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1. Introduction

Understanding how the structures of surfactants
in hybrid nanoparticles affect the compaction of
ct-DNA for cellular uptake: presenting a highly
efficient surfactanty

Shalini Dyagala,® Milan Paul,® Vinod K Aswal, 2 ¢ Swati Biswas ) ** and

Subit Kumar Saha (2 *@

Compaction of calf thymus DNA (ct-DNA) by two single-head-double-tailed surfactants with variable tail
lengths i.e., Dihexadecyldimethylammonium bromide (DDAB16) and Dioctadecyldimethylammonium bromide
(DDAB18), and one triple-head-double-tailed surfactant N*-dodecyl-N>-(2-(dodecyldimethylammonio)ethyl)-
NYNEN? N?-tetramethylethane-1,2-diaminium (MQAS12) has been studied. DDABI8 is found to be the most
efficient, while MQAS12 is the least efficient for cellular uptake. Hybrid materials of surfactants and silica
nanoparticles have better compaction efficiency due to the cooperative binding. Silica nanoparticles
(~100 nm)-DDAB18 hybrid materials can compact ct-DNA at a much lower concentration than a
conventional surfactant, addressing the cytotoxicity issues. Hybrid materials formed with smaller silica
nanoparticles (~40 nm) have also been studied. The results obtained have been used to understand whether
Coulombic and/or hydrophobic interactions are responsible for DNA compaction. The hydrophobicity per
unit surface area (P) of hybrid nanoparticles has a significant role in DNA compaction. The P largely depends
on the surfactants’ structures and nanoparticles’ sizes. Single-head-double-tailed surfactants with a
comparatively smaller headgroup exhibit a large amount of adsorption on the nanoparticles’ surfaces,
producing a large P. DDAB18 appears to be a DNA intercalative binder. Fluorescence anisotropy decay data
of 4,6-diamidino-2-phenylindole (DAPI) reveal the dynamics of ct-DNA at different stages of compaction.
Cell viability of mouse mammary gland adenocarcinoma cells (4T1) and human embryonic kidney (HEK) 293
cell lines and in vitro cellular uptake of the gene to 4T1 cells have been investigated. This study provides ideas
for designing efficient non-viral vectors. Overall, DDAB18-coated silica nanoparticles appear to be safe and
effective DNA compaction agents that can carry nucleic acids for biomedical applications.

therapeutic proteins.' Achieving this involves overcoming barriers
like navigating through cell and nuclear membranes during gene

Gene therapy tackles genetic diseases by replacing or supplement-
ing defective genes with healthy or novel ones, to produce
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transfection, as DNA molecules are large and negatively charged.>”
For gene transfection, DNA has to be compacted, which is
commonly achieved using viral vectors, where the native viral
DNA is replaced with the desired DNA.“* However, repeated
administration of viral vectors may provoke adverse immune
responses due to the vector’s viral origin.”> To mitigate these
limitations, extensive research is underway to devise effective,
non-toxic, and non-viral vectors.® However, the initial non-viral
methods developed exhibited lower efficiency and the potential for
toxicity at higher concentrations.”® Subsequently, extensive
research endeavors are underway to address these limitations.
Future research will also be exploring the use of DNA-coated
colloids and microspheres for the directed self-assembly of diverse
crystal and gel structures,”'® as well as rearranging into crystalline

forms through simple DNA conformational changes,""'? offering
promising applications to address many such limitations.
Soft Matter, 2025, 21, 2033-2048 | 2033
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One notable approach under investigation is to use cationic
surfactants,”*® which can form various structured
assemblies."” > Their interactions with nucleic acids due to
opposite charges, result in improved gene compaction.”* How-
ever, their use in biological systems is hindered by cytotoxicity.”?
Efforts to mitigate this challenge include modifying surfactant
structures,>*>* such as sizes of headgroups®® or chain lengths.””

