pH

In the process of coacervation, pH serves as a key parameter by modulating the charge
state of the molecules, thereby influencing electrostatic interactions and ultimately deter-
mining the occurrence and nature of phase separation. This is particularly significant for
molecules containing weakly acidic or basic functional groups, as pH adjustments can effec-
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tively tune the degree of ionization. An appropriate pH environment enables the molecules
to possess opposite charges, which is essential for the formation of coacervates [50,51].

Kayitmazer et al. investigated the formation of hyaluronic acid (HA) and chitosan
(CS)-based coacervates as a function of pH [52]. Coacervation occurred within a pH range
between the pKa values of HA and CS, where the ionic strength of both molecules increases.
As the pH increased, the HA/CS system underwent a transition from a single-phase
solution to coacervation, eventually resulting in a precipitated state [52].

Doshi et al. reported on the occurrence of pH-induced coacervation in legume protein
mixtures [53]. The proteins remained soluble in the higher pH range, while the precipitation
of protein particles occurred within the lower pH range. Within the intermediate pH range,
coacervates were formed by the simple coacervation of proteins [53].

Jamshidian et al. investigated the complex coacervation of wheat germ protein and
high methoxy pectin [54]. The pH of the solution was found to have a significant effect
on the process of coacervation, with alterations to the surface charges of biomolecules.
Changes in particle size and zeta potential were observed with varying pH levels. At
pHmax, the result exhibited the highest turbidity and the largest particle size [54].

4.3. Temperature

In contrast to specific systems that exhibit significant temperature sensitivity, the
majority of coacervation systems demonstrate relatively weak temperature dependence.
This thermo-responsive behavior is primarily governed by the intrinsic physicochemical
properties of the individual macromolecule involved, such as its hydrophilicity, poly-
electrolyte characteristics, and molecular conformation [1]. Macromolecules that exhibit
thermo-responsive solubility can be classified based on two critical solution temperature
behaviors: the Lower Critical Solution Temperature (LCST) and the Upper Critical Solution
Temperature (UCST) [55,56]. In LCST systems, macromolecules are fully soluble at lower
temperatures; however, upon heating, phase separation occurs. This behavior is predomi-
nantly driven by entropy. At low temperatures, macromolecule–solvent interactions are
dominant. Elevated temperature enhances macromolecule–macromolecule interactions
while diminishing macromolecule–solvent interactions. This transition facilitates phase
separation. Conversely, UCST systems display the opposite trend. These systems remain
a homogeneous mixture at elevated temperatures but undergo phase separation upon
cooling. In this case, this behavior is predominantly driven by enthalpy [57,58]. Com-
plex coacervation often exhibits phase behavior similar to that of LCST systems. Strong
macromolecule–macromolecule interactions are present at higher temperatures, which
weaken as the temperature decreases. The reduction in intramolecular and intermolecular
interactions upon cooling leads to phase separation, given that the process is generally
governed by entropic contributions. Coacervation under UCST conditions is rare, but has
been reported in systems with strong enthalpic driving forces [59].

Fu et al. induced coacervation using five types of N-substituted polypeptoids (NNCAs)
with different alkyl chain lengths: allyl, propargyl, butyl, hexyl, and octyl [60]. The
polypeptoids exhibited both LCST and UCST systems. The phase transition temperatures
were tunable within a range of 29–55 ◦C, depending on the chemical composition and
the length of the alkyl side chains. This study demonstrated that the cloud point of the
polypeptoids decreased with an increase in alkyl chain length. The cloud point decreased
from 55.0 ◦C to 39.0 ◦C as the alkyl chain length increased from butyl to octyl [60].

The research conducted by Nie et al. presented the coacervation of a globular protein
known as lipoate-protein ligase A (LplA) from E. coli [61]. LplA exhibited temperature-
sensitive, reversible LCST coacervation. The coacervation began at approximately 14 ◦C,
with significant structural changes occurring as the temperature increased. The emergence
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of larger particles between 12 ◦C and 16 ◦C in the protein solution specifically indicated the
initial stages of the transition from monomeric LplA to oligomeric structures. This study
also demonstrated that the coacervation of LplA could be selectively induced and reversed
through the dissolution of the condensates by LplA’s natural substrate, lipoic acid, and its
analogue, lipoamide [61].

4.4. Mixing Ratio

A pivotal factor in coacervation, especially in complex coacervation, is the charge
stoichiometry between the positively and negatively charged biomolecules. Coacervation
typically necessitates an electrically neutral state [1]. When synthetic polymers comprise
solely one type of charged group, the calculation of charge stoichiometry to determine the
mixing ratio is relatively straightforward [62]. However, the prediction of the mixing ratio
is much more challenging for biomolecules like proteins that contain both positive and
negative charges. The driving force for phase separation may arise not from the overall net
charge but rather from the specific charge distributions on the molecular surface [63].

Wei et al. investigated the complex coacervation between theabrownin (TB) and whey
protein isolate (WPI) depending on their mixing ratio. It was found that an intermediate
pH induced complex coacervation with the strongest electrostatic interactions. The findings
further demonstrated that the most robust electrostatic interaction was observed at a ratio
of 10:1 of TB and WPI. The process of coacervation was mainly driven by electrostatic
interactions, in conjunction with hydrogen bonding and hydrophobic interactions [64].

Cui et al. examined the coacervation of Antarctic krill protein isolate (AKPI) and GA.
The coacervation process was conducted at a ratio of AKPI to GA of approximately 3:1 [65].
The electrostatic interaction and hydrogen bonding were identified as the main driving
forces of coacervation. It was demonstrated that the mixing ratio not only influences the
formation of coacervate but also has the potential to affect the ratio of wall to core [65].

Li et al. investigated the coacervation of chia seed gum (CSG) and WPI under
WPI/CSG mass ratios (16:1–1:1, w/w). The stronger formation occurred at comparatively
elevated mass ratios of 16:1, 8:1, and 4:1. With the rising proportion of WPI, there was
a corresponding increase in the zeta potential value. The most pronounced electrostatic
interaction was observed at the 4:1 ratio [66].

4.5. Ionic Strength

Ionic strength is determined by the concentration of ionic species present in the solu-
tion [67]. It regulates the electrostatic interactions among the charged components, thereby
influencing the formation of coacervation [66,68]. Moderate ionic strength may facilitate
coacervation; however, an excessive concentration of salt can inhibit this process. This con-
cept is identified as the critical salt concentration [69,70]. Elevated ionic strength diminishes
the electrostatic attractions between oppositely charged molecules, thereby significantly
reducing their ability to undergo coacervation. However, coacervation exhibiting signifi-
cant resistance to salt can still manifest LLPS and maintain stability under increased ionic
strength [71,72].

Kayitmazer et al. demonstrated that HA and CS form a coacervate due to strong
electrostatic interactions between them [52]. In their study, the coacervation was markedly
suppressed at an ionic strength ≥ 1.5 M NaCl. At higher ionic strengths, the presence of
additional ions in the solution screens the electrostatic interactions between the charged
groups of HA and CS. This screening effect reduces the attractive forces that drive coacerva-
tion, making it more challenging for the polymers to come together and form coacervates.
The study also demonstrated that, as ionic strength increases, there is a transition from
coacervation to flocculation. This means that instead of forming a stable coacervate phase,
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the system may lead to the aggregation of particles (flocculation) due to the reduced electro-
static repulsion between them [52]. It is noteworthy that non-stoichiometric coacervation
was observed when the zeta potential values were higher than zero, particularly at charge
ratios less than 0.46, indicating that coacervation can happen even when the system is not
electrically neutral, which is contrary to typical expectations [52].

Onuchic et al. investigated the effects of divalent cations (Mg2+, Ca2+, and Sr2+) on
the formation of coacervates in a system consisting of an arginine-rich peptide (RP3) and
polyU (RP3–polyU) [73]. They found that an elevated concentration of Mg2+ reduced
the formation of coacervates. This result was consistent with the effects observed for
monovalent cations (Na+), whereas divalent cations demonstrated a more pronounced
influence. A comparable phenomenon was observed for other divalent cations, each
demonstrating the reduced concentration thresholds necessary to initiate coacervation [73].

5. Biomolecule-Based Coacervation

5.1. Proteins

Proteins are well-known materials commonly used in coacervation processes. In
recent years, protein-based coacervation has been increasingly studied not only in the
field of life sciences but also in diverse applications such as food and cosmetics [66].
Protein-based coacervation primarily utilizes animal-derived charged proteins such as
heparin, elastin, gelatin, tau, and BSA. More recently, protein extracts obtained from
plants, such as soy, pea, and canola, have also been used in coacervation. This type
of coacervation is mainly induced through electrostatic interactions between proteins
and other proteins or polysaccharides [55,63,66,74–78]. Compared to synthetic polymers,
protein-based coacervates offer advantages such as enhanced stability, biocompatibility,
controlled release, permeability, and the retention of biological function.

Allahyartorkaman et al. conducted an investigation into the phosphorylation-induced
simple coacervation of tau protein, as well as RNA-assisted complex coacervation [79].
The phosphorylation of tau protein triggered a simple coacervation upon a temperature
transition from 4 ◦C to room temperature. The investigation revealed that, at concentra-
tions below 2 μM, neither tau nor phosphorylated tau (p-tau) demonstrated coacervation.
However, a binodal pattern of nucleation was observed when the concentration of p-tau
was elevated to a range of 2 to 100 μM. The p-tau, in contrast to its non-phosphorylated
counterpart, exhibited unique phase separation characteristics when subjected to different
pH conditions. This indicates that phosphorylation is fundamental to the response of
tau proteins to variations in pH, especially regarding their capacity for the formation of
coacervates [79].

As shown in Figure 3, Liu et al. investigated the complex coacervation between oval-
bumin (OVA) and dextran sulfate (DS) and their properties [80]. The research demonstrated
that complex coacervation is significantly influenced by the ratio of OVA to DS. With an
increase in the OVA/DS ratio, the critical pH values for coacervation were observed to
shift towards higher values. The salt concentration also influenced coacervation. At low
salt concentrations (≤100 mM), the solubility of OVA and DS was enhanced by reducing
electrostatic repulsion. However, at elevated concentrations (≥100 mM), complex coac-
ervation was inhibited. An increase in the concentration of salt ion within the solution
resulted in a decrease in the critical pH, thereby reducing the electrostatic interaction. The
thermodynamic parameters were employed to examine the stable coacervate formation
between OVA and DS. The enthalpy changes suggested that the interaction between OVA
and DS was exothermic, predominantly influenced by electrostatic attractions. The ob-
served entropy change indicated that hydrophobic interactions play a role in coacervate
formation, serving as an additional driving force for this process [80].
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Figure 3. Schematic of the coacervation between ovalbumin and dextran sulfate under biopolymer
ratio and salt concentration. The coacervation with OVA and dextran sulfate was induced by the
protein/polysaccharide ration and salt concentration. (Adjusted from ref. [80]. Copyright © 2021
Elsevier Ltd.).

Archut et al. explored the interactions between various fractions of pea protein and
pectin [81]. Soluble pea protein (SPP) was isolated from pea protein (PP) concentrate
using isoelectric precipitation. Subsequently, the turbidity of SPP/pectin and PP/pectin
coacervation was assessed to examine the interaction behavior. The study revealed that pea
globulins played a substantial role in the increase in turbidity as a result of the protein’s
simple coacervation. In contrast, the SPP did not affect the turbidity, indicating that
these proteins primarily formed complexes with pectin without simple coacervation. A
molecular weight distribution analysis further demonstrated that pea albumin and low-
molecular-weight fractions below 20 kDA were essential for forming stable coacervates
with pectin [81].

5.2. Nucleacids

Nucleic acids, such as negatively charged ssDNA or RNA [82], can induce coacervation
through electrostatic interactions with oppositely charged cationic peptides or proteins. Nu-
cleic acid-based coacervation is widely used in studies that mimic membraneless organelles
such as stress granules and nucleoli [10,83]. Furthermore, it finds applications in targeted
therapy and gene editing through the stable encapsulation of functional RNAs including
mRNA and siRNA. Due to the sequence specificity of DNA/RNA, nucleic acid-based
coacervation enables selective molecular recognition and binding. This process provides
biocompatibility and allows for the precise regulation of biological responses [84–86].

