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Abstract

Lipid-based nanoparticles are widely explored as non-viral vectors for nucleic acid delivery,
where the molecular structure of cationic lipids strongly determines their performance.
Five-membered heterocyclic linkers were explored as a new structural motif in cationic
amphiphilic lipids for the development of promising gene delivery candidates. Novel lipids
incorporating pyrrole, furan, and thiophene linkers were synthesized alongside structurally
related aliphatic analogues, enabling systematic evaluation of how linker type influences
physicochemical behavior and self-assembly properties. Self-assembly behavior in aqueous
media was characterized by dynamic light scattering, and pDNA encapsulation efficiency
was measured using the Quant-iT Pico-Green method. The resulting liposomes exhibited
hydrodynamic diameters ranging from 92 to 1317 nm, while corresponding lipoplexes
ranged from 302 to 1159 nm. Amphiphiles containing heterocyclic linkers demonstrated
high pDNA encapsulation (>80% at optimal N/P ratios), whereas aliphatic analogues
showed significantly reduced performance. These results demonstrate that linker structure
strongly influences both self-assembly and nucleic acid binding properties. By evaluating
structure—activity relationships, five-membered heterocycles are proposed as promising
structural elements for the rational development of lipid-based gene delivery candidates.

Keywords: cationic amphiphilic lipids; heterocyclic linkers; self-assembly; liposomes;
lipoplexes; encapsulation efficiency

1. Introduction

Cationic amphiphilic lipids are crucial components of non-viral delivery vehicles for
nucleic acids, forming complexes with their anionic counterparts. These carriers spon-
taneously self-assemble with anionic nucleic acids via electrostatic interactions, forming
nano- or microparticles known as lipoplexes and polyplexes, respectively. These complexes
protect nucleic acids from nuclease-mediated degradation and facilitate intracellular deliv-
ery of the genetic cargo [1]. Lipid-like compounds that form liposomes typically consist of
three or four main structural elements. These include: (1) a hydrophilic headgroup, usually
cationic, that interacts with the anionic part of the genetic material; (2) a linker connecting
the hydrophilic and hydrophobic parts; (3) an optional backbone domain/spacer that in-
creases the distance between the hydrophilic and hydrophobic parts; and (4) a hydrophobic

Materials 2026, 19, 2744

https:/ /doi.org/10.3390/mal9132744


https://crossmark.crossref.org/dialog?doi=10.3390/ma19132744&domain=pdf&date_stamp=2026-06-26
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0003-3768-658X
https://orcid.org/0000-0002-2206-1248
https://orcid.org/0000-0001-8558-601X
https://orcid.org/0000-0003-2187-5693
https://orcid.org/0000-0002-5517-1240
https://doi.org/10.3390/ma19132744

Materials 2026, 19, 2744

20f19

domain, which plays a role in phase transition [2]. A schematic representation of a lipid-
like cationic molecule, illustrated based on a 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) derivative, is shown in Figure 1.

Figure 1. Schematic representation of DOTAP, a commonly used cationic lipid for gene delivery.

The type, length, and relative orientation of linker bonds influence the transfection effi-
ciency, biodegradability, stability, and cytotoxicity of cationic lipids [3]. Among the earliest
studied synthetic lipids were those containing ether and ester linkers; common examples
include N-(1-(2,3-dioleyloxy)propyl)-N,N,N-trimethylammonium (DOTMA) (ether) [4]
and DOTAP (ester) [5]. Another well-known linker group comprises amide linkers, with
dioctadecylamidoglycylspermine (DOGS) being a representative example [6]. Several mod-
ifications of the mentioned linker types have been introduced by changing the number and
length of the linker units, thereby altering the overall properties of the lipids [7-9]. Addi-
tional linker groups—such as disulfide, carbamate, acylhydrazone, urea, and phosphate—
have been studied and recently reviewed by Zhi et al. [10]. Ren et al. reported that
aromatic ring-based cationic lipids showed transfection efficiencies comparable to those of
DOTAP [11] At the same time, Pennetta et al. demonstrated that triazine-based cationic
lipids achieved high gene delivery efficiency, comparable to or exceeding that of branched
polyethylenimine (b-PEI) and Lipofectamine 2000 [12]. Among the studied linker types, het-
erocyclic systems used as amphiphilic lipid linkers have received comparatively little atten-
tion in transfection systems. Among the most successful examples are 1,4-dihydropyridine
(1,4-DHP) derivatives (Figure 2, compound 1a), which have also been studied by our
research group [13].

(@) ‘ (©) (@) (©)
Br~ N Br~ Br~ Br~ a:R=H;
. H . + ¥ b: R=3-CHj;
(/N ‘ /Nﬂ [/N ‘ /Nﬂ ¢: R=4-N(CHj),
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1a-c 2a-c

Figure 2. Schematic representation of pyridinium amphiphiles with 1,4-DHP 1 and pyridine 2 linker.

In previous studies, we have developed liposome-forming cationic amphiphiles based
on a 1,4-DHP core, capable of transfecting pDNA into different cell lines in vitro [13-16].
These studies analyze how structural modifications in different parts of the molecule affect
self-assembly and transfection properties. For example, Petrichenko et al. [16] highlighted
the crucial importance of the linker between hydrophilic and lipophilic parts. A comparison
between analogues 1la—c and 2a—c (Figure 2) demonstrated that replacing the 1,4-DHP linker
with pyridine decreased the transfection activity of the compounds by one third.

Direct comparison of five-membered heterocyclic linkers within the same structural
scaffold has not been systematically reported. Despite their structural similarity, pyrrole,
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furan, and thiophene differ in their electronic and physicochemical properties [17], which
may affect molecular packing, intermolecular interactions, and lipoplex formation. To
extend our knowledge of the significance of the linker, we synthesized five-membered
analogues based on the previously identified most active 1,4-DHP derivative 1a. This
approach not only expands the range of studied compounds but also provides insights into
the importance of the heterocyclic linker systems—pyrrole, furan, and thiophene. These
heterocycles were selected due to their potential as therapeutic agents. Numerous studies
have reported a wide range of biological and pharmaceutical activities for pyrrole [18-21],
thiophene [22,23], and furan [24,25]; however, compounds containing cationic moieties
have not been studied. The hydrophilic and lipophilic parts were kept the same as in
previously developed 1,4-DHP 1a, with slight variation in alkyl chain length to enable
better comparison. As reported previously, transfection activity generally increases with
the increasing chain length of saturated aliphatic moieties (C14-C18), whereas shorter
chains (C10-C14) enhance membrane fluidity [26,27].

In this work, we studied compounds covering both ranges by designing structures
with C12, C14, and C16 alkyl chain lengths. Additionally, aliphatic linkers—2-aminobut-2-
enoate and 3-oxobutanoate—were established as linear “half products” to better evaluate
the role of the linker. Figure 3 depicts the general core structures of the studied compounds.

o
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7\ / /N /Y \

1 4 4 4 1 X |

R N R R'™Ng” R RN R R N RITNY
pyrrole thiophene furan 3-aminobut-2-enoate  3-oxobutanoate

Figure 3. General structures of the studied compounds with five-membered heterocyclic linkers and
aliphatic linkers.

The effect of heterocyclic linkers in cationic amphiphilic lipids was assessed through
analysis of their self-assembly behavior and the parameters of the resulting liposomes and
lipoplexes. The study was supplemented with encapsulation efficiency measurements to
evaluate the ability of the compounds to bind genetic material—in this case, plasmid DNA
pBR322. All obtained data were compared with that of the previously synthesized 1,4-DHP
compound 1a as a control. The obtained results provide preliminary data and may support
further evaluation of these compounds for transfection and structure-activity relationship
studies. This study introduces a novel approach, as heterocyclic systems of this kind have
not been investigated for the development of transfection agent candidates.

2. Materials and Methods
2.1. Chemistry

More detailed descriptions of the synthetic procedures and characterization of the
original unpublished compounds are provided in the Supplementary Materials. Briefly,
the heterocyclic key intermediates 14, 16, and 17, for symmetric amphiphiles, and 25 and
33, for unsymmetric amphiphiles, were synthesized according to procedures described in
the literature [28-33], with slight modifications for symmetric pyrrole cyclization. Func-
tionalization of these intermediates was performed using similar procedures that involve
transesterification (or Steglich esterification), bromination with N-bromosuccinimide (NBS)
via a radical mechanism, and nucleophilic substitution with pyridine, leading to target
symmetric 3a—c, 4a—c, and 5b—c and unsymmetric 6a—c and 7a—c compounds. A similar ap-
proach was used to synthesize aliphatic amphiphiles 8a—c, 9a—c, and 10a—c, in combination
with methods used in previous studies of related compounds [34].
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2.2. Self-Assembling Properties of Synthesized Amphiphiles Using Dynamic Light Scattering
(DLS) Measurements

Average hydrodynamic diameters (Zay) and zeta-potential (Zpot) measurements were
performed according to previously published procedures, with minor modifications [32,33].
Briefly, samples for the DLS studies were prepared by making 4 mM stock solutions of
compounds 3-10 in EtOH. Stock solutions of the compounds (25 pL, 4 mM in EtOH 96%)
were injected into deionized water (175 pL) under vigorous stirring (IKA Vortex 2, IKA,
Staufen, Germany) to produce samples with a final concentration of 0.5 mM. Results of
three replicates (1 = 3) are reported as mean + standard deviation (£SD). The Z,, of
the formed nanoparticles, polydispersity index (PDI), and Zot were determined by DLS
using a Zetasizer Nano ZSP (Malvern Instruments Ltd., Malvern, UK). Data were analyzed
using the multimodal number distribution software (Malvern Instruments Ltd., Malvern,
UK, Software 8.01.4906) included with the instrument. Measurements were performed in
triplicate to ensure reproducibility.