Another approach to address the cytotoxicity issues associated
with the surfactants is to use nanoparticles with negatively
charged surfaces.”® Positively charged surfactants bind with
negatively charged DNA through electrostatic interactions, result-
ing in complex formation that is further stabilized by the hydro-
phobic interactions between the two components.”® However, in
the presence of negatively charged nanoparticles, cationic surfac-
tants first get adsorbed on the nanoparticles’ surfaces, forming a
bilayer with positively charged outer surfaces, and then the hybrid
nanoparticles bind with the DNA.”®***" Thus, a comparatively
lower concentration of surfactant is required to compact DNA due
to this cooperative binding.*® Silica nanoparticles with negatively
charged surfaces have been utilized***%*' as they offer ample
colloidal stability and biocompatibility and do not lead to any
DNA damage as in the case of zinc oxide (ZnO) or titanium dioxide
(TiO,) nanoparticles.*”

Our curiosity is in understanding the role of chemical
structures of cationic surfactants present in the hybrid nano-
particles in the compaction of DNA. While searching the
literature, we were inspired by an existing report on a different
aspect, Le., the transfer of negatively charged nanoparticles
from the aqueous phase to the organic phase through surfac-
tant adsorption on nanoparticles’ surfaces. Many cationic
surfactants with notably higher adsorption efficiency than
conventional surfactants (single-head-single-tailed, 1-1 type)
have been suggested.*> Wu et al.>* based on their experimental
findings and performances of surfactants have presented an
empirical rule as given below:

P=nljav (1)

Here, P signifies the hydrophobicity per unit surface area, n
indicates the number of alkyl chains per surfactant molecule, /
represents the length of the alkyl chains (expressed in terms of
the number of carbon atoms in the alkyl chain), a signifies the
area of the hydrophilic headgroups of the surfactants, and V
denotes the volume of the nanoparticles. They explored surfac-
tants of four distinct types: triple-head-doubled-tailed (3-2
type), double-head-double-tailed (2-2 type, Gemini surfactants),
single-head-double-tailed (1-2 type), and single-head-single-
tailed (1-1 type). Surfactants falling into the 1-2 type category
have exhibited outstanding phase transfer capabilities, indu-
cing the maximum P. Compared to the 3-2 type, all other types
of surfactants have demonstrated superior phase transfer
efficiencies. For surfactants belonging to the 1-1, 1-2, 2-2, and
3-2 types, the ascending order of P due to these surfactant types
is as follows: 3-2 type < 1-1 type < 2-2 type < 1-2 type, a
phenomenon that can be elucidated by the given empirical rule
(eqn (1)).>> As per eqn (1), the P should also increase for
smaller-sized nanoparticles for a given surfactant.
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Thus, the question arises whether hydrophobicity per unit
surface area of silica nanoparticles induced by surfactants form-
ing a hybrid material has a similar role in DNA compaction as
well. Understanding the critical roles of cationic surfactants as
non-viral vectors adsorbed on the surfaces of negatively charged
nanoparticles is vital for designing gene delivery systems. Earlier,
we investigated ct-DNA compaction by some 2-2 type cationic
(Gemini) surfactants like 12-4-12, 12-6-12, and 12-8-12, and the 1-2
type cationic surfactant, Didodecyldimethylammonium bromide
(DDAB12),>?" and compared their efficiencies with the conven-
tional cationic surfactant, DTAB (1-1 type) in the presence of
~100 nm silica nanoparticles. Both 2-2 and 1-2 type surfactants
were found to be better DNA compacting agents than DTAB in the
presence of silica nanoparticles, which must be due to the factor
“n,” ie., the number of alkyl chains per surfactant molecule. It
has also been observed that the increasing % of DNA compaction
in the presence of silica nanoparticles occurs as follows: 1-1 type
< 2-2 type < 1-2 type. Notably, the headgroup size of the 1-2 type
is smaller than that of the 2-2 type surfactant. This indicates that
the headgroup size, i.e., factor “a” in eqn (1), has an effect on the
DNA compaction. To further establish the fact that P decreases
with increasing headgroup size (@), and therefore, a lesser extent
of DNA compaction occurs, in the present work, we have studied
ct-DNA compaction by a 3-2 type surfactant, MQAS12 (Scheme 1).
If the empirical rule is in place, then the increasing % of ct-DNA
compaction should follow the order of 3-2 type < 1-1 type < 2-2
type < 1-2 type. In fact, our study follows this order.