Vieregg et al. investigated the phenomenon of coacervation involving oligonucleotides,
specifically single-stranded and double-stranded DNA, in conjunction with cationic pep-
tides [49]. Their findings revealed that coacervates were successfully formed between
the peptides and single-stranded DNA, whereas no such interactions were observed with
double-stranded DNA. At salt concentrations of 500–700 mM NaCl, single-stranded DNA
and peptide complexes transitioned from precipitates to coacervates, while, at concentra-
tions above 1 M, the formed coacervates dissociated. Under 300 mM NaCl conditions, 10 bp
dsDNA exhibited a phase transition from precipitation to coacervation at 50 ◦C. Although
most single-stranded sequences formed coacervates, certain purine-rich sequences induced
precipitation even in the absence of hybridization [49].
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Morita et al. showed DNA-based coacervation from branched DNA nanostruc-
tures [87]. The results demonstrated that the physical properties of these structures can be
controlled by manipulating factors such as cooling rates and DNA concentrations (Figure 4).
The process of coacervation of three single-stranded DNAs (ssDNA1, ssDNA2, and ss-
DNA3), which are designed to form Y-motifs, was examined under varying temperature
conditions. When the solution temperature T exceeds TmY (TmY = melting temperature
of the Y-motif stem), the ssDNAs are completely dissociated. Under conditions where
TmY > T > TL (TL: temperature for the formation of liquid-like DNA coacervates), dis-
persed DNA Y-motifs are formed. In the range of TL > T > TG (TG: temperature for the
formation of gel-like DNA coacervates), the Y-motifs dynamically bind and unbind via
their sticky ends, leading to the formation of liquid-like DNA coacervates. When T < TG,
the Y-motifs form gel-like DNA coacervates through static binding via their sticky ends.
Under the experimental conditions, TmY was 75 ◦C and the measured TL and TG were
approximately 64 ◦C and 35 ◦C, respectively [87].

In a study, van Haren et al. investigated how coacervates (biomolecular condensates)
are formed through the enzymatic deacetylation of peptides in the presence of DNA [88].
They found that coacervation did not occur when only DNA and peptides were present.
However, when deacetylation was induced using the enzyme SIRT3, the coacervation
between DNA and peptides was successfully triggered under the same conditions. At low
concentrations of the enzyme, the weak interactions between DNA and peptides led to the
formation of gel-like coacervates. In contrast, at higher enzyme concentrations, stronger
interactions were promoted, resulting in a transition to liquid-like coacervates [88].

Figure 4. Schematic illustration of the formation of liquid- and gel-like DNA coacervates. When
the solution temperature T > TmY, three kinds of single-stranded DNAs (ssDNA1, ssDNA2, and
ssDNA3) are dispersed in the bulk solutions; when TmY > T > TL, the three ssDNAs form a DNA
Y-motif with self-complementary sticky ends; when TL > T > TG, liquid-like coacervates are formed
by the dynamical repetition of attachment and detachment of the sticky ends of the DNA Y-motifs;
when TG > T, gel-like DNA coacervates are formed by the static binding of the DNA Y-motifs via their
sticky ends. TmY is the melting temperature of the Y-motif stem. TL is the formation temperature of
liquid-like DNA coacervates. TG is the formation temperature of gel-like DNA coacervates. (Adjusted
from ref. [87]. Copyright 2024, the Authors, published open access by Advanced Materials Interfaces
under the terms of the Creative Commons CC BY License).
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5.3. Peptides

Peptides possess a simple backbone structure and various functional groups on their
side chains, contributing to molecular self-assembly [89,90]. Hydrophobic interactions
and hydrogen bonding within the peptide chains promote the formation of special sec-
ondary structures such as α-helices and β-sheets, which can further organize into unique
architectures like fibers, nanotubes, and nanowires [91–93]. Based on these structural
advantages, peptides are highly responsive to external stimuli. In particular, due to their
specific sequences, peptides can not only undergo self-assembly but also interact with other
molecules such as nucleic acids and polysaccharides to induce coacervation [94,95].

Gulão et al. investigated the complex coacervation based on polypeptide leucine with
GA. The optimal pH for coacervation was found to be below 4.0 with increased turbidity
and particle size at this pH range. When the concentration of polypeptide leucine and
GA was 0.2% and 0.03% and there was a no salt condition, the coacervation had higher
turbidity and the highest particle size. The elastic behavior of coacervates also increased
under the same conditions [39].

The coacervation based on elastin-like polypeptides (ELPs) was investigated by Fisher
et al. [96]. The ELPs were engineered to include either positively charged residues (e.g.,
K30, KQ30) or negatively charged residues (D/E30, D/EQ30) to enable their use in complex
coacervation. The charge balance was found to be a critical factor for effective coacerva-
tion, with the most pronounced turbidity and material yield observed when the mixture
contained a slight excess of positively charged ELPs. Coacervation was highly sensitive
to salt concentration; for instance, the coacervates composed of K30 and DE30 completely
disappeared upon the addition of 50 mM NaCl. Similarly, for ELPs containing Q and
fewer charged residues, coacervation was suppressed even at 30 mM NaCl. The formation
of coacervates was analyzed through turbidity measurements and optical microscopy
observations [96].

Joshi et al. investigated the complex coacervation with polypeptides to encapsu-
late nonenveloped viruses, specifically porcine parvovirus (PPV) and human rhinovirus
(HRV) [97] (Figure 5). The peptide properties, such as peptide chemistry, chain length,
charge patterning, and hydrophobicity, effected the virus incorporation. Virus encapsu-
lation is primarily driven by electrostatic interactions, with the optimal charge fraction
(i.e., the ratio of cationic monomers) typically falling between 0.4 and 0.6. When analyzing
coacervation according to polypeptide chain length—short (N = 48), medium (N = 400), and
long (N = 800)—the long chains (N = 800) shifted the optimal coacervation condition toward
a lower cationic charge fraction. In the case of polypeptides with alternating charged and
neutral residues (e.g., (K2G2)12), charge clustering was shown to influence encapsulation
efficiency. Regarding the charge density, the polypeptides with a high charge density
demonstrated the highest encapsulation efficiency, while introducing neutral residues to
reduce the charge density led to decreased efficiency. Increasing the hydrophobicity of
the peptides (e.g., K2G2→K2A2→K2L2) affected PPV encapsulation moderately, whereas
HRV encapsulation was significantly enhanced when leucine was incorporated into the
peptide sequence [97].
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Figure 5. Coacervate design using sequence-defined block-co-polypeptides. (A) Schematic depiction
of virus-containing coacervate formulation. (B) Example depiction of the variations in polypeptide
charge density and hydrophobicity of the cationic lysine (K)-containing polymers. Charge blockiness
is defined by the parameter τ, while hydrophobicity is indicated by the color of the gray blocks as the
neutral amino acid spacers go from glycine to alanine to leucine. (C) Experimental design matrix to
study the effect of polypeptide characteristics such as charge patterning and hydrophobicity on virus
encapsulation. (D) Plot of the charge ratio (K+/E−) as a function of the total cationic charge fraction
from the polypeptides present in the system. (Reused from ref. [97]. Copyright 2023, the authors
published open access by Biomacromolecules under the terms of the CC-BY-NC-ND 4.0).

5.4. Polysaccharides

Polysaccharides are natural polymers with high biocompatibility, biodegradability,
and functional groups, making them widely studied for coacervation in various biological
fields. Commonly used polysaccharides include alginate, HA, GA, pectin, and dextran.
Due to their chemical properties, polysaccharides typically carry a negative charge and
form coacervates through electrostatic interactions with positively charged molecules such
as proteins and peptides [32,63,98,99]. Being naturally derived, polysaccharides exhibit
low toxicity and excellent biocompatibility, and they can stably protect encapsulated
biomolecules from external environments. In addition, they allow for reversible phase
separation in response to changes in pH or ionic strength [100].

Li et al. investigated the interaction involved in coacervation between different types
of polysaccharides (CS and carboxymethyl cellulose) and soy protein isolate under various
conditions. The coacervate with carboxymethyl cellulose (CMC) and CS and soy protein
isolate (SPI) exhibited gel-type rheological behaviors (elastic modulus (G’) values = 1000 Pa).
The addition of salt ions (50 mM NaCl) decreased the elastic and viscous modulus (G′ and
G′ ′) of the SPI/CS and SPI/CMC coacervates from 1000 Pa to 100 Pa. The peak viscosity
of SPI simple coacervates occurred at a pH near its isoelectric point of 4.5. However, the
coacervate of SPI with CS and CMC demonstrated higher viscosity than the coacervates of
SPI alone [101].

Yuan et al. investigated complex coacervation with SPI and CS for the microencapsu-
lation of algal oil in a separate study on coacervation utilizing CS [102]. The optimal pH
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and CS/SPI ratio were 6.0 and 0.125 g/g, respectively. The interaction between CS and
SPI showed a strong affinity (Ka = 4.16 × 105 ± 0.09 × 105 M−1). The CS/SPI coacervates
exhibited higher encapsulation efficiency (97.36 ± 1.16) and improved oxidative stability
compared to the simple coacervation of SPI [102].

As shown in Figure 6, Wang et al. developed a blend film of soluble soybean polysac-
charide (SSPS) and fish gelatin (FG) through complex coacervation [103]. The coacervates
were fabricated using an SSPS/FG mass ratio of 1:3. The electrostatic interaction between
SSPS and FG at a pH of 5.0 promoted complex coacervation in the film-forming solution.
The coacervation with SSPS and FG exhibited increased surface roughness, enhanced
thermal stability, and improved water vapor barrier properties. The SSPS/FG coacer-
vate delayed the release of curcumin from the films into food simulants during a release
test [103].

Figure 6. Polysaccharide-based coacervation with soy soluble soybean polysaccharide (SSPS) and fish
gelatin. The coacervates were induced at a pH of 5.0 and coated for film. The curcumin-encapsulated
coacervate film exhibited both burst release and slow release. (Reused from ref. [103]. Copyright ©
2024 Elsevier Ltd.).

6. Application of Biomolecule-Based Coacervation

Coacervation is a liquid–liquid phase separation process that enables the formation of
concentrated biomolecular droplets. In contrast to coacervation using synthetic polymers
with defined charges, coacervation with natural biomacromolecules such as proteins,
polysaccharides, nucleic acids, and polypeptides provides superior biocompatibility and
biodegradability [104–106]. Biomolecule-based coacervates are being actively explored for
their multifunctional roles in biomedical and industrial applications [107–109]. They have
been utilized in the encapsulation of bioactive compounds, the stabilization of vaccines,
and the formulation of functional foods [110–112]. In particular, their responsiveness to
environmental stimuli such as pH and temperature makes them ideal for site-specific
release [109,113]. Recently, numerous studies have explored the application of coacervation
in underwater adhesion and tissue engineering [114,115]. Furthermore, coacervates can
mimic intracellular compartments, contributing to research on the origin of life and the
development of artificial cells [116]. Table 1 presents the recent trends in coacervation for
the biotechnology and biomedical fields.
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Table 1. Recent study of coacervation for biotechnology and biomedical applications.

Bioapplication
Biomolecule
Component

Cargo Study Objective Ref.

Encapsulation SA/CS Walnut oil Improved higher loading capacity
and oxidation stability [117]

Encapsulation GA/CS or
GA/trehalose/CS

Lacticaseibacillus
rhamnosus

Promoted the stability of
probiotic bacteria [118]

Encapsulation Gelatin/chia mucilage Oregano essential oil
Developed encapsulation system for

spray drying and improved
encapsulation efficiency

[119]

Encapsulation Zein/CS Resveratrol
Improved encapsulation efficiency

and dispersion stability via
atmospheric cold plasma

[120]

Encapsulation Plum seed protein
isolate/polysaccharides Essential oils Enhanced stability, storage,

emulsification, and encapsulation [121]

Encapsulation Zein–gallic acid/CS Gallic acid
Induced structural modifications of

encapsulation and enhanced
thermal stability

[122]

Encapsulation SPI/CS Deer oil
Enhanced the stability of

encapsulation against oxidative
stress and encapsulation efficiency.

[123]

Encapsulation β-
conglycinin/lysozyme Curcumin

Improved encapsulation efficiency,
loading capacity, and stability

against light and heat treatment
[124]

Encapsulation GA/Krill protein isolate Antarctic Krill oil Developed stable and biocompatible
encapsulation for oil [65]

Encapsulation WPI/GA Tuna oil
Enhanced oxidative stability and

made encapsulation more
thermosensitively suitable

[125]

Encapsulation
WPI/flaxseed

gum/monodiglyceride
fatty acids

Resveratrol
Improved stability, encapsulation

efficiency, and sustained
antioxidant ability

[126]

Delivery platform Cholesterol-modified
DNA/histone

Virus particle,
mRNA, cytokines,

peptides

Enhanced the stability of the
delivery vehicle biological agents [127]

Delivery platform Fungal CS/GA α-tocopherol
Promoted stable and

easy-to-prepare encapsulation
materials for harsh conditions

[128]

Delivery platform LMWG or HMWG/SA miRNA-497
Developed a biocompatible delivery
system to enhance cellular uptake

and stability
[129]

Delivery platform
Heparin GAG/tyrosine-

and arginine-based
peptide

Tannic acid
Developed a stable and permeable
delivery system that released drugs

in response to biological triggers
[130]

Delivery platform Dextran graft copolymer DNA Enhanced release capabilities and
transfection [131]

Delivery platform Ellagic acid/casein Ellagic acid Enhanced oral absorption and
improved solubility [132]

Delivery platform Peptide
pDNA,

mRNA/sgRNA,
RNP

Developed a redox-triggered
delivery vehicle for CRISRP-Cas9

genome editing
[133]

Delivery platform Peptide siRNA, pDNA,
mRNA

Developed a pH-responsive
delivery nanocarrier for

cancer therapy
[134]
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Table 1. Cont.