The critical micelle concentration (CMC) was determined in aqueous media using
a Zetasizer Nano ZSP instrument with Malvern Instruments Ltd. software (Malvern In-
struments Ltd., Malvern, UK, Software 8.01.4906). Briefly, 0.5 mM stock solutions of the
compounds were serially diluted two-fold with deionized water to obtain final concen-
trations ranging from 0.5 mM to 0.5 x 10~2 mM. The electrical conductivity as a function
of amphiphile concentration was analyzed. The electrical conductivity detected for am-
phiphile concentrations below the CMC has an approximately constant value corresponding
to that of water. The conductivity begins to increase linearly with concentration at the CMC,
reflecting an increase in the number of nanoparticles in solution. The intersection of the
best-fit lines drawn through the data points was taken as the preliminary CMC value of
the compounds.

2.3. Formation of Lipoplexes and Encapsulation Efficiency Measurements

Compound-pDNA complexes (lipoplexes) were prepared by mixing appropriate
amounts (N/P ratios 1, 2, 4, and 6) of 0.05 mM lipid solutions in water with 100 ng
of pDNA pBR322 (purchased from Carl Roth GmbH + Co. KG, Karlsruhe, Germany).
Samples were diluted with 1 x Tris-EDTA buffer to a final volume of 300 pL, vortexed, and
incubated for 30 min at room temperature.

Quantification of pPDNA was performed using the Quant-iT PicoGreen pDNA Assay
Kit (Thermo Fisher Scientific, Waltham, MA, USA), according to the method described by
Cui et al. [35], with minor modifications. For sample preparation, 150 uL of each sample
was transferred to a new well of a 96-well plate and diluted with 150 pL of 0.1% Triton
X-100 to obtain lysed samples, followed by mixing and incubation at 37 °C for 15 min. For
control conditions, 150 pL of the same sample was diluted with 150 puL of 1 x Tris-EDTA
buffer and vortexed without lysis. Negative amphiphile control samples were processed in
parallel using the same lysis and non-lysis procedures to assess background fluorescence
originating from the amphiphile formulations. Subsequently, 100 pL aliquots of both
control and lysed samples were transferred in duplicate into a black 96-well microplate for
fluorescence measurement. The remaining 100 pL of each sample was retained for dynamic
light scattering analysis.

For the PicoGreen assay, the commercial PicoGreen reagent was diluted 1:200 in
1 x Tris-EDTA buffer immediately before use. Then, 100 uL of diluted PicoGreen working
solution was added to each well containing the sample or standard. The plate was mixed
by gentle pipetting or orbital shaking and incubated at room temperature in the dark
for 5-10 min. Fluorescence intensity was measured using a Clariostar Plus microplate
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reader (BMG Labtech, Ortenberg, Germany), with excitation at 475 nm and emission at
500-550 nm.

Encapsulation efficiency (EE%) was determined by measuring the fluorescence of
lipoplexes before and after lysis and was calculated using Equation (1):

(Lysed sample — Control sample)

EE% = Lysed sample

x 100 (1)

The DNA concentration in the lipoplex was estimated using a calibration curve
obtained from measurements of pPDNA at known concentrations (Figure S3 in the
Supplementary Materials).

An aliquot of the control samples (before PicoGreen addition) was employed to
measure the sizes of the formed nanoparticles using DLS.

2.4. Gel Retardation Assay

Compound-pDNA complexes (lipoplexes) were prepared by mixing appropriate
amounts (N/P ratios 0.3, 1, 3, and 5) of 0.5 mM lipid solutions in OptiMEM medium
with 1 ug of pPDNA pEGFP-C1 (purchased from Clontech, Mountain View, CA, USA), with
a total volume of 30 pL. The reaction mixture was incubated at room temperature for
25 min to form lipoplexes. Lipoplex formation was determined by agarose gel electrophore-
sis, taking 10 pL of the reaction mixture. Samples were loaded onto a 1% agarose gel
containing ethidium bromide and electrophoresed in Tris-acetate-EDTA (TAE) buffer. Elec-
trophoresis was performed at 120 mA for 40 min. DNA bands were visualized using a UV
light. The extent of pPDNA complexation was evaluated from the retardation of plasmid
migration relative to that of naked pDNA.

2.5. Statistical Analysis

Results were expressed as mean standard deviations (£SD). All of the experiments
were performed in triplicate (n = 3) and analyzed using Microsoft Excel (version 2603).
Statistical analysis was performed using GraphPad Prism v10.6.1. Data were analyzed
using a Welch’s ANOVA test with Dunnett’s T3 multiple comparisons test. The Pearson’s
correlation coefficient was used for correlation analysis. p-values less than 0.05 were
considered statistically significant.

3. Results and Discussion
3.1. Synthesis of Symmetric Five-Membered Amphiphiles

For the synthesis of symmetric amphiphiles with a five-membered linker between the
hydrophilic head group and lipophilic domain, we propose a reaction sequence depicted
in Scheme 1.

Thiophene intermediate 14 was obtained in three steps, according to a procedure
described in the literature, starting from commercially available 2,5-dimethylthiophene
11 [28-30]. The reaction yields and compound physicochemical properties for these steps
were found to comply with those reported in previous studies. Steglich esterification using
1-dodecanol, 1-tetradecanol and 1-hexadecanol was then applied to yield compounds 18a—c,
followed by the bromination of the 2,5-methyl groups using NBS in the presence of benzoyl
peroxide (BPO). It should be noted that the purification of brominated products 21a—c posed
challenges. Therefore, a mixture of a product 21a—c (dialkyl 2,5-bis(bromomethyl)thiophene-
3,4-dicarboxylate) and a half-product 21’a-c (dialkyl 2-(bromomethyl)-5-methylthiophene-
3,4-dicarboxylate) was used for the last step—nucleophilic substitution of bromide by
pyridine. The final products 3a—c were subsequently purified using reversed-phase chro-
matography. Unpublished reaction steps and detailed descriptions of the obtained com-
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pounds are presented in Section S2.1 of the Supplementary Materials. A summary of the
synthetic route and overall reaction yields is shown in Table 1, entry 1.

O O
NC_ CN HO OH
/ \ (a) NaOAc, Brp, DCM /Z—S\b) CuCN, FeCls, DMF /Z—g\(c) KOH, ethylene glygol 7\
0°C to RT, 5h 150 °C, 18h s 200°C, 4h s R= a) C1,Has; b) Cy4Ha; €) CigHas
13 14
(d) DMAP, EDCI, R-OH, DCM
65 °C, 18h

0 O 0 0O
N /S R }
. o o o o
5) NH;OAc, EtOH, 35 °C, 18h 7 () R-OH, MsOH, tql. h)NBS BPO, c<:|4 ()p! acetong T
O ™ o 7 120 °C, 5to 18h T e0°C,18n RT, 18h _ _
Y Y Br
16:Y=0

(f) c.HS04, RT, 30min N+ N
1Y = 18a-c: Y=S 21a c: Y= S G\
17:Y =NH 19a-c: Y=0 22a-c: Y=0 / =~
20a-c: Y=NH 23a-c: Y=NH 3a-c: Y=S
4a-c: Y=0
5a-c: Y=NH

(h) NBS, BPO, CCl,
60 °C, 18h 0 o

— —
o o
/ \ (g) R-OH, MsOH, tol
120 °C, 5to 18h
[¢]
Br Br
22'

Scheme 1. Synthetic route to symmetric five-membered amphiphilic lipid-like compounds 3-5, with

pyridinium cations.

Table 1. Summary of the synthetic route to yield five-membered amphiphiles 3-5.