To validate the empirical rule, the third factor that comes
into the picture is “l,” ie., the length of the alkyl chains. An
earlier study presented DDAB12 as the most potential DNA
compacting agent, being a 1-2 type surfactant. However, cyto-
toxicity is such a crucial issue that we were looking to further
decrease the required concentration of surfactant needed to
make DNA compaction happen. Considering the empirical rule,
this study was carried out with two more 1-2 type surfactants,
DDAB16 and DDAB18 (Scheme 1), with the same headgroup size
as DDAB12. As for these surfactants, / is longer than that for
DDAB12, therefore, the DNA compaction should be achieved at a
further lower concentration of the surfactant due to increased P.
This way, we can validate the empirical rule and, at the same
time, we can present a DNA compacting agent with great
potential. Among all surfactants, DDAB18 should be the most
potential surfactant to compact DNA. The bromide form of the
surfactant has been used because the bromide ion is known to
be a weak fluorescence quencher compared to the chloride ion.
ct-DNA is used due to its similarity in structure with that of
human DNA.*

The fourth factor that controls P is the volume of the nano-
particles ie.,, “V’ in eqn (1). If, at all, P has a role in DNA
compaction, then one can expect a larger % of compaction with
smaller-sized silica nanoparticles. That is why, here, we have used
silica nanoparticles of sizes ~100 and ~ 40 nm to validate eqn (1).
To establish the mechanism of interactions involved between
surfactants and DNA in the presence of silica nanoparticles and
demonstrate the kind of interactions responsible for DNA com-
paction, some data obtained previously’>*" have been cited here.

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Symbolic representations of 1-2, 2-2, and 3-2 types of surfactants, and the structures of all the surfactants discussed here.

Multiple techniques have been used to characterize the
surfaces of hybrid nanoparticles and to demonstrate binding
interactions between ct-DNA and surfactants/hybrid nano-
particles, % compaction of ct-DNA, and morphologies of sys-
tems. Biological testing for the cell viability of human
embryonic kidney (HEK) 293 and mouse mammary gland
adenocarcinoma (4T1) cell lines and in vitro cellular uptake of
4T1 cells through confocal microscopy and flow cytometry
measurements for the systems with DDAB18 and MQAS12 has
been carried out.

The present study thus provides an idea about the interac-
tions responsible for DNA compaction, the effect of the struc-
tures of cationic surfactants and the sizes of negatively charged

This journal is © The Royal Society of Chemistry 2025

nanoparticles on it, and a direction for designing surfactants’
structures and developing gene delivery systems in the
presence of nanoparticles.

2. Experimental

Comprehensive information regarding the materials and
methods employed is provided in Section S1.1. in the ESL7
Details regarding the synthesis of MQAS12,** and silica
nanoparticles,®" as well as the preparation of ct-DNA-surfactant
systems, can be found in the ESIL,{ Sections S1.2., S1.3., and
S1.4. respectively.

Soft Matter, 2025, 21, 2033-2048 | 2035
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3. Results and discussions