Bioapplication
Biomolecule
Component

Cargo Study Objective Ref.

Delivery platform Single-stranded
DNA/PLL

Emamectin
benzoates

Improved loading capacities and
stability against photodegradation [135]

Delivery platform PEAD/heparin BMP-2
Developed a protein delivery

platform with enhanced
colloidal stability

[136]

Tissue
engineering CMC/gelatin -

Developed 3D extrusion printing
hydrogel with higher printing

fidelity and without any
discontinuities during the

printing process

[137]

Tissue
engineering Gleatin/GA/CMC β-carotene

Improved thermal, pH, and ionic
strength stability and evaluated its

potential applications in surimi
[138]

Tissue
engineering HA/CS Rat BMSCs Developed chondro-inductivity

scaffold for encapsulating BMSCs [139]

Tissue
engineering Gelatin/QHECE Glucose oxidase

Developed glucose-responsive
microneedle loaded with glucose

oxidase and enhanced drug release
[140]

Tissue
engineering

LMWC/HA or
HMWC/HA -

Developed biocompatible hydrogel
with shape adaptability and

enhanced wet adhesion
[141]

Tissue
engineering

SPI/chelator-soluble
pectin

β-conglycinin,
glycinin

Developed food inks for 3D printing
with enhanced particle distribution

and mechanical properties
[142]

Tissue
engineering

Theabrownin/whey
protein isolate -

Developed coacervate for
modulating energy metabolism and

mitochondrial apoptosis to
strengthen muscle cells

[64]

Tissue
engineering

ApoEVs/GelMA or cur-
cumin/CMCS/GelMA

Apoptotic
extracellular vesicles,

curcumin

Developed multifunctional
3D-printed scaffold for enhancing
skin regeneration and promoting

antibacterial activity and ROS
scavenging activity

[143]

Tissue
engineering PEAD/heparin Cargo IGF-1

Enhanced bioactivity of cargo IGF-1
and sustained release to embed in

cartilage regeneration hydrogel
[144]

Tissue
engineering Egg yolk/CMC β-carotene Enhanced stability of interfacial

layer and structural strength [145]

Adhesive
technology

Methacrylated
LMWC/HA -

Developed coacervate with
enhanced wet tissue adhesion and

tunable properties
[146]

Adhesive
technology CS/HA -

Enhanced underwater adhesion
strength against salt switch
conditions and promoted
antibacterial properties

[147]

Adhesive
technology Peptide/polyoxometalate -

Developed injectable,
self-solidifying underwater

adhesion and enhanced
its properties

[148]

Adhesive
technology

Tyramine-conjugated
alginate/RGD peptide Calcium phosphate

Developed a photo-mineralized
hydrogel and enhanced

adhesiveness and bioactivity
of bones

[149]
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Table 1. Cont.

Bioapplication
Biomolecule
Component

Cargo Study Objective Ref.

Cellular
mimicking PDDA/ATP Dextran

Developed a demembranization
system that reconfigures in response

to biological signals with
enhanced permeability

[150]

Cellular
mimicking RNA/peptide RNA

Developed fuel-dependent
RNA-containing coacervation that
mimics membraneless organelles

[83]

Cellular
mimicking

Dextran/polyaspartic
acid DNA, enzymes

Developed a biomimetic platform
capable of biomacromolecule

segregation, reaction control, and
morphological reconfiguration

[151]

Cellular
mimicking PEG/dextran DNA

Developed compartmentalized
artificial cell structures to mimic and

investigate spatiotemporal
control mechanisms

[152]

6.1. Encapsulation

Encapsulation enables the isolation and protection of sensitive molecules by surround-
ing them with a phase-separated environment. The ability of coacervation to accommo-
date so-called client molecules is one of its most intriguing features [111,112,153]. Client
molecules, such as proteins and other small compounds, can be encapsulated during the
coacervate phase to study the biological processes in a more precise and controlled environ-
ment [154,155]. In particular, the presence of coacervates within an aqueous solution has
been observed to exhibit remarkably low interfacial energy sufficiency, thereby enabling
the absorption of a wide range of substances [156,157]. Encapsulation can be achieved
through two distinct mechanisms. The first mechanism involves incorporating the cargo
as a component of the coacervate system. The second mechanism occurs through specific
interactions and preferential partitioning [158–161]. Cargo encapsulation via coacervation
has been demonstrated to stabilize and protect the cargo within an aqueous environment,
while also allowing for controlled release in response to external stimuli or environmental
changes through the dissociation of the coacervation [162,163]. Coacervation-based encap-
sulation offers two key advantages: (1) the ability to perform encapsulation entirely in an
aqueous environment, and (2) the potential to significantly concentrate the target molecule
in the macromolecule-rich coacervate phase compared to the initial solution [40,164].

Barajas-Álvarez et al. demonstrated coacervation in GA/CS or GA/trehalose/CS
crosslinking with tripolyphosphate to encapsulate Lacticaseibacillus rhamnosus probi-
otic [118]. This study evaluated the encapsulation efficiency, physicochemical properties,
and probiotic survival under storage conditions and simulated gastrointestinal fluids. Fur-
thermore, crosslinking with tripolyphosphate improved the encapsulation efficiency after
the drying process. The probiotics encapsulated within coacervate showed a higher level of
short-chain fatty acid production in comparison to the non-encapsulated probiotics [118].

As shown in Figure 7, Wang et al. demonstrated the encapsulation of tuna oil (TO)
through the process of coacervation with WPI and various reducing sugars, including
glucose, fructose, maltose, and lactose [125]. The coacervates fabricated with WPI, GA, and
maltose demonstrated an enhanced storage stability of TO. The encapsulation efficiency
of WPI/maltose/GA was found to be 87.41%, which is higher than the encapsulation
efficiency of WPI self-coacervation. Microencapsulated-protected TO had a 35.78% lower
peroxide value than free TO after 16 days of accelerated oxidation at 55 ◦C [125].
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Research has also been conducted on the modification of coacervation components to
enhance their functionality. Xue et al. [121] modified plum seed protein isolate (PSPI) by
enzymatic hydrolysis using alcalase, pepsin, and flavourzyme to conjugate with polyphe-
nols such as atechin, curcumin, and proanthocyanidin. The modified PSPI was then used
to form coacervates with various polysaccharides, and their structural and functional
properties were evaluated. As a result, the modified PSPI/polysaccharide coacervates
effectively maintained the stability of essential oils and exhibited improved emulsifying
and encapsulating properties [121].

Despite the broad application of coacervation in the encapsulation of various hy-
drophobic and hydrophilic cargos, there is still a lack of systematic studies examining how
the molecular characteristics of small molecules influence the encapsulation mechanisms,
phase behavior, and material properties [165]. The work of Zhao et al. demonstrated that
the partitioning of small molecule dyes into various polymer-based coacervates is primarily
determined by their charge and hydrophobicity [166,167].

On the other hand, while coacervation enables the stable encapsulation of proteins,
not all target proteins possess strong charges, which is an ongoing challenge in the field.
To address this, Obermeyer et al. proposed a solution to the problem of binary protein–
polyelectrolyte coacervates. Using conjugation chemistry, they artificially enhanced the
native charge of proteins by modifying them with succinic anhydride, thereby generating
supercharged proteins. Their study further demonstrated that a relatively low degree of
supercharging—with a negative-to-positive charge ratio of approximately 1.1 to 1.4—was
sufficient to induce coacervation with cationic polymers [168].

Figure 7. Schematic illustration of coacervation with whey protein isolate (WPI) and reducing
sugar for encapsulating based on Maillard reaction. Functional activity (emulsifying properties,
foaming properties, and antioxidant activity) of coacervates between WPI and different kinds of
polysaccharides were analyzed. Tuna oil (TO) was encapsulated by complex coacervation with
gum arabic (GA) and Maillard reaction products (MRPs). Different lowercase and uppercase letters
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indicate statistically significant differences among groups. Lowercase letters represent significant
differences within each analytical parameter across different times or conditions, while uppercase
letters indicate significant differences among different analytical parameters under the same condition
(p < 0.05). (Reused from ref. [125]. Copyright © 2025 Elsevier Ltd.).

6.2. Delivery Platform

The use of coacervation for biomedical applications is based on the advantages of
complex coacervation for encapsulation. Recently, coacervation systems using naturally
derived polymers such as heparin, CS, and alginate have been investigated as delivery
platforms [169,170]. For example, coacervates composed of CS and nucleic acids have been
developed to deliver DNA and RNA to mammalian cells [171,172]. In contrast, recent
research has demonstrated that peptide-based coacervation can be employed to deliver
functional nucleic acids for gene therapy or cancer therapy [133,134].

Delaporte et al. investigated animal-free coacervation. The study used fungal CS to
induce coacervation with GA. While the electrostatic interactions of fungal CS/GA coacer-
vation decreased in different solvents (isohexadecance, ethylhexyl stearate, and ethanol),
the wetting properties of the coacervates were improved. The encapsulation efficiency of
α-tocopherol by coacervates was 82.6% at a 1:1 material-to-active mass ratio [128].

Sun et al. used peptide coacervates for CRISPR/Cas9 genome editing (Figure 8). Pep-
tide coacervation was induced in 20 mM phosphate buffer (pH 6.5, ionic strength 100 mM)
and successfully encapsulated pDNA, mRNA, and Cas9 nuclease. The delivered cargo
resulted in improved transfection and gene editing efficiency compared to conventional
reagents [133].

Wang et al. investigated pH-responsive coacervates with peptides for nucleic acid
delivery that respond to the different physiological pH conditions of various microenviron-
ments such as tumors, lysosomes, and the bloodstream. The peptide coacervates delivered
siRNA, pDNA, and mRNA into cancer cells [134].

In addition, Li et al. reported the application of coacervation with zein and CS for
the sustained release of curcumin [173]. Lee et al. loaded injectable hydrogel coacervates
with bortezomib, an anticancer drug [174]. Huei et al. applied iron (Fe)-crosslinked CMC-
based coacervates for the controlled release of ibuprofen [175]. The strategy of using
coacervates as a delivery platform has been shown to be effective in various studies. This
approach utilizes the flexible and modular nature of charge-driven coacervate formation to
address the challenges of (1) the protection and/or isolation of the drug, (2) the targeted
distribution and absorption into specific cells or tissues, and (3) the controlled release of
the drug over time.

6.3. Tissue Engineering

Tissue engineering aims to restore, maintain, improve, or replace tissues and organs
using a combination of cells, scaffolds, and growth factors. These scaffolds are designed
to mimic the extracellular matrix (ECM) and provide physical support for cell adhesion
and proliferation [176,177]. Scaffold fabrication has traditionally relied on the gelation of
precursor materials through chemical crosslinking methods such as photo-polymerization,
enzymatic reactions, and click chemistry. However, such scaffolds often form simple, ho-
mogeneous gel structures, making it difficult to implement microscale patterning. Because
conventional scaffold design focuses primarily on external cellular support, it does not
adequately mimic the intracellular environment. As a strategy to enhance the functional
properties of conventional scaffolds, recent studies have begun to incorporate coacerva-
tion [178]. Scaffolds produced by coacervation can form membraneless compartments
that resemble intracellular organelles, thereby enabling the mimicry of intracellular mi-
croenvironments. Such coacervate-based scaffolds allow for the selective concentration of
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bioactive molecules, such as functional RNAs or growth factors, and help to maintain their
bioactivity. Through electrostatic interactions, these encapsulated functional biomolecules
can be released in a stimulus-responsive manner (e.g., in response to pH or ATP).