Entry Starting Material Reaction Steps Final Products Overall Reaction Yield, %
R ©0 O R
o o
I\ I\
/Q\ Br- s Br- 3a: 2.6
1 " 6 =N /N*\ 3b: 4.2
2,5-dimethylthiophene Ny ~ 3¢: 6.5
3a: R=C12H25; 3b: R=C14H29;
3c: R=C16H33
R O O R
o o ° g
0™ B
o Br~ 0 Br- 4a: 124
2 ) 4 =N N \ 4b: 14.4
15 N\ J ~ 4c: 16.3
diethyl 2,3-diacetylsuccinate 4a: R=C12Hps; 4b: R=C14Hz9;
4c: R=C16H33
R 0 O R
Qo Q e} o
o B
o Br~ N Br 5a: 3.1
+ H + .
3 o 0 6 =N N \ 5b: 6.4
15 A\ / ~ 5¢: 4.0
diethyl 2,3-diacetylsuccinate 5a: R=Cq5Hzs; 5b: R=C14Hog;
5c: R=C16H33

For the synthesis of furan (Scheme 1, steps f, /1, g, and i) and pyrrole (Scheme 1, stepsee, g,
h, and i) amphiphiles 4a—c and 5b—c, respectively, similar methods were used. In both cases,
syntheses were started from commercially available diethyl 2,3-diacetylsuccinate 15. Under
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previously published acidic conditions [31], it was cyclized to form furan intermediate
16, whereas a modified Paal-Knorr pyrrole synthesis yielded pyrrole intermediate 17.
Classical Paal-Knorr pyrrole synthesis usually requires the use of methanolic ammonia
solution [36], which is known as a hazardous mixture. To lower the safety risks, we used
ammonium acetate, which was easy to handle and also provided a high reaction yield of
96%. Further steps included transesterification of the side-chains with appropriate alcohol
(1-dodecanol, 1-tetradecanol, and 1-hexadecanol) and 2,5-methyl group bromination with
NBS. For the successful bromination of pyrrole derivatives 20a—c, the protection of the
NH group needs to be considered. In our work, we used tert-butyloxycarbonyl (Boc)
protection to yield 23a—c because it was stable at bromination conditions and easy to remove
afterwards. For the further modifications of furan derivative 16, a slightly different sequence
of reactions was required. Purification of the reaction mixture after the bromination
of 19a—c was quite challenging. Therefore, we first performed the bromination of 16,
following the method literature in the [37], to yield product 22’, and only then did we
carry out the transesterification reaction. This resulted in higher reaction yields, and the
products were easier to purify. The last step for the pyrrole and furan derivatives was
the same as that for the thiophene derivatives. A summary of the syntheses and overall
reaction yields of furan amphiphiles 4a—c is shown in Table 1, entry 2, while those of the
pyrrole amphiphiles 5a—c are shown in entry 3. Detailed information on the synthesis
of the symmetric furan and pyrrole amphiphiles is presented in Sections 52.2 and S2.3,
respectively, of the Supplementary Materials.

In summary, the synthesis of furan derivatives required fewer reaction steps
(four steps vs. six steps for thiophene and pyrrole), resulting in higher overall reaction
yields (Table 1 entry 2, column 5). In all cases, lower reaction yields were obtained for
C12 ester derivatives. This could be due to the liquid/oily state of the corresponding
intermediates, which makes them unsuitable for purification by crystallization.

3.2. Synthesis of Unsymmetric Five-Membered Amphiphiles

The amphiphilic compound class with a heterocyclic linker was enriched by the
synthesis of similar unsymmetric compounds: bis-cationic moieties containing pyrrole
dicarboxylates 6a—c (Scheme 2) and mono-cationic moieties containing furan dicarboxylates
7a—c (Scheme 3). In the first case, changing the position of the lipophilic and hydrophilic
parts could result in different liposome properties. In the second case, changing the ratio
between the hydrophilic and lipophilic parts could lead to the formation of different types
of aggregates in aqueous solution, as described by Israelachvili’s theory of the molecular
packing parameter. This concept illustrates how the size and the shape of an aggregate at
equilibrium can be predicted based on a combination of molecular packing considerations
and general thermodynamic principles [38—40].

For the synthesis of unsymmetric pyrrole amphiphiles 6a—c, a seven-step sequence
was applied. Reactions are shown in Scheme 2 and described in detail in Section 52.4 of the
Supplementary Materials. Briefly, commercially available ethyl 3-oxobutanoate was used
in the previously published Knorr reaction to produce intermediate 25 [32]. The reaction
yield and compound physicochemical properties for step a are found to comply with those
reported in previous studies. Subsequent steps b, ¢, d, and e followed the same methods
used for the symmetric pyrrole amphiphiles. Only minor changes were introduced in the
final step f, where nucleophilic substitution was carried out at a higher temperature, using
acetonitrile as the solvent, replacing acetone.
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then Zn, RT to reflux, 1h N 150 °C, 36h RT, 18h 0 N
H R Boc
26a-c O 27a-c

R=1a) Cy2Hzs; b) Cq4Hag; €) CrgHaz

(d) NBS, BPO, CCl,

75°C, 18h

o, R

O

< : A - NPy, MeCN Br N (e) TFA, DCM Br A
| . 80°C, 18h \ RT, 18h o \
N N Br A N Br
H / R Boc
(0]
2%a-c 28a-c

Scheme 2. Reaction scheme for the synthesis of unsymmetric pyrrole containing amphiphilic lipid-
like compounds 6a—c bearing two lipophilic parts and two hydrophilic parts.

R
o N4
o 0]
(a) TH,O, DMSO, DCM (9 R OH, MsOH ‘ A\
70 °C to RT, 30min DMSO 160 °C 1h 150 °C 60h o O-R

34a-c
R=a) Cq2Has; b) Cq4H2g; €) CogHas

R R (d) NBS, BPO, CCl,
o N4 o N4 75°C, 18h
R‘O { o R o { o
\ (e) Py, acetone \
(0] O-R RT, 16h (0] O-R

B Nt Br

&

= 7a-c 35a-c

Scheme 3. Reaction scheme for synthesis of unsymmetric furan containing amphiphilic lipid-like
compounds 7a—c bearing three lipophilic parts and one hydrophilic part.

For the synthesis of unsymmetric furan amphiphiles 7a—c, commercially available
methyl 3-oxobutanoate was selected as starting material due to easier achievement of
intermediate 33 transesterification at ¢ step. Also, the synthesis of intermediate 33 had
already been demonstrated by Xu et al. [33]. Unlike the procedure used by these authors,
we decided not to perform step b under microwave irradiation, which resulted in a slight
reduction in reaction yield. Further transesterification reaction with the appropriate alcohol
(1-dodecanol, 1-tetradecanol or 1-hexadecanol) was monitored by liquid chromatography—
mass spectrometry (LC/MS) analysis to determine the appropriate reaction time. Due to the
bulky structure of compound 34a-c, transesterification reactions took longer, resulting in
lower yields compared to those of symmetric furan intermediates 19a—c. Additionally, the
subsequent bromination reaction proved challenging, yielding only an inseparable mixture
of product 35a—c and starting material 34a—c. In the final step, nucleophilic substitution
was performed with the reaction mixture, and the desired compound 7a—c was purified
afterward. The reactions are shown in Scheme 3 and described in detail in Section 52.5 of
the Supplementary Materials. A summary of the synthesis of unsymmetric pyrrole and
furan amphiphiles is presented in Table 2, entries 1 and 2, respectively.
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Table 2. Summary of the synthetic route to yield unsymmetric five-membered amphiphiles 6a—c

and 7a—c.
Entry Starting Material Reaction Steps Final Products Overall Reaction Yield, %
Brr o R
o o </ \: . ©
PN = TV 6a: 113
1 242 7 RO N % +>\ 6b: 13.1
o — 6¢: 6.9
ethyl 3-oxobutanoate
6a: R=C;,H,5; 6b: R=C44Hog
6¢: R=CgH3;3
R
o © o
o 0 Ro W
AN~ B 7a: 1.0
2 30 5 B e 7b: 1.4
7 7c: 0.7
methyl 3-oxobutanoate =
7a: R=C,Hy5; 7Tb: R=Cq4Hyg
7c: R=CgH33

In summary, the overall reaction yields for the synthesis of unsymmetric furan am-
phiphiles are lower than those for unsymmetric pyrrole amphiphiles (Table 2 entries 2
and 1, respectively), despite the smaller number of reaction steps. We propose that this
difference may be related to steric hindrance arising from the presence of three lipophilic
substituents. The overall reaction yields of the unsymmetric pyrrole derivatives (6.9-13.1%)
are comparable to those of the symmetric furan derivatives (12.4-16.3%) and higher than
those of their symmetric derivatives (thiophene: 2.6-6.5%; pyrrole: 3.1-6.4%). These dif-
ferences do not relate to the number of reaction steps but may instead be associated with
material losses during bromination reactions and related purification difficulties.

For a better understanding of the role of heterocycles in the structure, we chose to
synthesize compounds with aliphatic linkers that are structurally similar to heterocycles
and resemble linear “half-products”. The proposed reaction sequence consists of three to

four reaction steps and is depicted in Scheme 4.