3.1. Energy-dispersive X-ray (EDAX) analysis

Details of EDAX measurements are given in Section S1.5. in the
ESL1°>3® EDAX analysis is employed to assess the degree of
surfactant adsorption onto the surfaces of silica nanoparticles
forming hybrid materials. Nitrogen weight percentage (wt%)
values are mainly highlighted as nitrogen atom(s) (N) is/are
present in the headgroup(s) to describe any difference between
the adsorption efficiencies of surfactants. Here, the measurements
have been done for the surfactants MQAS12, DDAB16, and
DDABI18, and the data attained have been related to those for
other surfactants reported previously.***" Our primary focus was on
samples devoid of ct-DNA, as ct-DNA inherently contains nitrogen,
which could potentially lead to erroneous interpretations to explain
the adsorption efficiency of surfactants. Fig. S1, and data presented
in Table S2 (ESIt), collectively reveal that the DDAB18 + silica
nanoparticles (~100 nm) system exhibits the highest wt% of
N (6.5 wt%), followed by the DDAB16 + silica nanoparticles
(~100 nm) system (5.9 wt%). In contrast, the MQAS12 + silica
nanoparticles (~100 nm) system registers a significantly lower
nitrogen wt% (0.52 wt%). Fig. 1 substantiates that among the three
surfactants tested here, as well as compared to the reported
surfactants,***! DTAB, 12-4-12, 12-6-12, 12-8-12, and DDABI12,
DDAB18 demonstrate the most remarkable adsorption capacities
on silica nanoparticle surfaces. The results agree well with the
empirical rule,*® ie., P = nl/aV, as discussed in the introduction.
Due to its extensive adsorption capability, DDAB18 possesses a
higher P when compared to other surfactant categories. The greater
the number of surfactant molecules adsorbed onto the surfaces,
the more prominent will be the hydrophobicity induced by the
hydrocarbon tails of surfactants. This leads to a great extent of
DNA compaction, as discussed below. To provide evidence of the
binding between ct-DNA and hybrid nanoparticles, with the max-
imum binding affinity observed for DDAB18, we conducted EDAX
analysis even in the presence of ct-DNA. As depicted in Fig. S1 and
Table S2 (ESIt), it is obvious that the N wt% increases for all three

55%
5.9 %
6.5 %

Nitrogen Wt %

Surfactant

Fig.1 Comparison plot illustrating nitrogen wt% across various investi-
gated cationic surfactants in the presence of silica nanoparticles in Tris HCl
buffer (pH = 7.4, ~10 mM), where [surfactant] = 2.5 uM; 1.5 x 107> wt%
silica nanoparticles (~100 nm); [ct-DNA] = 5.0 pM.
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surfactants in the presence of ct-DNA, with the highest N wt%
observed in the DDAB18 system and the lowest in the MQAS12
system when silica nanoparticles are present. Table S2 (ESIT)
further substantiates the enhanced binding capacity of surfactants
towards ct-DNA in the presence of silica nanoparticles.

3.2. Zeta potential analysis

Zeta potential measurement details are available under
Section S1.6. in the ESL13’ Zeta potential values can serve as
a vital physical parameter for quantifying alterations in surface
charges.’” The zeta potential value for the synthesized silica
nanoparticles is —31.7 mV, which supports negative charges on
their surfaces. Surfactants with positively charged headgroups
bind with the negatively charged ct-DNA. The negative zeta
potential of ct-DNA progressively changes with increasing
surfactant concentration due to the formation of ct-DNA-sur-
factant aggregates.*™" Just above a concentration called the
charge reversal point (CRP), the zeta potential becomes posi-
tive. Fig. S2 and Table S3 (ESIt) illustrate the charge reversal as
MQAS12, DDAB16, and DDAB18 concentrations increase pro-
gressively in the absence and presence of silica nanoparticles.
The data in Table S3 (ESIT) highlight that the DDAB class of
surfactants, especially DDAB18, necessitates a substantially
lower concentration to reach the CRP compared to the MQAS12
surfactant. The concentration of surfactant required to achieve
CRP is diminished in the presence of silica nanoparticles due to
cooperative binding.”®' Fig. 2 compares the CRP of different
surfactants in the presence of silica nanoparticles. Notably, for
comparison, the data for other surfactants that were studied
earlier’®*! have been utilized. This concentration is the lowest
for DDAB18 and the highest for MQAS12. Also, the zeta
potential value is the highest for DDAB18 (~42.0-58.1 mV)
and the lowest for MQAS12 (~20.0-26.0 mV) in the presence of
silica nanoparticles. The order found in Fig. 2 is as per the
empirical rule (eqn (1)). If the extent of adsorption of surfac-
tants on silica nanoparticles’ surfaces is high, then the CRP is

45

30

Charge reversal point (M)

15

1 =

0 .:'%'%-

o 2

R

FESE3854

o QA A

s ~ Y8 8 8
Surfactant

Fig. 2 Comparison plot illustrating the concentrations at which ¢ values
become zero across various investigated cationic surfactants in the
presence of silica nanoparticles (~100 nm) in Tris HCl buffer (pH = 7.4,
~10 mM), where [surfactant] = 2.5 pM; [silica nanoparticles] = 1.5 x
1073 wt%; [ct-DNA] = 5.0 pM.