 
Figure 8. Schematic illustration of the universal delivery of CRISPR/Cas9 genome editing machineries
mediated by HBpep-SP coacervates. Three types of CRISPR/Cas9 genome editing machineries
including pDNA, mRNA/sgRNA, and Cas9 ribonucleoprotein (RNP) can be readily recruited during
the LLPS of the HBpep-SP peptide. The cargo-loaded coacervates are internalized by the cell and
then reduced by glutathione (the yellow spheres) in the cytosol, triggering cleavage of the side chain
modification and disassembly of the cargo-loaded coacervates. The Cas9 RNP, which is directly
released from coacervates or produced by the transcription and translation of pDNA and mRNA,
enters the nucleus and induces double-strand breaks on the genomic DNA. (Reused from ref. [133].
Copyright © 2023 American Chemical Society.).

For example, Karabıyık Acar et al. developed a coacervate-based scaffold using HA
and CS for cartilage repair. The HA/CS coacervates effectively encapsulated bone marrow
mesenchymal stem cells (BMSCs) and demonstrated their efficacy in vitro. Chondrogenic
markers such as ACAN, COL2A1, and SOX9 were upregulated following chondrogenic in-
duction. Notably, even in the absence of chondrogenic stimuli, the encapsulated cells within
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the coacervates exhibited increased expression of cartilage-related markers, indicating their
intrinsic chondro-inductive potential [137].

In another line of research, advances in tissue engineering have also led to progress in
3D printing-based scaffold fabrication for precise microenvironmental control. Gharanjig
et al. proposed an extrudable hydrogel based on CMC/gelatin complex coacervation.
Their study analyzed the rheological properties required for 3D printing and demonstrated
that a CMC-to-gelatin ratio of 1:15 resulted in the highest print fidelity, with no observed
discontinuities during extrusion [137].

Jiang et al. developed a unique 3D-printed bilayer multifunctional scaffold incorporat-
ing regenerative apoptotic extracellular vesicles (ApoEVs) and antibacterial coacervates
that showed strong potential for full thickness wound healing and revealed the underlying
healing mechanisms (Figure 9). The upper layer, mimicking the epidermis, formed a dense
structure to protect the wound from mechanical impact and pressure. The lower layer,
mimicking the dermis, contained larger pores to promote cell migration and proliferation.
Furthermore, the top layer included pH-responsive curcumin coacervates that exhibited
antibacterial and reactive oxygen species (ROS) scavenging properties. The lower layer
supported the sustained release of ApoEVs and enhanced fibroblast proliferation and
migration, as well as angiogenesis in the endothelial cells. In vivo experiments confirmed
that the scaffold accelerated wound healing and reduced scar tissue formation. Moreover,
the RNA sequencing analysis revealed the molecular mechanisms by which the bilayer
scaffold contributed to wound repair [143].

Figure 9. (A) Schematic illustration of ApoEVs/GelMA and CurCoa/GelMA coacervation for 3D-
printed tissue engineering. (B) Scaffold based on ApoEVs/GelMA and CurCoa/GelMA coacervates
showed various properties such as infection prevention, anti-inflammatory, angiogenesis, scar reduc-
tion, and cell proliferation and migration. (Reused from ref. [143]. Copyright © 2025 Elsevier Ltd.).

6.4. Adhesive Technology

The use of coacervation as a strategy for the development of surgical adhesives has
recently attracted growing research interest [115,179]. This process has been observed in
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natural biological mechanisms, where various species use underwater adhesives to attach
to different surfaces [180]. Representative examples include the sandcastle worm and
mussels, in which coacervate-based adhesive systems were first identified [115,181,182].
In these organisms, coacervation has been found to play a critical role in the formation of
adhesive materials under wet conditions [183]. Coacervation based on biomacromolecules
has shown great potential as a wet adhesive, exhibiting excellent performance even in
hydrated environments [184].

Recently, research has continued to focus on the development of underwater adhesives
based on the immiscibility of coacervation in water and the strong adhesive properties of
mussel adhesive proteins (MAPs) [185]. Lim et al. developed a MAP-based encapsulated
coacervate system and applied it as a smart tissue adhesive capable of drug delivery. In
this study, cationic recombinant hybrid MAPs (fp-131 or fp-151) and anionic HA were
complexed by coacervation to form an adhesive. On aluminum surfaces, the bulk adhesive
strength of this coacervate was more than twice as strong as that of the protein alone [186].

Furthermore, in a study by Yun et al. [149], an injectable adhesive hydrogel was
prepared by coacervation using tyramine-conjugated alginate and RGD peptide-fused
mussel adhesive proteins. Based on this coacervate hydrogel platform, a photoreactive
agent, calcium ions, and phosphonodiol were incorporated to provide dual functionality:
photocrosslinking and the formation of amorphous calcium phosphate, both activated by
visible light irradiation. In in vivo experiments using a rat femoral tunnel defect model,
the developed adhesive hydrogel demonstrated easy applicability to irregular defect sites,
rapid bone regeneration without the need for bone grafting, and excellent integration with
the surrounding tissue [149]

Several additional studies have been conducted on mussel adhesive protein (MAP)-
based adhesives. Cha et al. produced rfp-1 MAP (AKP-SYPPTYK) using recombinant
protein expression techniques. This MAP was used to form hydrogels by coordinating
crosslinking with Fe3+ ions or covalent crosslinking with NaIO4 [187]. Lu et al. designed a
hybrid molecular adhesive by combining CsgA protein, an amyloid-based adhesive protein
from E. coli, with mussel adhesive proteins [188].

In addition to mussel protein-based adhesives, research has also explored polysaccharide-
based adhesion technologies. Deng et al. proposed a wet tissue adhesive based on the
coacervates formed from low-molecular-weight methacrylated chitosan (CSMA) and HA
(Figure 10). The fabricated coacervates can be applied to wet tissue surfaces and photo-
crosslinked to form in situ double-network hydrogels, which enhances cohesion and
ensures long-lasting adhesion. After immersion in PBS for 24 h, the hydrogel burst pressure
increased to approximately 623 mmHg due to dynamic bond reorganization and low
swelling ability [146].

Despite these advances in coacervation-based research, a complete tissue adhesive
that is non-toxic, biocompatible, biodegradable, user-friendly, scalable, and capable of
mimicking natural adhesion has yet to be developed. Future research needs to investigate
how the chemical structure of the polymer backbone, hydrophilicity/hydrophobicity,
combinations of amino acids, and charged side groups influence the adhesive strength. In
addition, the application of tissue adhesives should expand beyond basic tissue bonding to
include drug delivery, tissue grafting, wound healing, and tissue regeneration, providing
new opportunities for biomedical advancement.
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Figure 10. Schematic illustration of coacervation for adhesive technology: HA and low-molecular-
weight methacrylated chitosan-formed coacervation. The coacervate was coated on the interfacial
water of the substrate and treated by UV to form double-network hydrogel. Double-network
hydrogel enhanced the cohesion of the substrate compared to a blank substrate. (Reused from
ref. [146]. Copyright © 2025 American Chemical Society).

6.5. Cellular Mimicking

Coacervation occurs when oppositely charged polymers interact in water, resulting
in LLPS and the formation of highly concentrated liquid droplets [189]. Although this
phase separation is similar to the behavior of oil and water, the droplets represent a distinct
aqueous phase within the water, often referred to as a “second liquid” [190]. In the past,
Oparin observed these properties of coacervates and proposed that such structures may
have functioned as protocells in the prebiotic era, prior to the emergence of life [191].
However, this hypothesis was largely dismissed at the time because coacervates lack
membranes, whereas real cells are clearly defined by their membrane structures. Recently,
this idea has regained significant attention due to the discovery of membraneless organelles
such as the nucleoli [192], P granules, and stress granules [193–195]. These findings have
revitalized research in the field, supporting the design of synthetic cells and artificial
organelles and extending the applications of coacervation to areas such as origin-of-life
studies, neurodegenerative diseases, cellular compartmentalization, and protein-based
drug delivery [194,196].

For example, Jia et al. generated polyester coacervates based on prebiotically acces-
sible α-hydroxy acids. The formation of these coacervates demonstrated their ability to
partition proteins and RNA in a manner consistent with origin-of-life conditions [197].
Longo et al. further demonstrated that coacervation can facilitate the conversion of abiotic
ornithine residues into arginine, thereby enabling the synthesis of proteins capable of
binding dsDNA [198].

In another study, Donau et al. proposed a coacervate-based model to understand
the behavior of membraneless organelles. In their study, they prepared and used active
coacervates containing RNA that were driven by ATP-dependent reactions. The results
showed that these coacervates exhibit dynamic properties, including emergence, decay,
building block exchange, and the concentration of functional RNA in its active folded state.
Thus, the study presented these fuel-regulated coacervate droplets driven by a reaction
cycle as a useful model for investigating the mechanisms of compositional control and
functionality in membraneless organelles [83].

Recent studies have explored not only membraneless protocell models but also strate-
gies to control the membranization and demembranization of protocells, as well as ap-
proaches to understanding tissue-level multicompartment systems and biochemical reac-
tion networks through prototissue models. Zhou and colleagues proposed a strategy to reg-
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ulate the membrane formation (membranization) and membrane removal (demembraniza-
tion) of coacervate protocells, demonstrating the potential to enhance their functionality
and dynamic reconfiguration capabilities [150] (Figure 11). Membraneless coacervates were
transformed into membranized structures through coating with terpolymer-based nanopar-
ticles, and the membrane was subsequently removed using the anionic polysaccharide
carboxymethyl dextran. This process allowed for structural reconfiguration and controlled
permeability toward biomolecules, ultimately leading to the development of synthetic
protein-containing protocells with hierarchical and asymmetric membrane architectures.

Meanwhile, Hu and colleagues presented a binary droplet-based protocell network
formed from coacervates and aqueous two-phase systems (ATPSs) to mimic prototissues.
This network facilitated the spatial self-sorting of biomacromolecules, thereby enhancing bi-
ological reactions and material extraction processes. Furthermore, the study highlighted the
importance of the dynamic nature of coacervation in organizing intracellular environments
and regulating biochemical processes [151].

 
Figure 11. (A) Controlled demembranization of membranized coacervate droplets. The membraniza-
tion of coacervates is achieved by introducing a terpolymer (PMAA-b-PMTEMA-b-PEG) into MLCs
composed of PDDA and ATP. Following this, the demembranization of MCs is triggered by the
addition of CMD, which causes the dissociation of the outer membrane and results in DCs integrated
with CMD. (B) Preparation and characterization of (NR-loaded) NP membranized coacervates. The
schematic illustration shows the formation of MCs through the addition of (NR-loaded) NPs. In the
presence and absence of NR, the terpolymer initially self-assembles into anionic (NR-loaded) NPs,
followed by the membranization on the surface of the cationic MLCs, accompanied by a small partial
dissociation of the coacervate phase and the redistribution of the coacervate components into the NP
membrane. Bright field and fluorescence field CLSM images of MLCs and MCs, respectively. The
scale bar represents 10 μm, and the scale bar in the inserted image represents 5 μm. (Adjusted from
ref. [150]. Copyright © 2025 American Chemical Society).
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7. Fundamental Challenges of Coacervation

Coacervate systems encounter notable stability issues in biological environments.
The main limitation arises from their sensitivity to variations in ionic strength, pH, or
temperature [107,199]. This characteristic, while allowing for controlled release properties,
creates significant obstacles for systemic delivery routes where the coacervate must traverse
various biological environments with different ionic compositions and pH levels. To
overcome the inherent limitations while preserving the beneficial properties that make
coacervates attractive for drug delivery applications, covalent crosslinking strategies, click
chemistry, and multivalent hydrogen bonding have been demonstrated [199–201]. The
effectiveness of these crosslinking strategies has been validated through dynamic light
scattering studies, which demonstrated significant improvements in stability against both
salt and pH changes [199]. Post-coacervation crosslinking uses thiolene click chemistry,
which enables the formation of covalent crosslinks in aqueous media without exposure
to heat or organic solvents [200]. Visual confirmation through optical microscopy has
demonstrated that, while both the crosslinked and uncrosslinked coacervates maintain
droplet structure at a pH of 6.5, only the crosslinked coacervates preserve their droplet
morphology at a pH of 2.0. The enhanced stability achieved through this crosslinking
approach extends beyond pH resistance to include improved performance in various
biological conditions such as the stomach or inflammatory sites. A dopamine-containing
multi-hydrogen bonded peptide complex coacervate exhibiting stability in a pH range
of 1–11 and various salt concentration ranges has been developed [201]. These peptide
coacervates demonstrated high drug encapsulation efficiency and trypsin-induced release
characteristics, showing great potential for oral drug delivery applications.