O O o O NH, O (d) Py, acetone, RT, 18h = ‘ NH, O

X _(@ROH _ X _R _(b) NH,OAc, MeOH_  x x _R or SONT A _R
MO/\ 150 °C, 18h MO 40 °C, 18h MO ° 8 Mo
. , (e) Py, MeCN, 80 °C, 18h X
24a: X=H; 36a-c: X=H; 37a-c: X=ClI 39a-c: X=Cl: 40a—c: X=Br 8a—c: X=CI; 9a—c: X=Br
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Scheme 4. Scheme for synthesis of amphiphiles with aliphatic linkers: 2-aminobut-2-enoates 8a—c

and 9a—c and 3-oxobutanoates 10a—c.

The synthetic route begins with the transesterification of either ethyl 3-oxobutanoate
24a or ethyl 4-chloroacetoacetate 24b, depending on the anion desired in the final com-
pound. The reactions were carried out with the appropriate alcohol under solvent-free
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conditions, with azeotropic removal of ethanol. The further reaction of compounds 37a—c
with NH4OACc led to the formation of enaminoesters 39a—c. The description of the used
method is presented in our previous work [34]. The same procedure was used for the
synthesis of compounds 40a—c after bromination of compounds 36a—c with bromine in
chloroform. Bromination at the 4-carbon position was based on a previously published
method [41]. Formation of the desired compound was confirmed by proton nuclear mag-
netic resonance (‘H NMR) spectra in CDCl; solution (Figure S1). The last step yielding
the corresponding pyridinium salts 8a—c, 9a—c, and 10a—c involved a nucleophilic attack of
pyridine to the halide precursors. The same procedure used for heterocyclic compounds
21-23 was applicable to the bromide derivatives 38a—c and 40a—c, whereas the less reactive
chloride derivatives 39a—c required modified conditions. Consequently, this reaction was
performed under different conditions with higher temperatures. Formation of the Z-isomer
for compound 9b was confirmed by NOESY spectra (Figure S2), wherein a cross-peak
between protons at the 2-carbon and 4-carbon positions was observed. For the remaining
products (8a—c and 9a,c), the 'H NMR spectra were comparable, and their configurations
were also assigned as Z-isomers. A summary of the synthesis of amphiphiles with aliphatic
linkers is demonstrated in Table 3. More detailed descriptions of previously unpublished
synthetic procedures and the characterization of the new compounds are described in
Section S2.6 of the Supplementary Materials.

Table 3. Summary of the synthetic route to yield amphiphiles with aliphatic linkers 8a—c, 9a—c,
and 10a—c.

Entry Starting Material Reaction Steps Final Products Overall Reaction Yield, %
o o @ NH, O
o A~ SoNUAA R 8a: 6.0
1 ot 3 c 8b: 8.2
8a: R=C4,H55; 8b: R=C44Hyg; 8c: 10.6
ethyl 4-chloro-3-oxobutanoate 8¢: R=C1gHas
o O Z NH, O
)l\/”\o/\ SN AR 9a: 0.9
2 4 Br- 9b: 1.4
24a 9a: R=Cj,Ha5; 9b: R=C44Hzg; 9¢: 2.0
ethyl 3-oxobutanoate 9¢: R=C1gHa3 T
o o Z3y o O
PGNP s NAA R 10a: 5.9
3 243 3 Br- 10b: 7.8
10a: R=C4,Hy5; 10b: R=C4Hyg; 10c: 9.2
ethyl 3-oxobutanoate 12)2(::25:016'_'33 147729

During the synthesis of amphiphiles with aliphatic linkers (8a—c, 9a—c, and 10a—c),
it was challenging to identify suitable purification methods for the intermediates. This
resulted in complex reaction mixtures and lower overall reaction yields, particularly for
compounds 9a—c, which exhibited overall yields of only 0.9—2.0% (Table 3, entry 2). Al-
though the synthesis of aliphatic amphiphiles required a smaller number of reaction steps
(Table 3, column 3) compared with those for the heterocyclic amphiphiles (Tables 1 and 2,
column 3), the overall reaction yields were still lower in most cases. In summary, both
aliphatic amphiphiles and symmetric heterocyclic amphiphiles tend to give higher overall
yields with C16 esters. For example, the overall yield of aliphatic amphiphile with C16
ester 10c is 9.2%, while for C12 ester 10a, it is 5.9%; the symmetric heterocyclic amphiphile
with C16 ester 3c is 6.5%, while for C12 ester 3a, it is 2.6%. The opposite tendency was
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detected with unsymmetric heterocyclic amphiphiles, where the overall yield of C16 ester
6¢ is 6.9%, while for the C12 ester, it is 11.3%.

The structures of all compounds were established and confirmed on the base of
the 'H NMR and 3C NMR (Figures S5-S125, Supplementary Materials). The purities
of the studied amphiphiles were at least 97%, according to high-performance liquid
chromatography data.

3.3. Evaluation of Self-Assembling Properties

The ability to form nanoparticles in an aqueous medium is related to the amphiphilic
nature of the synthesized molecules. The dynamic light scattering (DLS) method was used
for the evaluation of average hydrodynamic diameters (Z,y), polydispersity index (PDI),
zeta-potential (Zpot) and critical micelle concentration (CMC) using the conductometry
method. Nanoparticles were prepared using the ethanol injection method, which required
dissolving the lipid-like compound in ethanol and then dispersing the resulting lipid
solution into water. The final solution concentration for the measurements was 0.5 mM for
better comparison, except for the CMC measurements, which required a dilution series
(chosen concentration range: 2 mM to 1 x 1072 mM). Data concerning zeta-potential and

CMC are summarized in Table 4.

Table 4. Values of the zeta-potentials (Zpot) and critical micelle concentrations (CMC) of freshly
prepared nanoparticles formed by symmetric (1a, 3a—c, 4a—c, 5a—c), unsymmetric (6a—c, 7a—c), and
aliphatic (8a—c, 9a—c, 10a—c) amphiphiles in aqueous solution via DLS measurements.

Entry

1la 3a 3b 3c 4a 4b 4c 5a 5b 5¢

Symmetric

comp.

Zpot ’
mV

19+09 22+14 174+15 28+15 20+£11 15+12 28403 11+£11 21+£11 17+09

CMC,
uM

17-25 22-30 23-28 15-21 45-60 27-40 21-40 12-20 10-20 12-18

6a 6b 6¢ 7a 7b 7c

Unsym-
metric
comp.

Zpot ’
mV

16+19 14+£17 16+19 29+28 21+19 23+14

CMC,

3045 15-20 25-28 30-50 3045 25-32

8a 8b 8c 9a 9b 9c 10a 10b 10c

Aliphatic

comp.

Zpot ’
mV

17+25 18+£02 244+10 15+63 15+13 254+34 14+13 19+14 23424

CMC,

55-65 50-60 45-60 30-54 45-50 3040 48-75 35-55 32-40

Zeta-potential values provide information about the surface charge of nanoparticles.
Typically, for nanoparticle solutions to be considered as relatively stable, their zeta-potential
must be above +30 mV or below —30 mV [42,43]. However, even a small amount of ethanol
in the solution can significantly affect both the Zeta potential and hydrodynamic diameters
of the formed nanoparticles [44,45].

CMC values define the concentration above which micelles are formed. According to
Felice et al. [46], CMC values for most amphiphiles are in the range of 10~4-10~2 M, whereas
phospholipids exhibit four to five times lower values, indicating lower aqueous solubility
and higher stability compared to those of other micelles [47]. In our case, CMC values of
the tested amphiphiles range from 17 to 60 uM for cyclic compounds (symmetric: Table 4,
entry 2; unsymmetric: Table 4, entry 4) and from 30 to 75 uM for aliphatic compounds
(Table 4, entry 6). The obtained results are in agreement with the observations reported by

Felice et al.
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It is known that the size of nanoparticles significantly influences the pathway of
cellular entry, transfection efficiency, cytotoxicity, and in vivo biodistribution. Although
smaller nanoparticles are generally considered more efficient for transfection, larger par-
ticles may still be relevant for certain applications. Additionally, the optimal size range
remains uncertain and may vary depending on the compound itself, as different studies
have shown varying effects of particle size [48]. The average hydrodynamic diameters
and polydispersity indexes of the nanoparticles formed in our study are summarized in
Table S1 (Supplementary Materials) and depicted in Figure 4.