This journal is © The Royal Society of Chemistry 2025
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achieved earlier when the particles with positive charges on the
outer layer of the bilayer interact with ct-DNA. The EDAX data
discussed above support this order.

3.3. Cyclic voltammetry (CV) studies

CV measurement details are available in Section S1.7. in the
ESI.¥ Given that surfactants exhibit limited electroactivity,
[Fe(CN)s]>*~ was employed as a redox probe to investigate
the interaction between surfactant molecules and ct-DNA.*®
The CV measurements illustrated changes in the redox probe with
varying concentrations of cationic surfactants at a fixed ct-DNA
concentration, as depicted in Fig. S3 (ESIT). As shown in Fig. S3
(ESIt), the cathodic currents (i.) either slightly decreased or
remained unaffected, while there was a pronounced deduction
in the anodic current (7,) as the surfactant concentration increased.
This anodic current i, decreased as a result of the interaction
between the surfactants and ct-DNA, leading to the proof of ct-DNA
compaction (discussed below). The primary effect of increasing
surfactant concentration was neutralizing the net negative charges
of ct-DNA, resulting in the observed decrease in i,. Fig. 3 vividly
displays notable shifts in anodic current due to various surfac-
tants. This figure directly compares alterations in anodic current
caused by different surfactants at various concentrations, both
with and without silica nanoparticles. Consider, for instance, a
0.5 mM concentration of surfactants: MQAS12, DDAB16, and
DDABI18 recorded approximately 2.04 pA, 1.54 pA and 0.65 A,
respectively, in the absence of silica nanoparticles. In the presence
of silica nanoparticles, these values changed to approximately
0.71 pA, 0.64 pA, and 0.60 pA, respectively. This suggests that
DDABI18, when combined with silica nanoparticles, notably out-
performs other surfactant combinations in effectively neutralizing
the negative charges of ct-DNA.

3.4. Ethidium bromide (EtBr) exclusion assay

The detailed methods for UV-Vis absorption and fluorescence
measurements are given in Section S1.8. in the ESLt3' EtBr
exclusion assay experiments have been conducted to elucidate
the binding interactions between ct-DNA and surfactants.?® In a
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buffer solution, the fluorescence intensity of EtBr is very low due
to solvent-induced quenching.>**® However, upon intercalative
binding of EtBr with ct-DNA, a rapid increase in fluorescence is
observed.®® Fig. S4 (ESIY) illustrates fluorescence quenching
upon the gradual addition of all three surfactants, both in the
absence and presence of silica nanoparticles. The plot of F/F,
versus [surfactant] (Fig. S5, ESIf) (where F and F, are the
fluorescence intensities of EtBr with and without surfactant,
respectively), demonstrates a minimum point, indicating the
maximum displacement of EtBr molecules as a result of surfac-
tant binding to ct-DNA. Beyond this point, the fluorescence
intensity remains relatively constant. Table S4 (ESIt) demon-
strates the concentrations of surfactants where a minimum
point is achieved. The data indicate that this specific point is
reached at an exceptionally low concentration for DDAB18
compared to the other surfactants. Therefore, DDAB18 binds
strongly with the ct-DNA, so it can potentially compact the
DNA at a remarkably low concentration (discussed below). An
initial increase in fluorescence intensity (Fig. S5, ESIt) at a
low concentration of surfactants indicates that EtBr molecules
binding with ct-DNA experience a comparatively less polar/
rigid environment. Similar trends are noted in our earlier studies
as well.>%3*

To support the fact that DDAB18 surfactants bind to the
intercalative region of ct-DNA, circular dichroism (CD) spectra
(methods are detailed in Section S1.9. of the ESIf) of ct-DNA
have been recorded in the presence of different concentrations
of DDAB18 in Tris HCI buffer (pH = 7.4, ~10 mM) solutions in
the absence and presence of silica nanoparticles and displayed
in Fig. S6(a) and (b) (ESIY), respectively. The CD spectrum of a
native DNA e.g. ct-DNA presents a positive band at 273 nm for
base stacking and a negative band at 246 nm for right-handed
helicity, which is the identity of the B-form of ct-DNA. The ct-
DNA’s CD spectra do not show any change for minor groove
binding; however, both the bands (positive and negative) are
affected by intercalative binding.** The CD spectra in Fig. S6(a)
and (b) (ESIt), show that both positive and negative bands are
affected upon binding of DDAB18 with ct-DNA, which indicates