Recent research has shown that coacervates can function as transient protective struc-
tures in vivo or serve as smart platforms for stimulus responsive drug release [202,203].
For example, Zhao et al. developed an oral drug delivery strategy using nanoparticle-
assembled bioadhesive coacervates. In a mouse model, the orally administered drug-loaded
coacervates significantly alleviated the symptoms of inflammatory bowel disease, restored
gut microbiota diversity, reduced systemic drug exposure, and improved therapeutic ef-
ficacy in acute colitis models [204]. This system can be administered orally, providing a
more patient-friendly alternative to traditional drug delivery methods such as enemas or
injections. Additionally, by releasing the drug directly into the gastrointestinal tract in
a controlled manner, it minimizes systemic exposure to the drug, thereby reducing the
risk of the adverse effects associated with the long-term use of corticosteroids and other
drugs that may cause serious side effects, while maintaining therapeutic efficacy. In other
studies, Wang et al. and Park et al. utilized coacervation-based hydrogels for wound
healing applications and demonstrated enhanced tissue regeneration in mouse models,
with wound healing and infection control following treatment. Specifically, the self-healing
ability of the hydrogel after being damaged means that it can maintain its functionality over
time, reducing the need for frequent dressing changes [163,205]. This can lead to improved
patient comfort and reduced healthcare costs associated with the wound management. As
a result, coacervation has gained increasing attention in various in vivo applications. The
favorable results suggest strong potential for clinical use.

8. Future Perspective for Coacervation

Despite encouraging in vitro results, the clinical translation of coacervate-based deliv-
ery systems continues to face significant challenges. In particular, their structural instability
under physiological conditions remains a major limitation for systemic administration
routes such as intravenous or oral delivery [201]. In vivo, coacervates are exposed to vari-
ous destabilizing factors, including proteolytic enzymes, immune responses, fluctuations in
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ionic strength, and interactions with the extracellular matrix, all of which can induce phase
separation breakdown or premature disassembly. To address these challenges, systematic
in vivo studies are essential to evaluate the long-term stability, functional retention, target
specificity, and immunogenicity of coacervation [18].

One promising direction is the development of stimuli-responsive coacervates that can
remain stable during circulation but disassemble selectively at the target site [206]. For in-
stance, complex coacervate core micelles incorporating reversible crosslinking have shown
enhanced control over phase stability and release behavior. Although polyethylenimine is
frequently used to generate small, stable coacervates, concerns remain regarding its cyto-
toxicity and limited transfection efficiency in vivo [203]. In response, low-molecular-weight
polyethylenimine grafted with biocompatible polymers such as chitosan has demonstrated
improved buffering capacity and cellular uptake with reduced cytotoxic effects, making it
a promising alternative [202].

Another critical consideration for clinical trials is the scalability and reproducibility of
manufacturing processes. Recent advances in microfluidic-based fabrication, particularly
for lipid nanoparticle production in mRNA vaccine platforms, offer a blueprint for adapting
similar technologies to coacervate systems. These platforms enable precise control over
particle size, composition, and encapsulation efficiency, while maintaining the batch-to-
batch consistency required for regulatory approval [9,152].

In addition to engineering advances, gaining mechanistic insight into how coacervates
behave in complex biological environments is crucial. Techniques such as confocal laser
scanning microscopy, dynamic light scattering, isothermal titration calorimetry, and cryo-
electron microscopy are increasingly employed to study phase behavior, structural integrity,
and biomolecular interactions under physiologically relevant conditions [207–209].

9. Conclusions

This review highlights biomolecule-based coacervation as a flexible and dynamic
platform that offers a wide range of functions in the biomedical and biotechnological
fields, including drug encapsulation, self-assembly, and the development of functional
materials. Biomolecule-based coacervates provide a favorable environment for handling
sensitive biological molecules such as proteins, RNA, and enzymes, owing to their inherent
biocompatibility, tunable composition, and mild assembly conditions. Recent studies have
demonstrated the applicability of these systems in diverse areas such as the controlled
release of therapeutics, gene editing platforms (e.g., Cas9, siRNA, and mRNA), wound
healing scaffolds, and protocell-based synthetic biological architectures. However, several
challenges remain before these coacervate systems can be fully translated into clinical
or industrial settings. Major hurdles include mechanical instability under physiological
conditions, insufficient droplet uniformity and reproducibility, and a limited understand-
ing of long-term biodegradability and biocompatibility. The lack of a well-established
regulatory framework for therapeutic applications is also a significant barrier. To overcome
these challenges, integration with advanced technologies such as microfluidics, AI-assisted
material design, and 3D bioprinting is required to enable precise spatial control, large-scale
production, and clinical translation. In parallel, convergence with systems biology, omics-
based analysis, and high-throughput screening platforms will be essential to elucidate the
mechanisms of interaction between the coacervates and cells, and to develop application-
specific design strategies. With continued technological refinement and interdisciplinary
collaboration, biomolecule-based coacervation is expected to play a central role in a variety
of fields, including precision medicine, synthetic cell engineering, next-generation thera-
peutics, functional food and vaccine platforms, and the construction of spatially controlled
biological environments.
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Abbreviations

The following abbreviations are used in this manuscript:

ApoEV Apoptotic extracellular vesicle
ATP Adenosine 5′-triphosphate
BMP-2 Bone morphogenetic protein 2
BMSC Bone marrow mesenchymal stem cell
CLSM Confocal laser scanning microscope
CMC Carboxymethyl cellulose
CMCS Carboxymethyl chitosan
CMD Carboxymethyl dextran
CS Chitosan
DC Demembranized coacervate
ECM Extracellular matrix
ELP Elastin-like polypeptide
FG Fish gelatin
GA Arabic gum, gum arabic
GAG Glycosaminoglycan
HA Hyaluronic acid
HMWC High-molecular-weight chitosan
HMWG High-molecular-weight cationized gelatin
HRV Rhinovirus
IGF-1 Insulin-like growth factor-1
LLPS Liquid–liquid phase separation
LMWC Low-molecular-weight chitosan
LMWG Low-molecular-weight cationized gelatin
MAP Mussel adhesive protein
MC Nanoparticle membranized coacervate
MLC Membraneless coacervate
OVA Ovalbumin
PDDA Poly(diallyldimethylammonium chloride)
PLL Poly-L-lysine
PP Pea protein
PPV Procine parvovirus
QHECE Hydroxyethylcellulose ethoxylate
RNP Ribonucleoprotein
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ROS Reactive oxygen species
SA Sodium alginate
SPI Soy protein isolate
SPP Soluble pea protein
SSPS Soluble soybean polysaccharide
WPI Whey protein isolate
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Abstract: Soft-tissue loss resulting from trauma or oncologic resection is a significant
problem worldwide. Surgical reconstruction using adipose tissue has long been the gold-
standard solution. However, these surgeries are often highly morbid, not always feasible
in patients with insufficient adipose, and can have unpredictable results. Engineered
soft-tissue replacements present a promising alternative. Many cell types, such as adipose-
derived stem cells, have been recognized as a viable starting platform upon which new
avenues in tissue engineering can be built. Additionally, efforts to develop scaffolds that
can mimic the native extracellular matrix have been made with varying success. However,
the suboptimal vascularization of engineered replacements is still a major limiting factor
for achieving clinical translation. The current research explores the integration of all
these techniques, including the use of growth factors, bioactive molecules, and advanced
microsurgical techniques to enhance the vascularization process. This translational review
covers the clinically standard methods of soft-tissue reconstruction and dives into emerging
engineering techniques to develop vascularized adipose alternatives.

Keywords: soft-tissue reconstruction; adipose tissue engineering; biocompatible scaffolds;
vascularized tissue engineering

1. Introduction

Fat, or adipose, is a form of loose connective tissue derived from the mesoderm. It is
composed mainly of adipocytes but houses a variety of cell types, including preadipocytes,
stem cells, endothelial cells (ECs), pericytes, fibroblasts, macrophages, and immune
cells [1,2]. Adipose is abundant and largely dispensable. Due to its ubiquitous nature,
it has been used extensively for soft-tissue reconstruction throughout the body [3,4]. Unfor-
tunately, not all individuals possess enough adipose for reconstructive applications, and
engineering platforms have been developed to mitigate these insufficiencies.

Biomolecules 2025, 15, 780 https://doi.org/10.3390/biom15060780
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1.1. Adipose Development

Adipose development, or adipogenesis, is the process by which mesenchymal stem
cells (MSCs) differentiate into mature adipocytes. This process is regulated by a complex
transcriptional cascade. While over two dozen relevant transcription factors have been
noted, PPAR-γ is the master regulator, as no other pro-adipogenic factors can function in
its absence [5–13]. Induced by C/EBP-β and δ proteins, PPAR-γ works with C/EBP-α to es-
tablish adipocyte maturity (Figure 1) [14–19]. Understanding adipogenesis at the molecular
level is central to adipose tissue engineering, as manipulating these pathways enables the
directed differentiation of stem cells into functional adipocytes. This knowledge facilitates
the development of biomimetic scaffolds and culture conditions that recapitulate native
adipose tissue architecture and function, advancing strategies for soft-tissue reconstruction
and regenerative therapies.

Figure 1. Overview of adipogenesis. MSCs serve as adipocyte precursors. The initial determination
phase involves the conversion of an MSC to a preadipocyte. PPAR-γ and C/EBPα activate one
another through a variety of signaling molecules and thus promote the terminal differentiation phase.
The preadipocyte then undergoes terminal differentiation to a mature adipocyte. (Image created with
Biorender.com).

1.2. Adipose Angiogenesis

Adipocyte angiogenesis, the formation of new blood vessels within adipose tissue in re-
sponse to hypoxia and growth demands, is essential for supporting adipose expansion and
function. This process is regulated by adipocyte-derived adipokines such as vascular en-
dothelial growth factor (VEGF), which promotes neovascularization, and platelet-derived
growth factor (PDGF), which contributes to vessel maturation and adipocyte develop-
ment [20,21]. During adipose hyperplasia, microvascular proliferation occurs at the leading
edge of the fat pat, where preadipocytes residing within the mural-cell compartment are
found clustered along the expanding vasculature. This vascularization process differs from
the process that takes place when adipose hypertrophy occurs (Figure 2) [22]. This spatial
and functional coupling of angiogenesis and adipogenesis demonstrates the importance of
vascularization in adipose tissue formation. In adipose tissue engineering, this relationship,
which is leveraged by incorporating angiogenic cues and which supports vascular networks
within scaffolds, is critical for sustaining cell viability, promoting integration with the host
tissue, and enhancing the regenerative potential of engineered constructs.
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Figure 2. Microvascular growth in adipocyte hyperplasia vs. hypertrophy. The diagram illus-
trates adipose expansion with hyperplasia or hypertrophy. Adapted from Corvera et al. under
the terms of the Creative Commons Attribution (CC BY) license (CC BY 4.0 Deed|Attribution 4.0
International|Creative Commons) [23].

2. Soft-Tissue Reconstruction

Soft-tissue loss is common with aging, traumatic injury, and oncologic resection. Over
the past hundred years, surgeons have used autologous adipose grafts and flaps to correct
these deficiencies. The ease of adipose harvest and its omnipresence has resulted in the
vast majority of plastic surgeons utilizing these methods to treat virtually any anatomic
site [24].

2.1. Fat-Graft Principles

Grafts lack an intrinsic vascular network, and embedded cells are reliant on diffusion
from the recipient wound bed until neovascularization occurs. Because of this, only grafted
adipose within a 250 μm diameter reliably survives [25]. Therefore, angiogenesis into the
graft is critical and initially involves capillary inosculation from the recipient, which takes
three to seven days [26]. This delay causes core necrosis, as oxygen cannot diffuse into
the center of a thick graft. Consequently, this portion is dependent on intrinsic progenitor
cells to induce EC transformation and capillary development [27]. Unfortunately, when the
recipient site has dysfunctional microcirculation, such as in poorly controlled diabetes or
irradiation, this angiogenic process is significantly impaired.

2.2. Fat Grafts in Clinical Care

Autologous fat grafting has become an increasingly versatile tool, offering both vol-
umetric enhancement and regenerative potential (Figure 3A). Clinically, fat grafts are
commonly employed for soft-tissue augmentation in aesthetic procedures as well as in
reconstructive settings such as in postmastectomy breast reconstruction, the correction of
contour deformities, and the treatment of radiation-induced fibrosis [28]. The minimally
invasive nature of fat grafting combined with the use of autologous tissue reduces the risk
of immunogenic reactions and foreign-body responses while offering natural-appearing
and durable results. Initially, there were concerns that the intrinsic adipocyte-derived stem
cells (ASCs) within grafts would increase the risk of cancer propagation. However, while
the relationship between fat grafting and cancer is complex, studies have demonstrated this
technique’s safety and efficacy [29]. A major issue with fat grafting in breast reconstruction
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is that previous irradiation often requires repeated sessions of grafting. This is secondary
to the detrimental effects of radiation on the microvasculature and oxygen diffusion in
the recipient [30]. This highlights the importance of optimizing the recipient site prior
to grafting.