* r1

la 3a 3b 3c 4a 4b 4c 5a 5b 5¢c 6a 6b 6c 7a 7b 7c 8 8b 8c 9a 9b 9c 10a 10b 10c

Symmetric Unsymmetric Linear
M Zav, nm Pdl

Figure 4. Values of the average hydrodynamic diameters (Z,y) and polydispersity index (PDI) of
freshly prepared liposomes formed by symmetric (1a, 3a—c, 4a—c, 5a—c), unsymmetric (6a—c, 7a—c),
and aliphatic (8a—c, 9a—¢c, 10a-c) amphiphiles in aqueous solution at 0.5 mM concentration via DLS
measurement. Error bars represent £SD from three independent experiments. Error bars smaller than
the data point size are not visible. The yellow line indicates a PDI value of 0.3, commonly considered
the upper limit for a relatively homogeneous and stable system. Statistical significance is indicated as
follows: *—p < 0.05; **—p < 0.01; **—p < 0.0001. All calculated p-values are summarized in Table S2
(Supplementary Materials).

The data show that both the average hydrodynamic diameter and polydispersity
index depend on the compound structure. Similar trends were observed among struc-
turally related compounds. For example, the sizes of nanoparticles formed from symmetric
amphiphiles ranged from 164 nm to 1317 nm. The largest nanoparticles were formed
from amphiphiles containing a thiophene linker (3a Z,, = 650 nm; 3b Z,, = 1317 nm;
3¢ Z;y =470 nm). Amphiphiles containing a furan linker formed smaller nanoparticles
(4a Zay = 299 nm, 4b Z,, = 230 nm, 4c Z,, = 330 nm), comparable in size to those
formed from amphiphile 1a (Z,y = 298 nm). The smallest nanoparticles were formed
from amphiphiles containing a pyrrole linker (5a Z,, = 208 nm, 5b Z,, = 164 nm,
5¢ Z,v = 183 nm). However, the results did not reach statistical significance (see Table 52 in
Supplementary Materials). Meanwhile, the aliphatic amphiphiles—8a—c, 9a—c, and
10a-c—form nanoparticles ranging in size from 100 nm to 656 nm. The sizes of nanoparti-
cles formed from unsymmetric amphiphiles—6a—c and 7a-c—are generally smaller than
those formed from compounds 5a—c (5a vs. 6a: p = 0.0001; 5a vs. 7a: p < 0.0001), except for
the case of compound 6b, which forms nanoparticles with an average hydrodynamic diam-
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eter of 433 nm. Overall, the most homogeneous nanoparticles were formed by symmetric
amphiphiles 5b and 5¢, unsymmetric amphiphiles 6¢ and 7a—c, and aliphatic amphiphiles
8a, 9¢, and 10c¢, with PDI values below 0.3.

3.4. Encapsulation Efficiency and Characterization of Lipoplexes

Cationic lipid-DNA complexes (lipoplexes) were prepared at four different N/P
ratios (1, 2, 4, and 6) using symmetric (1a, 3a—c, 4a—c, 5a—c), unsymmetric (6a—c, 7a—c),
and aliphatic (8a—c, 9a—c, 10a—c) amphiphiles, together with plasmid DNA pBR322. The
N/P ratio governs the electrostatic self-assembly of the nanoparticles. A higher N /P ratio
provides more positively charged centers to condense and fully encapsulate the negatively
charged nucleic acids. At lower N/P ratios, the cationic lipid may not fully bind the
negatively charged DNA, leading to a low encapsulation percentage (Table S3, entries
1,2,5,6,9,10). However, excessively high N/P ratios may compromise the structural
integrity of the complex, increase toxicity, or hinder the release of the nucleic acid inside
the target cell. To assess possible interference of the amphiphile formulations with the
PicoGreen assay, control samples containing only amphiphiles were prepared and analyzed
under identical conditions. These controls exhibited fluorescence signals at background
levels, indicating that the amphiphiles themselves did not interfere with the PicoGreen
fluorescence measurements. Encapsulation experiment results are summarized in Table S3
(Supplementary Materials) and depicted in Figure 5.

I z

=

'l | ’

la 3a 3b 3c 4a 4b 4c 5a 5b 5¢c|/6a 6b 6c 7a 7b 7c|/8a 8b 8 9a 9b 9c 10a 10b 10c

Symmetric Unsymmetric Linear
m N/P=4 N/P=6

Figure 5. Encapsulation of plasmid DNA pBR322 in liposomes formed by symmetric (1a,
3a-c, 4a—c, 5a—c), unsymmetric (6a—c, 7a—c), and aliphatic (8a—c, 9a—c, 10a—c) amphiphiles at
N/P =4 and N/P = 6 ratios detected by the PicoGreen assay. Error bars represent +SD from three
independent experiments.

As expected, higher encapsulation efficiency (EE > 78%) was achieved at N/P ratios
of at least 4, except for complexes with compounds 4c and 5c—already at an N /P ratio of
2—which reached EE values of 78% and 80%, respectively (Table S3, entry 2). Additionally,
when analyzing lipoplexes formed from cyclic amphiphiles, we observed that the best
results were mostly obtained with amphiphiles containing C14 ester side-chains. Only two
lipoplexes formed from aliphatic amphiphiles (8c and 9c) were able to encapsulate more
than 80% pDNA. Additionally, aliphatic amphiphiles 10a and 10b showed no encapsulation
at any of the tested N /P ratios, whereas aliphatic amphiphile 10c displayed only 8% EE at
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an N/P ratio of 6. Based on these results, aliphatic structures appear to be less effective
under the studied conditions and may therefore be less suitable for further studies of
transfection activity. Additionally, the results highlight the crucial role of the NH; group
for complexation with genetic material in aliphatic amphiphiles.

To provide direct evidence for DNA binding and plasmid integrity, the ability of
selected amphiphiles 1a, 4a—c to form lipoplexes with pPDNA was evaluated using an
agarose gel retardation assay. The results are shown in Figure 6.

1a 4a 4b 4c

-
S
g
=

L

S

1.5 nmol
4.5 nmol
0.5 nmol
1.5 nmol
4.5 nmol
8.0 nmol
0.5 nmol
1.5 nmol
4.5 nmol
8.0 nmol

Figure 6. Gel retardation assay of amphiphiles 1a and 4a—c incubated with 1 ug pPDNA pEGFP-C1 at
different concentrations.

The selected amphiphiles included 1,4-DHP compound 1a (used as a reference) and the
symmetric furan amphiphiles 4a—c. In all cases, increasing the amount of the transfection
agent decreased the amount of free DNA. All tested compounds completely bound 1 pg of
pDNA at concentrations ranging from 1.5 to 4.5 nmol (N /P ratios of 1 to 3). Interestingly, as
the amount of the compound increased, DNA bound within the complexes (lipoplex DNA
band) was no longer detectable for compound 1a at 8.0 nmol, whereas for compounds
4a and 4c, it already became undetectable at 4.5 nmol. In contrast, for compound 4b, the
lipoplex DNA band remained detectable even at 8.0 nmol.

Lipoplexes exhibiting an encapsulation efficiency of at least 78% at an N /P ratio of 6
were also evaluated for their average hydrodynamic diameters and polydispersity indexes.
Results are summarized in Table 54 (Supplementary Materials) and depicted in Figure 7.

The obtained data demonstrate that most of the lipoplexes have similar average
hydrodynamic diameters. Additionally, a trend can be observed with changes in the ester
side-chain length: Z,, increases as the ester side-chain in the amphiphile increases from
C12 to C16. For example, the Z,, values of symmetric thiophene amphiphiles 3a (C12), 3b
(C14), and 3c (C16) increased from 762 nm to 826 nm and 1037 nm, respectively (Pearson’s
correlation coefficient r = 0.96; p = 0.09). The corresponding correlation plot is shown in
Figure 54 (Supplementary Materials). A different trend was observed for unsymmetric
amphiphiles. The Z,, values of unsymmetric pyrrole amphiphiles 6a—c were 720, 660, and
972 nm, respectively, whereas the Z,, values of unsymmetric furan amphiphiles 7a—c were
302, 890, and 677 nm, respectively.

When comparing the Z,, values of lipoplexes with those of nanoparticles formed with-
out encapsulated pDNA, an overall tendency toward increased Z,, values was observed in
most cases, while PDI values generally decreased, indicating more homogeneous systems
(Figure 8).
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Figure 7. Values of the average hydrodynamic diameters (Z,y) and polydispersity indexes (PDI) of
the lipoplexes formed from symmetric (1a, 3a—c, 4a—c, 5a—c), unsymmetric (6a—c, 7a—c), and aliphatic
(8¢, 9¢) amphiphiles with plasmid DNA pBR322 at N/P ratio = 6. Error bars represent £SD from
three independent experiments. Error bars smaller than the data point size are not visible. The yellow
line indicates a PDI value of 0.3, commonly considered the upper limit for a relatively homogeneous
and stable system. Statistical significance is indicated as follows: *—p < 0.05. All calculated p-values
are summarized in Table S2 (Supplementary Materials).
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Figure 8. Comparison of the average hydrodynamic diameters (Z,y) and polydispersity indexes
(PDI) of the freshly prepared liposomes (blue) and lipoplexes with pDNA pBR322 at N/P ratio = 6
(red) formed from symmetric (1a, 3a—c, 4a—c, 5a—c), unsymmetric (6a—c, 7a—c), and aliphatic (8c, 9¢)
amphiphiles. Error bars represent £SD from three independent experiments. Error bars smaller than
data point size are not visible. A PDI value of 0.3 (yellow line) or lower is considered a standard
benchmark for a relatively homogeneous and stable system.