44 44 44
~8-W.0.Silica NPs -@-W.0.Silica NPs -@-W.0.Silica NPs
-~ -@- W.Silica NPs — -@-W.Silica NPs . -@- W.Silica NPs
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= 2 3
€ (a)[z (b)|2 (c)
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[DDAB16] (mM)
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Fig. 3 Comparison plots of the anodic current taken at a particular potential i.e., ~0.76 V for (a) MQAS12, (b) DDAB16, and (c) DDAB18 surfactants at
different concentrations both in the presence and absence of silica nanoparticles (1.5 x 107> wt%, ~100 nm) in Tris HCl buffer (pH = 7.4, ~10 mM);

[ct-DNA] = 5.0 pM. (W.O. = without; W = with).
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intercalative binding. The results thus support that the surfac-
tants can replace the EtBr from within the ct-DNA.

3.5. Fluorescence lifetime measurements of DAPI

We conducted fluorescence intensity decay measurements using
DAPI in ct-DNA to gain more insights into the binding mecha-
nism between ct-DNA and surfactants (measurement methods are
explained in Section S1.8. in the ESIt). One of the two species of
DAPI in pure water in a neutral pH medium exhibits solvation of
the indole ring in the ground state that undergoes a proton
transfer upon excitation, showing the major decay component
of a short lifetime (~0.19 ns).*> The longer lifetime component
(~2.80 ns) corresponds to the DAPI with a particular conforma-
tion incapable of experiencing any proton transfer.*> When DAPI
binds to AT clusters of DNA, it becomes shielded from the solvent,
blocking excited state proton transfer. In contrast, binding to GC
clusters exposes it to the solvent, facilitating proton transfer. In
this study, we conducted fluorescence intensity decay measure-
ments using DAPI in ct-DNA under several concentrations of each
of MQAS12, DDAB16, and DDAB18 surfactants, both with and
without silica nanoparticles. The results, as depicted in Fig. S7
and Table S5 (ESIt), consistently revealed bi-exponential fluores-
cence decay patterns in each system. The average lifetimes ((z¢))
were calculated using eqn (S1), as shown in the ESL+** Upon the
addition of ct-DNA, the lifetime of the fast component increased
from 0.20 to 0.58 ns with a decrease in weighting from 0.71 to
0.67. The average lifetime is increased from 0.98 to 1.30 ns
supporting the binding of DAPI with the ct-DNA.

Interestingly, the data in Table S5 (ESIt) display that by
increasing the concentration of a surfactant, the lifetime of the
fast components reduces with an increase in the weighting. There
is a concomitant decrease in the weighting of the slow compo-
nent. The percentage decrease in the lifetime of the fast compo-
nent and an increase in its weighting (given in parenthesis) at
2.5 uM of surfactant concentration in the absence of silica

—8— W.O0.Silica NPs
—&— W.Silica NPs

R R R )
Ry
v v
g DAL QQ QQ QQ
Surfactant

Fig. 4 Comparison plot illustrating the average lifetime ((zf)) values of
DAPI in ct-DNA-surfactant systems at 2.5 uM concentration of surfactants
in the absence and presence of silica nanoparticles (~100 nm) in Tris—HCl
buffer (pH = 7.4, ~10 MM). dexc = 375 nm and Zem = 450 nm, [ct-DNA] =
5.0 uM, [DAPI] = 0.5 uM, [silica nanoparticles] = 1.5 x 107> wt%. (W.O. =
without; W = with).
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nanoparticles are ~21% (~6%), 88% (46%), and 90% (46%)
for MQAS12, DDAB16, and DDAB18, respectively. Whereas, in the
presence of silica nanoparticles, these values are 56% (20%), 88%
(55%), and 88% (53%) for MQAS12, DDAB16, and DDAB1S,
respectively. More notably, the average lifetime of DAPI was
significantly reduced upon introducing 2.5 M of each surfactant.
This decrease was even more pronounced when silica nano-
particles were added. These results underscore the strong binding
of surfactants with ct-DNA, displacing DAPI, which is further
increased in the presence of silica nanoparticles. Fig. 4 compares
the average lifetimes of DAPI in the absence and presence of silica
nanoparticles representing the surfactants’ capabilities to displace
DAPI from ct-DNA. Notably, DDAB18 appears to be the most
potential surfactant among all studied surfactants as in its
presence, the surfaces of nanoparticles gain maximum hydropho-
bicity and interact strongly with the ct-DNA, showing a large
displacement of DAPI. Here, the results for some surfactants