Figure 3. Fat grafting vs. adipose flap for soft-tissue reconstruction. (A) Fat-grafting technique where
fat is harvested with a cannula, centrifuged, and then injected into a defect. (B) A pedicled flap that
can be rotated into a soft-tissue defect with its accompanying vascular pedicle. (Image created with
Biorender.com).

2.3. Graft and Recipient-Site Preparation

Two fundamental factors related to adipose retention are the graft–recipient interface
and interstitial-fluid pressure limitations. Due to oxygen diffusion limitations, the “viable
zone” of a graft extends 200 μm from the periphery of grafted tissue, as per the cell survival
theory [31]. For this reason, thin surgical cannulas have been developed to deliver fat
droplets in micro-ribbon form to increase the graft–microvasculature contact area [31].
Where adequate dispersion of the microdroplets is not achieved, grafts will be prone to
hypoxia and the formation of necrotic cysts. Moreover, over-grafting profoundly increases
the interstitial osmotic pressure, impairing normal capillary fluid dynamics, blood flow,
and oxygen delivery.

Adipocytes are also susceptible to mechanical forces. Different harvesting techniques
place varying degrees of mechanical stress on fat grafts, affecting their viability and func-
tion [32]. Common harvesting modalities include hand-held syringe aspiration, suction-
assisted lipectomy, and ultrasound-assisted lipectomy [33]. Several studies have investi-
gated the effect of cannula diameter on graft survival. Unfortunately, while our under-
standing has been expanded, no universal approach to graft preparation and delivery has
been accepted. Hence, a variety of experimental techniques have been explored [34].
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Preconditioning the recipient site through external volume expansion, for instance,
uses vacuum-assisted devices to enhance vascularity and the graft capacity. Khouri et al.
were able to demonstrate improved graft survival rates with lower rates of appreciable
necrosis in patients pre-treated with the Brava vacuum-based expander device [35,36].
However, widespread clinical adoption of this technique has been limited by the cumber-
some volume expansion process, significant complication profile, and marginal long-term
viable graft retention improvement [35,36].

Other innovations, including the use of alloplastic materials to stimulate local in-
flammation and angiogenesis, angiogenic growth factor delivery (such as VEGF or the
stromal vascular fraction (SVF)), ischemic preconditioning, and microneedling have shown
promise in preclinical and early clinical studies [37–39]. These techniques aim to optimize
the recipient bed through neovascular enhancement and the reduction of fat absorption.
More studies are needed to test their long-term clinical efficacy and practicality in an
operative setting.

2.4. Adipose-Flap Principles

While fat grafting is routinely performed, surgeons and scientists continue to seek com-
plementary and alternative options to mitigate the unpredictable results [40,41]. Specifically,
due to inadequate vascularization, only around 50% of the grafted volume is maintained
long-term [42,43]. This leads to patients undergoing multiple surgeries. Furthermore,
fat grafting is unsuitable for voluminous defects [44,45]. For these reasons, adipose-flap
surgery (Figure 3B) has become commonplace.

Flap surgery is defined as the transfer of vascularized tissue together with its feeding
artery and draining vein (vascular pedicle). Since flaps carry their own blood supply,
they can be of any thickness and are suitable for wound reconstruction of any depth.
Autologous flaps are broadly defined as pedicled or free depending on whether their
vascular pedicle remains intact or needs to be divided and reconnected to the main vascular
system, respectively. Pedicled flaps, therefore, are only suitable for wounds that exist in
proximity to their donor site. Because the vascularized adipose is being moved a short
distance without any disturbance in blood perfusion, the approach is technically easy. Free
flaps allow for the movement of tissue from further distances; however, this approach is
technically challenging, requiring specialized expertise and equipment that not all centers
can provide. Furthermore, complications with microsurgical reconstruction are common
and include the devastating loss of a flap secondary to thrombosis (up to 10%) as well as
donor-site injuries such as scarring, wound dehiscence, seromas, hernias, muscle weakness,
and paresthesia [46–51]. These inherent problems lead to patient frustration, re-operation,
increased morbidity, and significantly higher costs [52,53]. This has led to the emergence of
engineered alternatives.

3. Adipose Engineering

The goal of tissue engineering is to assemble functional constructs that restore, main-
tain, or improve damaged tissues or whole organs. Fung introduced the term in 1985,
and the seminal paper was published in 1993 by Langer and Vacanti [54]. Evolved from
the field of biomaterials, it refers to the practice of combining cells, scaffolds (artificial
ECMs), and biologically active molecules into functional tissues. The methodologies and
combinations available have grown exponentially over the past three decades. However,
translatable scale-up has been largely prevented by the issue of vascularization. Developing
vascularized adipose tissue (VAT) is especially complex because it requires cell sources that
support both adipogenesis and angiogenesis [55]. Vascularized adipose engineering would
be a welcome addition to the surgeon’s armamentarium for soft-tissue reconstruction and
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be of significant benefit to patients. Various cell types can be combined with scaffolds and
growth factors for vascularized adipose engineering (Table 1).

Table 1. Cell types utilized in adipose tissue engineering.

Cell Type Source Differentiation Potential
Qualities Relevant to Adipose

Engineering

Adipose-derived stem
cells (ASCs)

Adipose tissue, stromal
vascular fraction (SVF)

Differentiate into adipocytes,
endothelial cells,
pericyte-like cells

- easy to harvest
- low immunogenicity
- upregulate vascularization

Adult somatic cells
(e.g., skin fibroblasts)

Potential to differentiate into
various cell lines, including

endothelial cells

- low immunogenicity
- risk of tumorigenicity
- high cost
- time-consuming to generate

and differentiate cells

Human umbilical vein
endothelial cells (HUVECs) Umbilical cord blood vessels Endothelial cells - ease of isolation

- abundant cell harvest

Endothelial progenitor
cells (EPCs)

Circulating blood, bone
marrow, umbilical cord

blood, adipose tissue
Endothelial cells

- accessible source
- low immunogenicity
- minimal ethical concerns
- limited expansion capacity

Human adipose-derived
microvascular endothelial

cells (hAMECs)
Adipose tissue, SVF Endothelial cells

- low cell abundance
- mimic the native endothelial

cells in adipose tissue
- limited expansion capacity

3.1. Stem Cell Applications in Adipose Engineering

Stem cells have gained significant traction in regenerative medicine for their ability
to self-renew and to differentiate into multiple cell lineages. Because mature adipocytes
are terminally differentiated and mechanically fragile, they are a poor option for VAT
bioengineering. MSCs—adult stem cells isolated from various types of tissue, including
skeletal muscle, peripheral blood, dermis, synovial membrane, and adipose—are a better
source [56].

Among the most widely utilized stem cell types are adipose-derived stem cells (ASCs),
which are easily harvested in large quantities and which display robust adipogenic and
angiogenic potential [57,58]. ASCs have been incorporated into various biomaterials,
including hydrogels, electrospun scaffolds, and decellularized matrices, to support tissue
regeneration [59–63]. They secrete pro-angiogenic factors as well as extracellular vesicles
to further promote vascular ingrowth [64]. The ASC donor site influences the cellular yield,
with subcutaneous depots such as the thigh providing higher ASC counts and superior
adipogenic potential than the abdomen, waist, or inner knee, for example [65].

Induced pluripotent stem cells (iPSCs) are stem cells obtained from somatic cells
through the ectopic expression of pluripotency transcription factors that have characteris-
tics similar to those of embryonic stem cells (ESCs) [66]. They offer a promising avenue for
regenerative medicine and disease modeling as they bypass the ethical concerns associated
with human ESCs. iPSCs can be produced in large numbers and directed to differenti-
ate into vascular lineages, providing a scalable source for engineering perfusable tissue
constructs [67]. While its autologous use remains limited by cost and logistical hurdles,
the development of HLA-matched iPSC lines holds promise for off-the-shelf applications.
These cells hold the potential to address challenges associated with immunogenic rejection
and the substantial quantity of autologous ECs needed to populate a pre-vascularized
scaffold for clinical use [68].
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To vascularize engineered adipose tissue, ECs are frequently co-cultured with ASCs or
iPSCs. Human umbilical vein endothelial cells (HUVECs) are a commonly utilized cell type
in VAT engineering. These cells can be readily obtained from umbilical cords, making them
a convenient and abundant cell source for in vitro studies, and they can form functional
vascular networks to support angiogenesis and tissue perfusion in engineered adipose
constructs [69–71]. When seeded alongside ASCs within decellularized scaffolds, HUVECs
support vessel-like structure formation and have demonstrated effective integration follow-
ing implantation in small-animal models [72]. While HUVECs are often used for in vitro
studies, their clinical translation is limited due to their potential for immunogenicity [73].
Additionally, maintaining the HUVEC phenotype and functionality over extended culture
periods is challenging given the high rate of apoptosis following multiple cell-culture
passages [74].

Possibly more clinically translatable EC sources include endothelial progenitor cells
(EPCs) and human adipose microvascular endothelial cells (hAMECs). EPCs, isolated
from peripheral blood, have been co-cultured with ASCs to form microvascular networks
within collagen and dermal scaffolds [75]. hAMECs, although only a small fraction of the
SVF, can be enriched and used to create complex vascular networks when paired with
ASCs. These cells have demonstrated synergistic effects, including more mature vessel
formation and improved scaffold integration in vivo. Scaffold-free models using hAMECs
and stem cells have also shown promising outcomes, highlighting a path toward fully
human, immunologically compatible adipose tissue constructs suitable for reconstructive
applications [76].

3.2. Scaffolds

The ECM is a major component of native tissues. It provides cells with mechanical
and structural support through networks of collagen, reticular and elastin fibers, and gly-
cosaminoglycans (GAGs) [77]. Cells attach to the ECM by interacting with receptors such
as integrin receptors [78]. Moreover, the ECM serves as a reservoir for sequestering and
releasing growth factors and signaling molecules that affect cell proliferation, differentia-
tion, and other cellular activities through signal transduction. To recapitulate these natural
ECM functions, extensive studies have been conducted to engineer scaffolds from different
materials such as biopolymers, synthetic polymers, and decellularized ECM (dECM).

3.2.1. Biopolymer-Based Scaffolds

Biopolymers are proteins or polysaccharides that are derived from animals or plants.
These materials generally degrade enzymatically or hydrolytically and have low toxicity in
the human body. In addition, many biopolymers, especially those produced in mammals,
contain bioactive motifs that can interact with cells and growth factors to enhance cellular
attachment and proliferation. Thus far, different biopolymers have been used for adipose
tissue engineering, including collagen, gelatin, fibrin gel, and alginate.

Collagen is the most widely used biopolymer for engineering cell scaffolds. Generally,
collagen scaffolds are prepared by lyophilizing acidic collagen solutions. These scaffolds
have sponge-like structures with interconnected pores that are suited for cell penetration
and oxygen delivery. One of the challenges in using collagen sponges is their poor mechan-
ical strength compared with natural ECM and their uncontrolled degradation rate. One
way to address these limitations is to crosslink collagen fibers chemically via crosslinking
agents such as glutaraldehyde, genipin, and hexamethylene diisocyanate [79]. Kimura and
colleagues reported that glutaraldehyde-crosslinked collagen sponges incorporated with
preadipocytes and FGF could support fat tissue formation [80,81]. Despite the promise of
this approach, crosslinking agents are generally too short to bridge collagen fibers, resulting
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in low crosslinking efficiency and, therefore, insufficient mechanical properties. In addition,
the potential toxicity of residual crosslinking agents poses a concern [82]. To address
these issues, biopolymer-based crosslinkers have been used. Davidenko et al. crosslinked
collagen sponges with hyaluronic acid (HA) via the carbodiimide/N-hydroxysuccinimide
coupling reaction, which significantly improved the dissolution resistance of the collagen
sponge [83]. Zhu et al. used the same chemistry to develop porous collagen–chitosan
scaffolds [84]. The combination of collagen and chitosan improved the mechanical proper-
ties of the scaffold. It was also demonstrated that the porous collagen–chitosan scaffold
promoted the adhesion and proliferation of ASCs and maintained cell pluripotency [84].