For example, symmetric furan amphiphiles 4a—c formed nanoparticles (liposomes) in
aqueous solution, with Z,, values of 299, 230, and 330 nm, respectively. Upon complexation
with pDNA, the corresponding lipoplexes showed more than a twofold increase in size, with
Z,y values of 707, 872, and 1159 nm, respectively. Additionally, PDI values of liposomes
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formed from compounds 4a—c were 0.425, 0.347, and 0.518, respectively, whereas the
corresponding lipoplexes exhibited lower values—0.350, 0.287, and 0.173, respectively. A
similar tendency was also observed for amphiphile 1a, where Z,, values were 298 and
284 nm, but PDI values were 0.405 and 0.257, respectively. The data for comp. 1a are in
agreement with our previous findings, where Z,, values of nanoparticles and lipoplexes
were 398 and 806 nm (N/P ratio 1), respectively [49]. A decrease in Z,, value after lipoplex
formation with pPDNA was observed only for the compound 3b-Z,y (liposome) = 1317 nm;
Zay (lipoplex) = 826 nm. An increase in PDI values after lipoplex formation was observed
for symmetric compounds 5b (0.225 vs. 0.336) and 5¢ (0.258 vs. 0.450), as well as for the
unsymmetric compounds 6a, 7b, and 7c, indicating greater heterogeneity of the samples
(6a: 0.344 vs. 0.842; 7b: 0.203 vs. 0.353; 7c: 0.165 vs. 0.229). The larger sizes observed
for lipoplexes when compared with the corresponding liposomes are consistent with the
formation of lipid-DNA complexes. Electrostatic interactions between cationic amphiphiles
and pDNA may promote particle association and the formation of larger supramolecular
assemblies, resulting in increased hydrodynamic diameters [50]. However, excessively
large complexes may be less favorable for biological applications and could require further
formulation optimization.

Overall, these observations suggest that, in aqueous solution, liposomes formed from
unsymmetric amphiphiles are more homogenous than lipoplexes formed from the same
compounds after complexation with pPDNA. In some cases, the unsymmetric structure may
influence pPDNA complexation. However, this effect is not consistent across all compounds.
For example, the lipoplex formed from compound 6a exhibits the highest PDI value (0.842)
and a comparatively lower encapsulation efficiency (71%), suggesting less efficient complex
formation, in this case.

4. Conclusions

A series of novel cationic amphiphilic lipids incorporating five-membered hetero-
cyclic linkers (pyrrole, furan, and thiophene) were designed, synthesized, and evaluated
alongside structurally related aliphatic analogues.

All compounds formed nanoparticles in aqueous media, although particle size, dis-
persity, and CMC were strongly dependent on linker type, molecular symmetry, and alkyl
chain length. Formation of lipoplexes with pDNA generally resulted in increased particle
size, while effects on polydispersity varied, depending on molecular architecture. The
encapsulation studies showed that heterocyclic linkers enhance pDNA binding efficiency
compared to that of aliphatic systems, with optimal performance typically observed at an
N/P ratio of 4 to 6. In contrast, several aliphatic derivatives showed limited or negligible
complexation under the investigated conditions. The incorporation of five-membered
heterocyclic linkers influences the physicochemical properties of amphiphilic lipids and
enhances pDNA binding efficiency. The obtained results provide structure-property rela-
tionship data that may support the design of lipid-based nucleic acid delivery materials in
the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma19132744 /s1.

Author Contributions: Conceptualization was conducted by A.S. (Anda Sipola), K.P. and A.P;
methodology and experimental work were conducted by A.S. (Anda Sipola), K K. and K.P.; data
analysis and writing and editing of the paper were conducted by A.S. (Anda Sipola), A.P,, K.P. and
A.S. (Arkadij Sobolev); project administration and supervision were conducted by A.S. (Anda Sipola)
and K.P. All authors have read and agreed to the published version of the manuscript.

https:/ /doi.org/10.3390/mal9132744


https://www.mdpi.com/article/10.3390/ma19132744/s1
https://www.mdpi.com/article/10.3390/ma19132744/s1
https://doi.org/10.3390/ma19132744

Materials 2026, 19, 2744 17 of 19

Funding: This research was funded by LIOS internal grants 1G-2019-08, 1G-2021-07, and 1G-2022-11,
and by the M-ERA.NET 3 project SMARTPIEZO.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding authors.

Acknowledgments: We are grateful to Marina Petrova for recording the NMR spectra, to Solveiga
Grinberga for mass spectral analysis, and to Emma Sarule for elemental analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Ponti, F; Campolung, M.; Melchiori, C.; Bono, N.; Candiani, G. Cationic lipids for gene delivery: Many players, one goal. Chem.
Phys. Lipids 2021, 235, 105032. [CrossRef] [PubMed]

2. Zhi, D, Zhang, S.; Wang, B.; Zhao, Y.; Yang, B.; Yu, S. Transfection efficiency of cationic lipids with different hydrophobic domains
in gene delivery. Bioconjug. Chem. 2010, 21, 563-577. [CrossRef] [PubMed]

3. Srinivas, R.; Samanta, S.; Chaudhuri, A. Cationic amphiphiles: Promising carriers of genetic materials in gene therapy. Chem. Soc.
Rev. 2009, 38, 3326. [CrossRef] [PubMed]

4.  Felgner, PL.; Gadek, T.R.; Holm, M.; Roman, R.; Chan, HW.; Wenz, M.; Northrop, ].P,; Ringold, G.M.; Danielsen, M. Lipofection:
A highly efficient, lipid-mediated DNA-transfection procedure. Proc. Natl. Acad. Sci. USA 1987, 84, 7413-7417. [CrossRef]
[PubMed]

5. Stamatatos, L.; Leventis, R.; Zuckermann, M.].; Silvius, J.R. Interactions of Cationic Lipid Vesicles with Negatively Charged
Phospholipid Vesicles and Biological Membranes. Biochemistry 1988, 27, 3917-3925. [CrossRef] [PubMed]

6.  Behr, ].P,; Demeneix, B.; Loeffler, ].P.; Perez-Mutul, ]J. Efficient gene transfer into mammalian primary endocrine cells with
lipopolyamine-coated DNA. Proc. Natl. Acad. Sci. USA 1989, 86, 6982-6986. [CrossRef] [PubMed]

7. Kudsiova, L.; Mohammadi, A.; Mustapa, M.EM.; Campbell, F.; Welser, K.; Vlaho, D.; Story, H.; Barlow, D.].; Tabor, A.B.; Hailes,
H.C,; et al. Trichain cationic lipids: The potential of their lipoplexes for gene delivery. Biomater. Sci. 2019, 7, 149. [CrossRef]
[PubMed]

8.  Gopal, V,; Xavier, ].; Kamai, M.Z.; Govindarajan, S.; Takafuji, M.; Soga, S.; Ueno, T.; IThara, H.; Rao, N.M. Synthesis and Transfection
Efficiency of Cationic Oligopeptide Lipids: Role of Linker. Bioconjug. Chem. 2011, 22, 2244-2254. [CrossRef] [PubMed]

9. Naidu, G.S.; Rampado, R,; Sharma, P; Ezra, A.; Kundoor, G.R.; Breier, D.; Peer, D. Ionizable Lipids with Optimized Linkers
Enable Lung-Specific, Lipid Nanoparticle Mediated mRNA Delivery for Treatment of Metastatic Lung Tumors. ACS Nano 2025,
19, 6571-6587. [CrossRef] [PubMed]

10. Zhi, D.; Bai, Y.; Yang, J.; Cui, S.; Zhao, Y.; Chen, H.; Zhang, S. A Review on Cationic Lipids with Different Linkers for Gene
Delivery. Adv. Colloid Interface Sci. 2018, 253, 117-140. [CrossRef] [PubMed]

11. Ren, T,; Zhang, G.; Song, Y.K.; Liu, D. Synthesis and Characterization of Aromatic Ring-Based Cationic Lipids for Gene Delivery
In Vitro and In Vivo. J. Drug Target. 1999, 7, 285-292. [CrossRef] [PubMed]

12.  Pennetta, C.; Bono, N.; Ponti, F.; Bellucci, M.C; Viani, F; Candiani, G.; Volonterio, A. Multifunctional Neomycin-Triazine-Based
Cationic Lipids for Gene Delivery with Antibacterial Properties. Bioconjug. Chem. 2021, 32, 690-701. [CrossRef] [PubMed]