reported previously’>*! are also included for comparison.

3.6. Fluorescence anisotropy decay measurements of DAPI.
Dynamics of ct-DNA

Fluorescence anisotropy decay measurements (measurement
methods are available in Section S1.8. in the ESI) of DAPI are
conducted to assess rotational relaxation times.**** These
values provide insights into the rigidity or flexibility of
the surrounding microenvironment and the dynamics of
molecules.?®*"**** Time-resolved fluorescence anisotropies
(7(?)) of DAPI in various systems for the present three surfac-
tants were calculated using eqn (S2) in the ESL,** and the
decay curves were obtained by fitting them to eqn (S3) in the
ESLt*® Characteristic anisotropy decays for some representa-
tive systems are displayed in Fig. S8 (ESIt). The anisotropy
decay of DAPI in the buffer is single exponential, irrespective of
the presence or absence of silica nanoparticles. Rotational
relaxation times of 0.19 and 0.18 ns, respectively, are found
under these conditions. However, when DAPI is bound to native
ct-DNA and ct-DNA-surfactant complexes, the anisotropy decay
exhibits a bi-exponential behavior giving two rotational compo-
nents in the presence and absence of silica nanoparticles. We
used eqn ($4) in the ESIT** to determine the average rotational
relaxation times of DAPI in ct-DNA-surfactant systems at
various surfactant concentrations with and without silica nano-
particles, as presented in Table S6 (ESIt), including their
respective weightings. Notably, the average rotational relaxa-
tion time of DAPI, when bound to native ct-DNA, is consider-
ably longer than free DAPI in a buffer medium. This implies
that the free-tumbling motions of DAPI in a buffer medium
become constrained upon binding with ct-DNA, providing
evidence for the binding of DAPI molecules to ct-DNA.

The rotational components are characterized as fast (t4,)
and slow (7). The values of 7y, and 1, along with their
respective weightings denoted as a;, and a,,, respectively, are
provided in Table S6 (ESIt). Notable observations are as follows.
In native ct-DNA and complexes, the slow components con-
tribute majorly to depolarization. However, in the presence of a
surfactant, the fast component is the major one as some DAPI

This journal is © The Royal Society of Chemistry 2025
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molecules are displaced from ct-DNA’s binding sites. The fast
component (relaxation time, t4,) is ascribed to DAPI’s internal
motions® connected with the local structure’s relaxation in ct-
DNA along with the motions in the bulk. However, the slow
component (relaxation time, t,,) could be due to the ct-DNA
double helix’s segmental motion***>*° or the overall tumbling
motions of a big complex like DNA + DAPI or DNA + DAPI +
silica nanoparticles or DNA + DAPI + surfactant + silica nano-
particles. The two-step model has been used here to describe
the slower (t,;) motion in a bi-exponential anisotropy decay
(details given in Note S1 in the ESIT).*”™*° As per the two-step
model, the relaxation time for the slow rotational motion i.e. 7,
can be related to the time required for the relaxation through
the ct-DNA double helix’s segmental motion (rs)***>*® and the
time for relaxation through the overall tumbling motions of
the big complex (t¢) according to eqn (S5) (ESIT).*”™*° Note S1 in
the ESIf also describes the method used to calculate the ¢
values at 25 °C using eqn (S6) (ESIT) taking the experimentally
determined hydrodynamic radii (r,) of the complex. The values
of hydrodynamic radii and 1, are given in Table S6 (ESIt). The
calculated values of 7 have been utilized to estimate the tg
values using eqn (S5) (ESIT) and all data are tabulated in Table
S6 (ESIT). It can be seen from the data in Table S6 (ESIt) that
the relaxation time for the slow motion, 7,,;, in every system is
almost equal to the tg and largely different from the 7 value.””
This depicts that the slow motion in the complex is nothing but
the ct-DNA double helix’s segmental motion,***>*° and not the
overall motion of the big complex itself.