Gelatin, obtained by the partial hydrolysis of collagen, is another important biopoly-
mer in adipose tissue engineering. It maintains many of the biological functions of colla-
gen as it contains the Arg-Gly-Asp (RGD) cell-adhesion peptide motif as well as matrix
metallopeptidase (MMP)-sensitive sequences. Unlike collagen, it is soluble in water at
temperatures above 30–35 ◦C, allowing for the facile modification of gelatin with dif-
ferent functional groups. Among its derivatives, gelatin methacrylamide (GelMA) has
frequently been used to prepare hydrogels. GelMA can be crosslinked in the presence of a
photoinitiator upon UV light irradiation. Due to the relatively mild reaction conditions,
the photopolymerization of GelMA can be performed in the presence of cells, enabling
their encapsulation within the hydrogel network. It has been reported that both ASCs
and mature adipocytes can be encapsulated in GelMA hydrogels without affecting cell
viability [85]. In addition, vascularized adipose tissue-like constructs can be generated by
co-culturing ASCs and HUVECs within a GelMA hydrogel [86]. While GelMA is a promis-
ing material, phototoxicity induced by UV exposure can be a potential issue for practical
applications. For this reason, other crosslinking chemistries have also been exploited to
engineer gelatin-based hydrogels. For example, maleimide-functionalized gelatin (Gel-
MAL) has been crosslinked with a dithiol crosslinker via a Michael-type addition reaction,
which does not require photoinitiation [87]. It was shown that hematopoietic stem cells
encapsulated in a GelMAL hydrogel generated a much lower level of reactive oxygen
species (ROS) compared with those in a GelMA hydrogel, indicating that the Michael-type
addition is better suited for encapsulation of cells in hydrogels because of the reduction in
cell damage by ROS compared with UV-light-initiated photopolymerization. Furthermore,
like collagen, gelatin contains amino and carboxyl groups that can be used for crosslink-
ing reactions with other biopolymers. For example, gelatin was reacted with HA via the
carbodiimide coupling reaction followed by a cryogelation process to fabricate a porous
scaffold [88]. This scaffold exhibited mechanical properties similar to those of adipose
tissue and stimulated the adipogenesis of ASCs seeded in the scaffold.

Fibrin gel is a mesh-like fibrous protein network found in blood clots. This material
can be prepared by mixing fibrinogen and thrombin. Fibrin gel can bind to different growth
factors as well as fibronectin, and it is degraded enzymatically by the action of plasmin [89].
These biological functions make fibrin gel an attractive biomaterial for tissue engineering.
Wittman et al. demonstrated that a fibrin gel containing cells from the SVF formed vascu-
larized adipose tissue in vivo [90]. Fibrin gels were also used to co-culture ASCs and ECs
derived from peripheral blood, which led to vessel-like structure formation within the hy-
drogel [91]. While fibrin gel holds promise, it shows relatively fast degradation (generally,
within a few days in the body), hampering its long-term applications [92]. This issue can
be addressed by combining fibrin gel with other biopolymers. For example, a composite of
fibrin gel and collagen microfibers was used to generate a pre-vascularized adipose tissue
construct from ASCs and HUVECs. This tissue construct maintained its volume with a
high cell-survival rate over three months after subcutaneous implantation [93].
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Alginate is an anionic polysaccharide obtained from brown seaweed. Due to its mild
gelation condition, which only requires the addition of divalent cations such as Ca2+, this
natural polymer has been used in many biomedical applications, including wound dressing
and as a cell carrier [94]. Unlike protein-based biopolymers, alginate does not contain any
cell-adhesion motifs. Therefore, conjugation of functional groups such as RGD peptides is
often required to support cell attachment and growth [95]. Yoo et al. homogenously mixed
adipose tissues with ionically crosslinked alginate gels to generate an alginate–fat scaffold.
The adipose tissue within the alginate–fat scaffold remained viable and secreted adipokines
in vitro. More importantly, the alginate–fat scaffold preserved the volume of adipose tissue
in vivo [96]. Since alginate is practically non-degradable in the body, alginate hydrogels are
quite stable. While these gels dissociate gradually by releasing Ca2+ ions, dissociation rates
are generally slow, which prevents cell migration and vascularization. To make alginate
gels susceptible to hydrolysis, partially oxidized alginate has been developed. Kim et al.
reported that in vivo injection of oxidized alginate hydrogel containing pre-differentiated
human ASCs resulted in the formation of adipose tissue within ten weeks [97].

3.2.2. Synthetic Scaffolds

While biopolymers have been used extensively in tissue engineering due to their bioac-
tivity, biocompatibility, and degradability, some of their drawbacks include difficulties in
fine-tuning material properties such as mechanical strength, viscoelasticity, biodegradabil-
ity; high costs; batch-to-batch variability; and immunogenicity. In addition, animal-derived
materials have the potential risk of transmitting infectious diseases. In contrast, synthetic
polymers can be manufactured reproducibly and tailored for specific applications to fulfill
the required material properties. In general, synthetic materials are bio-inert, and introduc-
ing bioactive motifs is often required to ensure sufficient cell ingrowth. Thus far, various
synthetic polymers have been used as scaffold materials in adipose tissue engineering,
including polyethylene glycol (PEG) and its derivatives, as well as biodegradable plastics
such as polyglycolic acid (PGA) and poly(lactic-co-glycolic) acid (PLGA).

PEG is a highly water-soluble polymer commonly used for engineering drug–polymer
conjugates, surface coating biomedical devices, and in scaffolds for tissue engineering.
Generally, PEG polymers are chemically crosslinked to generate a hydrated 3D-network
structure (hydrogel). Brandl et al. reported that enzymatically degradable PEG hydrogels
can promote adipogenesis in 3T3-L1 preadipocytes [98]. To confer biodegradability and
cell-adhesion capability, a collagenase-sensitive peptide sequence, as well as an integrin-
binding motif, was incorporated into the PEG hydrogel network structure. It was found
that the PEG hydrogels containing these peptide sequences enhanced lipid synthesis from
differentiating adipocytes. One of the drawbacks of chemically crosslinked PEG hydrogels
is the potential toxicity of the residual reactive functional groups within a PEG hydrogel
network reacting with surrounding tissues. In addition, these systems generally require
complicated administration procedures such as light irradiation and the mixing of two or
more components [99]. To circumvent these issues, researchers have explored the use of
thermally induced gelling systems (thermogels) based on PEG-based amphiphilic block
copolymers, which are liquid at room temperature but which transform into hydrogels
at body temperature [100]. Because of the unique gelling mechanism using body heat to
induce a sol–gel transition without the need for additional toxic chemicals, thermogels
have great potential in tissue engineering applications. Vashi et al. demonstrated that
PEG–polypropylene oxide–PEG amphiphilic triblock copolymers (Pluronic F127) mixed
with type I collagen could serve as an injectable scaffold for supporting adipogenic differ-
entiation of bone marrow-derived MSCs [101].
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Aliphatic polyesters, such as PGA and PLGA, are semi-crystalline/glassy polymers
that degrade upon hydrolysis of their ester linkages. Due to their biocompatibility, these
polymers are a popular material choice in tissue engineering. In addition, these polymers
have excellent processability, allowing the fabrication of different sizes and shapes of
scaffolds using common manufacturing techniques such as electrospinning and 3D print-
ing. Weiser et al. used PGA fiber meshes to culture 3T3-L1 adipocytes under adipogenic
conditions [102]. Subcutaneous implantation of these cell–PGA mesh constructs led to
the formation of vascularized mature adipose tissues in vivo. Xu et al. reported that the
implantation of a porous PLGA scaffold seeded with ASCs in a laminectomy defect resulted
in the restoration of epidural fat without scar tissue formation [103]. Additionally, Patrick
et al. conducted in vivo studies using preadipocyte-seeded PLGA scaffolds in rats with
successful adipose tissue development [104]. PLGA scaffolds have also demonstrated suc-
cessful fat regeneration in a rabbit model. However, these are often prone to a foreign-body
response, with complications such as fibrous encapsulation and inflammatory reactions.
Aliphatic polycarbonates are another class of material that is of interest to biomedical engi-
neers as these materials are degradable and resorbable [105]. Poly(trimethylene carbonate)
(PTMC) is one such material that is being explored [106]. PTMC is a flexible, non-toxic
scaffold that does not form acidic degradation products. Jain et al. used a 3D-printing tech-
nique to fabricate a scaffold made of poly(L-lactide-co-trimethylene carbonate) (PLATMC),
which was further coated with polydopamine (PDA) for increased hydrophilicity. This
scaffold augmented ASC proliferation and differentiation (Figure 4) [107].

(A) (B)

Figure 4. ASC response to PLATMC 3D-printed scaffolds with or without PDA coating. (A) Confocal
images demonstrating augmented ASC distribution with the actin scaffold depicted in green and
nuclei staining in blue, scale bar 50μm. (B) Scanning electron microscopy images demonstrating the
cell protrusion and distribution of ASCs along the PLATMC scaffolds [107]. Adapted from Jain et al.
under the terms of the Creative Commons Attribution (CC BY) license (CC BY 4.0 Deed|Attribution
4.0 International|Creative Commons).
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For the successful formation of tissue-like constructs, an appropriate scaffold design
is critical. Porosity is an important factor for allowing efficient cell ingrowth, sufficient
nutrient and oxygen supply, and waste elimination. Pore size and interconnectivity have a
significant influence on angiogenesis. It has been reported that large pores of 50–150 μm
permitted mature vascularized tissue formation throughout the scaffold [108]. In addition,
mechanical compatibility, degradability, and biological functionalities of scaffolds can affect
adipose tissue formation.

3.2.3. Decellularized ECM

Decellularized ECM (dECM) has been used in tissue engineering. The goal of decellu-
larization is to remove all immunogenic components, such as nucleic acids, while retaining
biologically active components of the ECM to provide a microenvironment for stem cell
growth and differentiation after transplantation. The process of decellularization involves
treating tissues with high concentrations of salts, enzymes such as trypsin, and non-ionic
detergents like Triton X-100.

Adipose-tissue-derived decellularized extracellular matrix (DAM) in combination
with a scaffold can be used to induce the development of adipose tissue and capillary
formation [109]. DAM can be extracted from wasted adipose tissue and is composed
of ECM components such as collagen, laminin, fibronectin, elastin, GAGs, and other
biologically active macromolecules [110]. The fibrillar collagen and glycoproteins within
the DAM provide structural stretch resistance and resilience, allowing for the dynamic
remodeling of stem cells. It also contains growth factors such as VEGF, bFGF, and TGF-B,
which play an important role in soft-tissue regeneration [63]. Stem cells can be seeded on the
DAM and injected or transplanted into subcutaneous tissue to promote adipogenesis and
angiogenesis [111]. Following co-culture of a DAM with ASCs, the DAM was demonstrated
to express the adipogenic markers PPAR-γ and C/eBP-α [112]. Cell-tracking techniques
have verified that this ASC/DAM combination promotes adipogenesis originating from the
host [113]. These results have also been confirmed in vitro, with increased regeneration of
adipocytes within DAM constructs, and further studies have confirmed the biocompatibility
of the DAM with surrounding tissues [114–116]. Wang et al. used decellularized human
adipose tissues and processed them into an injectable hydrogel for seeding with human
ASCs [111]. The viability and proliferation of the ASCs were confirmed in vitro. The in vivo
results showed that the dECM stimulated host-cell infiltration and neovascularization,
accompanied by the formation of new adipose tissue, demonstrating the feasibility of
applying this system to adipose tissue engineering. Notably, the ASC-seeded dECM did
not elicit an immunogenic response [111].

The availability of adipose tissue can limit decellularization. Thus, decellularization of
other tissues (i.e., placental tissue) has also been investigated for adipose tissue engineering.
Flynn et al. perfused the placenta with different formulations of detergent solutions and
treated it with enzymatic digestion [117]. The decellularized placenta preserved the original
architecture and vascular network, and histological and immunohistochemical analyses
demonstrated the successful removal of immunogenic cellular components. The ASCs
attached to the decellularized placental ECM, suggesting that other types of tissues can be
decellularized for adipose tissue engineering. However, dECMs have limitations related to
their mechanical properties, degradation kinetics, and suboptimal cellular environments
and the time-consuming nature of constructing these matrices.
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3.2.4. Adipose Collagen Fragments

Although acellular dermal matrices provide a framework, the decellularization process
eliminates adipokines. To combat this, Xu et al. utilized adipose collagen fragments (ACFs)
to capture adipokines and to functionalize these molecules to an acellular adipose matrix.
Through this model, they identified the differentiation abilities of adipokines on human
ASCs by evaluating the structure of neo-adipocytes and neo-adipose tissue. The adipose
collagen fragments contained a diverse set of adipokines and were rich in angiogenic
proteins that were able to create mature, functional, and highly vascularized adipose tissue
when released in the presence of acellular adipose or dermal matrices [118].