13. Hyvonen, Z.; Plotniece, A.; Reine, I.; Chekavichus, B.; Duburs, G.; Urtti, A. Novel cationic amphiphilic 1,4-dihydropyridine
derivatives for DNA delivery. Biochim. Et Biophys. Acta—Biomembr. 2000, 1509, 451-466. [CrossRef] [PubMed]

14. Pajuste, K.; Hyvonen, Z.; Petrichenko, O.; Kaldre, D.; Rucins, M.; Cekavicus, B.; Ose, V.; Skrivele, B.; Gosteva, M.; Morin-
Picardat, E.; et al. Gene delivery agents possessing antiradical activity: Self-assembling cationic amphiphilic 1,4-dihydropyridine
derivatives. New J. Chem. 2013, 37, 3062-3075. [CrossRef]

15. Apsite, G.; Timofejeva, I.; Vezane, A.; Vigante, B.; Rucins, M.; Sobolev, A.; Plotniece, A.; Pajuste, K.; Kozlovska, T.; Plotniece, A.
Synthesis and Comparative Evaluation of Novel Cationic Amphiphile C12-Man-Q as an Efficient DNA Delivery Agent In Vitro.
Molecules 2018, 23, 1540. [CrossRef] [PubMed]

16. Petrichenko, O.; Rucins, M.; Vezane, A.; Timofejeva, I.; Sobolev, A.; Cekavicus, B.; Pajuste, K.; Plotniece, M.; Gosteva, M.;
Kozlovska, M.; et al. Studies of the physicochemical and structural properties of self-assembling cationic pyridine derivatives as
gene delivery agents. Chem. Phys. Lipids 2015, 191, 25-37. [CrossRef] [PubMed]

17.  Horner, K.E.; Karadakov, P.B. Chemical Bonding and Aromaticity in Furan, Pyrrole and Thiophene: A Magnetic Shielding Study.

J. Org. Chem. 2013, 78, 8037-8043. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/mal9132744


https://doi.org/10.1016/j.chemphyslip.2020.105032
https://www.ncbi.nlm.nih.gov/pubmed/33359210
https://doi.org/10.1021/bc900393r
https://www.ncbi.nlm.nih.gov/pubmed/20121120
https://doi.org/10.1039/b813869a
https://www.ncbi.nlm.nih.gov/pubmed/20449052
https://doi.org/10.1073/pnas.84.21.7413
https://www.ncbi.nlm.nih.gov/pubmed/2823261
https://doi.org/10.1021/bi00411a005
https://www.ncbi.nlm.nih.gov/pubmed/3415963
https://doi.org/10.1073/pnas.86.18.6982
https://www.ncbi.nlm.nih.gov/pubmed/2780554
https://doi.org/10.1039/C8BM00965A
https://www.ncbi.nlm.nih.gov/pubmed/30357152
https://doi.org/10.1021/bc2002874
https://www.ncbi.nlm.nih.gov/pubmed/21985175
https://doi.org/10.1021/acsnano.4c18636
https://www.ncbi.nlm.nih.gov/pubmed/39912611
https://doi.org/10.1016/j.cis.2017.12.006
https://www.ncbi.nlm.nih.gov/pubmed/29454463
https://doi.org/10.3109/10611869909085511
https://www.ncbi.nlm.nih.gov/pubmed/10682907
https://doi.org/10.1021/acs.bioconjchem.0c00616
https://www.ncbi.nlm.nih.gov/pubmed/33470802
https://doi.org/10.1016/S0005-2736(00)00327-8
https://www.ncbi.nlm.nih.gov/pubmed/11118554
https://doi.org/10.1039/C3NJ00272A
https://doi.org/10.3390/molecules23071540
https://www.ncbi.nlm.nih.gov/pubmed/29949910
https://doi.org/10.1016/j.chemphyslip.2015.08.005
https://www.ncbi.nlm.nih.gov/pubmed/26272034
https://doi.org/10.1021/jo401319k
https://www.ncbi.nlm.nih.gov/pubmed/23879676
https://doi.org/10.3390/ma19132744

Materials 2026, 19, 2744 18 of 19

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

Ganesh, B.H.; Raj, A.G.; Aruchamy, B.; Nanjan, P.; Drago, C.; Ramani, P. Pyrrole: A Decisive Scaffold for the Development of
Therapeutic Agents and Structure-Activity Relationship. ChemMedChem 2024, 19, e202300447. [CrossRef] [PubMed]

Gholap, S.S. Pyrrole: An emerging scaffold for construction of valuable therapeutic agent. Eur. J. Med. Chem. 2016, 110, 13-31.
[CrossRef] [PubMed]

Ahmad, S.; Alam, O.; Naim, M.].; Shaquiquzzaman, M.; Alam, M.M.; Igbal, M. Pyrrole: An insight into recent pharmacological
advances with structure activity relationship. Eur. J. Med. Chem. 2018, 157, 527-561. [CrossRef] [PubMed]

Rusu, A.; Oancea, O.L.; Tanase, C.; Uncu, L. Unlocking the Potential of Pyrrole: Recent Advances in New Pyrrole-Containing
Compounds with Antibacterial Potential. Int. J. Mol. Sci. 2024, 25, 12873. [CrossRef] [PubMed]

Shah, R.; Verma, P.K. Therapeutic importance of synthetic thiophene. Chem. Cent. J. 2018, 12, 137. [CrossRef] [PubMed]

Thakur, S.; Kumar, D.; Jaiswal, S.; Goel, K.K.; Rawat, P.; Srivastava, V.; Dhiman, S.; Jadhav, H.R.; Dwivedi, A.R. Medicinal
chemistry-based perspectives on thiophene and its derivatives: Exploring structural insights to discover plausible druggable
leads. RSC Med. Chem. 2025, 16, 481-510. [CrossRef] [PubMed]

Banerjee, R.; HKS, K.; Banerjee, M. Medicinal significance of furan derivatives: A Review. Int. J. Rev. Life Sci. 2012, 2, 7-16.
Nivrutti, G.P. Furan: A Promising Scaffold of Biological Activity. Int. ]. Adv. Biol. Biomed. Res. 2024, 12, 167-181. [CrossRef]
Hiwale, A.A.; Voshavar, C.; Dharmalingam, P.; Dhayani, A.; Mukthavaram, R.; Nadella, R.; Sunnapu, O.; Gandhi, S.; Naidu,
V.G.M.; Chaudhuri, A.; et al. Scaling the effect of hydrophobic chain length on gene transfer properties of di-alkyl, di-hydroxy
ethylammonium chloride based cationic amphiphiles. RSC Adv. 2017, 7, 25398. [CrossRef]

Kumar, V.V;; Singh, R.S.; Chaudhuri, A. Cationic Transfection Lipids in Gene Therapy: Successes, Set-backs, Challenges and
Promises. Curr. Med. Chem. 2003, 10, 1297-1306. [CrossRef] [PubMed]

Tietze, L.F.; Lohmann, ].K. Synthesis of Novel Chiral Thiophene-, Benzothiophene- and Benzofuran- Oxazoline Ligands and their
Use in the Enantioselective Pd-Catalyzed Allylation. Synlett 2002, 12, 2083-2085. [CrossRef]

Kimura, T.; Iwama, T.; Namauo, T.; Suzuki, E.; Fukuda, T.; Kobayashi, N.; Sasamori, T.; Tokitoh, N. Preparation and characteri-
zation of nonclassical tetraazaporphyrin, bis(4-methylpyridine)[1,3,5,7,9,11,13,15-octaphenyltetra(3,4-thieno) tetraazaporphyri-
nato]Jruthenium(Il). Eur. J. Inorg. Chem. 2011, 6, 888-894. [CrossRef]

Jackson, Y.A.; Rajagopal, D.; Bendolph, J.; Guillory, M.; Lakshmikantham, M.V.; Yang, J.; Cava, M.P. Thiophene isosteres of
9,10-dithioanthraquinone. Org. Lett. 2003, 5, 1883-1885. [CrossRef] [PubMed]

Wang, G.Q.; Guan, Z.; Tang, R.C.; Ostojic, Z.; Jones, T.N.; Wu, T.T.; He, Y.H. A simple preparation of ethyl 2,5-dimethylfuran-3-
carboxylate and 2,5-dimethylfuran-3,4-dicarboxylic acid from diethyl 2,3-diacetylsuccinate. J. Heterocycl. Chem. 2009, 46, 540-543.
[CrossRef]

Meng, G.; Liu, C.; Qin, S.; Dong, M.; Wei, X.; Zheng, M.; Qin, L.; Wang, H.; He, X.; Zhang, Z. An improved synthesis of sunitinib
malate via a solvent-free decarboxylation process. Res. Chem. Intermed. 2015, 41, 8941-8954. [CrossRef]

Dong, J.; Du, H.; Xu, J. Regiospecific synthesis of polysubstituted furans with mono- to tricarboxylates from various sulfonium
acylmethylides and acetylenic esters. RSC Adv. 2019, 9, 25034-25038. [CrossRef] [PubMed]

Rucins, M.; Smits, R.; Sipola, A.; Vigante, B.; Domracheva, I.; Turovska, B.; Muhamadejev, R.; Pajuste, K.; Plotniece, M.; Sobolev,
A.; et al. Pleiotropic Properties of Amphiphilic Dihydropyridines, Dihydropyridones, and Aminovinylcarbonyl Compounds.
Oxid. Med. Cell. Longev. 2020, 2020, 8413713. [CrossRef] [PubMed]

Cui, L.; Renzi, S.; Quagliarini, E.; Digiacomo, L.; Amenitsch, H.; Masuelli, L.; Bei, R.; Ferri, G.; Cardarelli, F.; Wang, J.; et al.
Efficient Delivery of DNA Using Lipid Nanoparticles. Pharmaceutics 2022, 14, 1698. [CrossRef] [PubMed]

Amanullah, S.; Das, PK,; Samanta, S.; Dey, A. Tuning the thermodynamic onset potential of electrocatalytic O2 reduction reaction
by synthetic iron-porphyrin complexes. Chem. Commun. 2015, 51, 10010-10013. [CrossRef] [PubMed]

Kawai, S.; Tanaka, S. Bromination of Ethyl Diacetosuccinate. Bull. Chem. Soc. Jpn. 1960, 33, 674-678. [CrossRef]

Israelachvili, ].N.; Mitchell, D.J.; Ninham, B.W. Theory of Self-Assembly of Hydrocarbon Amphiphiles into Micelles and Bilayers.
J. Chem. Soc. Faraday Trans. 21976, 72, 1525. [CrossRef]

Israelachvili, J. The science and applications of emulsions—An overview. Colloids Surf. A Physicochem. Eng. Asp. 1994, 91, 1-8.
[CrossRef]

Khalil, R.A.; Zarari, A.A. Theoretical estimation of the critical packing parameter of amphiphilic self-assembled aggregates. Appl.
Surf. Sci. 2014, 318, 85-89. [CrossRef]

Musiejuk, M.; Doroszuk, J.; Jedrzejewski, B.; Ortiz Nieto, G.; Marin Navarro, M.; Witt, D. Diastereoselective Synthesis of Z-Alkenyl
Disulfides from «-Thiophosphorylated Ketones and Thiosulfonates. Adv. Synth. Catal. 2020, 362, 618-626. [CrossRef]

Fan, Y,; Marioli, M.; Zhang, K. Analytical characterization of liposomes and other lipid nanoparticles for drug delivery. J. Pharm.
Biomed. Anal. 2021, 192, 113642. [CrossRef] [PubMed]

Freitas, C.; Muller, R.H. Effect of light and temperature on zeta potential and physical stability in solid lipid nanoparticle (SLN™)
dispersions. Int. J. Pharm. 1998, 168, 221-229. [CrossRef]

Bnyan, R.; Cesarini, L.; Khan, I.; Roberts, M.; Ehtezazi, T. The effect of ethanol evaporation on the properties of inkjet produced
liposomes. DARU ]. Pharm. Sci. 2020, 28, 271-280. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/mal9132744


https://doi.org/10.1002/cmdc.202300447
https://www.ncbi.nlm.nih.gov/pubmed/37926686
https://doi.org/10.1016/j.ejmech.2015.12.017
https://www.ncbi.nlm.nih.gov/pubmed/26807541
https://doi.org/10.1016/j.ejmech.2018.08.002
https://www.ncbi.nlm.nih.gov/pubmed/30119011
https://doi.org/10.3390/ijms252312873
https://www.ncbi.nlm.nih.gov/pubmed/39684580
https://doi.org/10.1186/s13065-018-0511-5
https://www.ncbi.nlm.nih.gov/pubmed/30564984
https://doi.org/10.1039/D4MD00450G
https://www.ncbi.nlm.nih.gov/pubmed/39601022
https://doi.org/10.48309/ijabbr.2024.2017497.1475
https://doi.org/10.1039/C7RA02271A
https://doi.org/10.2174/0929867033457458
https://www.ncbi.nlm.nih.gov/pubmed/12678801
https://doi.org/10.1055/s-2002-35577
https://doi.org/10.1002/ejic.201001094
https://doi.org/10.1021/ol034419g
https://www.ncbi.nlm.nih.gov/pubmed/12762677
https://doi.org/10.1002/jhet.92
https://doi.org/10.1007/s11164-015-1939-z
https://doi.org/10.1039/C9RA03563J
https://www.ncbi.nlm.nih.gov/pubmed/35528645
https://doi.org/10.1155/2020/8413713
https://www.ncbi.nlm.nih.gov/pubmed/33488932
https://doi.org/10.3390/pharmaceutics14081698
https://www.ncbi.nlm.nih.gov/pubmed/36015328
https://doi.org/10.1039/c5cc01938a
https://www.ncbi.nlm.nih.gov/pubmed/26000662
https://doi.org/10.1246/bcsj.33.674
https://doi.org/10.1039/F29767201525
https://doi.org/10.1016/0927-7757(94)02743-9
https://doi.org/10.1016/j.apsusc.2014.01.046
https://doi.org/10.1002/adsc.201901208
https://doi.org/10.1016/j.jpba.2020.113642
https://www.ncbi.nlm.nih.gov/pubmed/33011580
https://doi.org/10.1016/S0378-5173(98)00092-1
https://doi.org/10.1007/s40199-020-00340-1
https://www.ncbi.nlm.nih.gov/pubmed/32303981
https://doi.org/10.3390/ma19132744

Materials 2026, 19, 2744 19 of 19

45.

46.

47.

48.

49.

50.

Gouda, A,; Sakr, O.S.; Nast, M.; Sammour, O. Ethanol injection technique for liposomes formulation: An insight into development,
influencing factors, challenges and applications. J. Drug Deliv. Sci. Technol. 2021, 61, 102174. [CrossRef]

Felice, B.; Prabhakaran, M.P.; Rodrigues, A.P.; Ramakrishna, S. Drug delivery vehicles on a nano-engineering perspective. Mater.
Sci. Eng. C Mater. Biol. Appl. 2014, 41, 178-195. [CrossRef] [PubMed]

Shimomura, M.; Sawadishi, T. Bottom-up strategy of materials fabrication: A new trend in nanotechnology of soft materials. Curr.
Opin. Colloid Interface Sci. 2001, 6, 11-16. [CrossRef]

Prabha, S.; Arya, G.; Chandra, R.; Ahmed, B.; Nimesh, S. Effect of size on biological properties of nanoparticles employed in gene
delivery. Artif. Cells Nanomed. Biotechnol. 2016, 44, 83-91. [CrossRef] [PubMed]

Krapivina, A.; Lacis, D.; Rucins, M.; Plotniece, M.; Pajuste, K.; Sobolev, A.; Plotniece, A. Synthesis and Characterization of
Novel Amphiphilic N-Benzyl 1,4-Dihydropyridine Derivatives—Evaluation of Lipid Monolayer and Self-Assembling Properties.
Materials 2023, 16, 4206. [CrossRef] [PubMed]

Dan, N.; Danin, D. Structure and kinetics of lipid-nucleic acid complexes. Adv. Colloid Interface Sci. 2014, 205, 230-239. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/mal9132744


https://doi.org/10.1016/j.jddst.2020.102174
https://doi.org/10.1016/j.msec.2014.04.049
https://www.ncbi.nlm.nih.gov/pubmed/24907751
https://doi.org/10.1016/s1359-0294(00)00081-9
https://doi.org/10.3109/21691401.2014.913054
https://www.ncbi.nlm.nih.gov/pubmed/24866724
https://doi.org/10.3390/ma16124206
https://www.ncbi.nlm.nih.gov/pubmed/37374390
https://doi.org/10.1016/j.cis.2014.01.013
https://www.ncbi.nlm.nih.gov/pubmed/24529969
https://doi.org/10.3390/ma19132744

	Introduction 
	Materials and Methods 
	Chemistry 
	Self-Assembling Properties of Synthesized Amphiphiles Using Dynamic Light Scattering (DLS) Measurements 
	Formation of Lipoplexes and Encapsulation Efficiency Measurements 
	Gel Retardation Assay 
	Statistical Analysis 

	Results and Discussion 
	Synthesis of Symmetric Five-Membered Amphiphiles 
	Synthesis of Unsymmetric Five-Membered Amphiphiles 
	Evaluation of Self-Assembling Properties 
	Encapsulation Efficiency and Characterization of Lipoplexes 

	Conclusions 
	References