3.3. Growth Factors/Biologics

Upon transplantation, the graft experiences a hostile hypoxic environment that induces
growth factor and cytokine secretions that influence the newly grafted preadipocytes,
adipocytes, and ASCs, as well as surrounding native adipocytes, to engage [119]. Methods
have been devised to enhance and optimize this natural process by selecting specific
growth factors to introduce into cell cultures, scaffolds, or grafts to promote viability.
Recent advancements have utilized placental membranes to extract growth factors to
create conditioned cell culture media. These membranes have abundant growth factors,
including PDGF, FGF, epidermal growth factor (EGF), keratinocyte growth factor (KGF),
PIGF, interleukin-4 (IL-4), transforming growth factor (TGF-β), VEGF, and tissue inhibitor
metalloproteinases (TIMPs) [120]. Magana et al. found that in the presence of such
factors, preadipocytes had higher cell viability in hypoxic environments when compared
with normal conditions, indicating a synergistic effect between the two. Further analysis
identified higher expression of VEGF-A after seven days in the hypoxic environment,
suggesting these growth factors trigger angiogenesis under hypoxic conditions [121].

Furthermore, growth factors that have been paired with biodegradable scaffolds and
strategies to augment their slow and controlled release from scaffolds have been exten-
sively studied [122]. Some techniques include the use of heparin and fibronectin-binding
domains to augment scaffold degradation kinetics, scaffold layering, covalent linking, and
encapsulation [123]. Song et al. used decellularized adipose tissue crosslinked with heparin
to encapsulate VEGF for controlled release. They found improved tissue vascularization
with the benefit of a biocompatible and stable scaffold in vitro [124]. Other approaches
utilize the layer-by-layer technique, alternating scaffold polymers with VEGF to allow
for sequential delivery. Khanna et al. developed a polycaprolactone (PCL) scaffold with
alternating layers of heparin, VEGF, and MMP-2s. The early release of VEGF followed by
ECM degradation by the MMPs and heparin release improved long-term graft integration
by reducing thrombogenesis [123]. Similarly, researchers used acellular adipose matrices
functionalized with specific adipose-derived growth factors, including VEGF, HGF, and
stromal cell-derived factor-1 (SDF-1), to induce angiogenic potential [125].

3.3.1. Extracellular Vesicles

EVs are lipid-bound vesicles naturally secreted by cells that contain proteins, lipids,
and nucleic acids for intercellular communication. Within VAT engineering, EVs have
gained popularity for their likely role in angiogenesis [126,127]. Additionally, these
molecules pose low risk for immune rejection. Studies have demonstrated that ASC-
derived EVs can promote fat-graft survival through the enhancement of angiogenesis in
addition to increasing graft volume retention [128–130]. They are also useful in the repair
and regeneration of tissues but are quickly degraded. Consequently, researchers have
paired them with hydrogel scaffolds for targeted delivery [131].
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3.3.2. Platelet-Rich Plasma

Other cell types can also augment scaffolds and serve similar functions to growth
factors. A systematic review by Vyas et al. recognized platelet-rich plasma (PRP) and ASCs
to be the most efficacious in promoting graft survival in vivo [132]. Li et al. demonstrated
that the combination of ASCs and PRP not only promoted graft survival but maintained
tissue volume in mice [133]. Sasaki et al. demonstrated a statistically significant difference
between mean graft retention with PRP supplementation in fat grafting for anterior mid-
face grafts compared with fat alone [134]. Furthermore, Gentile et al. demonstrated
maintenance of tissue volume and shape in breast reconstruction with the addition of PRP
to autologous fat transfers [135].

3.4. Approaches to Engineering Vascularized Adipose Tissue

Two principal approaches in VAT engineering have emerged: top–down and bottom–
up [136]. The top–down approach involves seeding cells onto porous scaffolds, stimulating
cell proliferation with growth factors, and cultivating the construct in a supportive en-
vironment [137,138]. The bottom–up approach (modular) utilizes individual cells or cell
agglomerates, such as spheroids, organoids, and cell sheets, which are then assembled into
a more complex structure to mimic native tissue [139]. This approach offers greater control
over the tissue architecture.

3.4.1. Top–Down Approach

In the top–down approach, 3D pre-shaped constructs can be seeded with ASCs and
ECs to form mature VAT [140]. Additionally, scaffolds can deliver complementary growth
factors and biologics that support VAT. Zhang et al. demonstrated that when scaffolds were
integrated with human ASCs as well as microspheres that release VEGF, the constructs
showed neovascularization and persistent adipose tissue and ECM formation in rats [141].
Additionally, there has been growing interest in the use of nanotechnology in vascularized
adipose engineering. Nanotechnology refers to the use of nano-sized particles (drugs,
proteins, etc.) that can be placed within or around scaffolds or other implantable materials to
deliver molecules. These particles increase the surface area, allowing for a more widespread
therapeutic effect, and can be targeted to specific tissues. The top–down approach poses
many limitations, including slow vascularization, diffusion limitations, low cell densities,
and a non-uniform cell distribution. For this reason, many researchers have started focusing
on a bottom–up approach instead.

3.4.2. Bottom–Up Approach

Modular engineering often utilizes cell clusters such as spheroids or organoids.
Spheroids are a 3D cell cluster formed by exposing cells to a non-adherent environment.
Spheroids exhibit close cell compaction, creating oxygen and nutrient gradients similar to
that in natural tissues, thus providing the ability to mimic in vivo conditions [142]. ASCs
have been cultured in 3D spheroids with success [143]. Similarly to fat grafts, spheroids
can only be grown to up to 400 μm in diameter, as an increased size results in limited
diffusion, leading to a necrotic core. However, recent research has shown them to have
some pro-angiogenic qualities, and they are also amenable to be used as a bioink, allowing
for controlled placement to maximize oxygen diffusion and vascularization [144]. Chal-
lenges persist, including achieving the ideal spheroid size and compactness, the capacity
for fusion, and the high cell density required for mimicking native tissues.
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Organoids, or “mini-organs”, are self-organizing in vitro cell cultures that differentiate
into functional cell types with the ability to grow in a 3D environment. Generated using
ESCs, iPSCs, or adult stem cells, organoids can mimic any tissue [145]. There have been
several studies using ASCs to create organoids through adipogenesis and vasculariza-
tion [146]. Strobel et al. aimed to incorporate vascular structures into adipose organoids by
differentiating human MSCs into preadipocytes and mixing them with microvessels [147].
However, like spheroids, they suffer from oxygen diffusion limitations and slow vascular
inosculation to the recipient.

3.5. Initiating Perfusion

Despite some success in VAT engineering, the same problem that plagues autologous
fat grafts persists—the inability to provide prompt oxygen delivery upon implantation.
The microcirculation within VAT needs to integrate with that of the recipient as quickly as
possible to prevent necrosis. Essentially, the recipient macrovasculature needs to establish
continuity with the embedded adipose microvasculature. There have been some promising
advances in microsurgery to improve perfusion.

3.5.1. Arteriovenous Loops

One technique described extensively in the literature to promote recipient-site an-
giogenesis is the use of arteriovenous loops (AVLs) (Figure 5A). AVLs are deliberate
arterio-venous fistulas that are created with a grafted venous interposition. AVLs can
stimulate capillary formation into the surrounding matrix. It has been demonstrated that
AVLs induce angiogenesis by modifying blood flow dynamics; increased flow in the AVL
causes higher wall shear stress leading to the formation of new vessels [148,149]. Further
analysis demonstrated that elevated shear stress leads to angiogenesis by inhibiting the klf2
gene, which is responsible for the endothelial to mesenchymal transition, and increasing
the expression of pro-inflammatory, pro-angiogenic macrophages and connexin 43 (a gap-
junction protein), which is typically negligible in veins [150,151]. Despite their technical
complexity, AVLs have been safely utilized in plastic surgery for vascular reconstruction
and subsequent flap transfer with good clinical outcomes [152]. By combining an AVL with
a fat graft, the fat receives a pedicled blood supply, and angiogenesis into the graft is stimu-
lated. The vascularized tissue can then be either left in situ or transplanted to a distal site
for soft-tissue reconstruction. This model thereby mimics an autologous flap. Debels et al.
combined fat grafts with an AVL in an isolation chamber and demonstrated vascularized
adipogenesis [153]. The adipocytes that remained within the isolation chamber appeared to
be the product of adipogenesis rather than adipocyte survival, suggesting that the success
of fat grafts may be based on new adipocyte development. Similarly, Henn et al. combined
an injectable nanofiber hydrogel with an AVL to engineer a soft-tissue flap, demonstrating
adipose vascularization within the isolation chamber [154]. This hydrogel combination
could offer an off-the-shelf injectable scaffold that produces a flap with biomechanical
properties similar to that of human fat. However, AVLs are technically cumbersome to
perform, and simpler microsurgical approaches have been trialed as well.
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Figure 5. Schematic of microsurgical techniques to improve vascularization. (A) An AVL with a
fat graft demonstrating the vascularization from a venous graft. (B) Fat-graft deposition over a
vascular bundle showing microvascular formation. (C) Transmural MPs into a vascular bundle
followed by placement of a fat graft demonstrating augmented vascularization. Image created with
biorender.com.

3.5.2. Vascular Bundles

Another avenue for engineering VAT is with its own vascular pedicle. Here, fat grafts
are placed in direct continuity with an underlying arterial and venous macrovasculature
(Figure 5B). Vascular bundles are simple and effective techniques for tissue or construct
vascularization. Previous studies have demonstrated the pro-angiogenic effects of vascular
bundles with and without anastomoses in silk-scaffold vascularization [155]. Furthermore,
Tanaka et al. demonstrated adipose tissue growth utilizing this technique in vivo [156,157].
In this study, the groins of rabbits were implanted with a tissue-growth chamber containing
a vascular pedicle bundle with a collagen sponge, PRP, and bFGF. At the 12-week timepoint,
adequate vascular tissue had developed sufficiently to transfer this tissue as an adipose flap
with the vascular pedicle outside of the chamber [157]. A technique like this would offer the
ability to spontaneously generate an autologous adipose flap for transfer without the donor-
site morbidity that is currently encountered with flap tissue. Lu et al. further expanded on
this model by utilizing an adipose tissue extract in combination with the chamber model
to further promote tissue growth and vascularization with growth factors [158]. Tissue
engineering chambers not only play a promising role in soft-tissue reconstruction but also
serve as a mechanistic model for understanding tissue growth. While promising, both AVL
and vascular bundles still suffer from a lack of rapidity.

3.5.3. Micropuncture

Our group has been using an experimental microsurgery technique termed microp-
uncture (MP) to stimulate cell extravasation and rapid microvascular formation out of a
macrovascular bundle (Figure 5C). Sprouting angiogenesis is a complex and sequential pro-
cess that requires disruption of the basement membrane. Normally, this is the rate-limiting
step in angiogenesis, as there needs to be a substantial buildup of inflammatory cells,
MMPs, and cytokines. In microsurgery, we routinely use needles that have diameters in the
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capillary range, so we sought to explore whether a 60 μm needle could be used to purposely
disrupt the vessel basement membrane and rapidly stimulate microvascular outgrowth.
To date, we have demonstrated that MPs can expedite adjacent hydrogel scaffold vascu-
larization, with the induced microvasculature demonstrating sustainability for up to one
month [159]. Angiogenesis in the MP cohort is induced by increased infiltration of ECs and
macrophages and increased expression of VEGF-receptor 2 and Tie-2, which are involved in
vascular remodeling [159,160]. We have performed preliminary studies incorporating MPs
into the femoral vascular bundle with autologous adipose tissue to determine whether this
can improve fat-graft vascularization (Figure 6A,B). In gross analysis, samples undergoing
MP demonstrate increased microvasculature formation when compared with the non-MP
control (Figure 6C–F). In the next phase, we aim to study the rapid vascularization of an
engineered adipose replacement graft with MP.

Figure 6. Fat graft vascularization after 7 days. Equal amounts of autologous adipose (yellow
outline) was loaded onto a silicone sheet that circumferentially wrapped the femoral vessels (A,B).
After 7 days, FGs were analyzed in situ, with control non-MP fat grafts remaining avascular and
undergoing liquefaction necrosis (C,E) while MP grafts have evidence of robust vessel ingrowth
(D,F). Arrows show the direction of the underlying femoral vessels. Scale bar = 10 mm.

4. Conclusions

Adipose is an abundantly available tissue in the human body with a wide variety
of clinical and engineering applications. Soft-tissue reconstructive efforts to date have
primarily focused on fat grafting and adipose flaps. Grafts are limited by oxygen diffusion,
and are thus only suitable for the reconstruction of small defects, while flaps carry sub-
stantial donor-site morbidity. Recently, there have been a multitude of tissue engineering
efforts to develop vascularized adipose tissue. Once successful, our landscape of soft-tissue
reconstruction will profoundly change for the benefit of patient care.
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