With a gradual increase in a surfactant’s concentration, the
fast component’s rotational relaxation time primarily decreases
with increasing weighting (Table S6, ESIt). The average relaxation
time steadily decreases with increasing concentration of surfac-
tant. The extent of this decrease in rotational relaxation time is
more in the presence of silica nanoparticles. The results thus
depict that the DAPI molecules are replaced by the surfactants,
supporting the binding of surfactants and hybrid nanoparticles
with ct-DNA. For DDAB16 and DDAB18, both with silica nano-
particles, the weighting of the fast component becomes as large as
~98%, compared to ~77% for MQAS12 at their 2.5 uM concen-
tration, indicating the displacement of almost all DAPI molecules
from ct-DNA by the former two surfactants. The displacement is
substantial in the presence of silica nanoparticles. As per the data
in Table S6 (ESIt), for all systems except for the DNA + DAPI +
DDABI18 + silica nanoparticles, initially at 1.2 uM, the rotational
relaxation time of the helix's segment (longer component)
increases,*>® and then at 2.5 pM it decreases.***'*> This could
be because initially, for the direct binding of the surfactants or
hybrid nanoparticles with ct-DNA, there is an osmotic exclusion of
water molecules from the ct-DNA segment’s vicinity resulting in
an enhancement in its rigidity.”® However, at a higher concen-
tration, the surfactants might bind to a region in the ct-DNA for
which there is an osmotic inclusion of water, enhancing the DNA
segment’s flexibility.>® On the other hand, in the case of DDAB18,
in the presence of silica nanoparticles, very strong interactions
between surfactants and ct-DNA lead to a rigidification of the
ct-DNA helix’s segment.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Comparison plot illustrating the average rotational relaxation time
log ({z;)/ns) values of DAPI in ct-DNA-surfactant systems at 2.5 pM
concentration of surfactants in the absence and presence of silica nano-
particles (~100 nm) in Tris—HCl buffer (pH = 7.4, ~10 mM). dgyc = 375 nm
and Aem = 450 nm, [ct-DNA] = 5.0 uM, [DAPI] = 0.5 puM, [silica NPs] = 1.5 x
1073 wt%. (W.0. = without; W = with).

To compare the degree of interactions between ct-DNA and
different surfactants, the average rotational relaxation times in
the presence of 2.5 pM concentrations of all surfactants in the
presence and absence of silica nanoparticles are plotted in
Fig. 5. The average rotational relaxation time is found to be
shorter for all surfactants in the presence of silica nano-
particles. Comparatively shorter rotational relaxation times
for DDAB class surfactants, both in the presence and absence
of silica nanoparticles, indicate their robust interactions with
the ct-DNA. At 2.5 uM concentration, the (z,) in the case of
DDABI1S8 is a little longer than that of DDAB16 in the presence
of silica nanoparticles, which is due to the comparatively
restricted segmental motions of ct-DNA in the presence of the
former compared with the latter. This result also supports the
strongest interactions between DDAB18 and ct-DNA.

3.7. TEM images of various systems

Details regarding TEM measurements can be found in Section
S1.5. of the ESL.{ As our primary focus revolves around the
effect of the structures of surfactants present in the hybrid
materials on the DNA compaction, the TEM images of systems
with four distinct types of surfactants, one from each of 1-1, 1-2,
2-2, and 3-2 types are presented here. Fig. 6 provides a basis for
comparing the sizes of ct-DNA-surfactant-silica nanoparticle
complexes, which are roughly ~300 nm for combinations
involving MQAS12 or DTAB, ~200 nm for 12-6-12, and
~140 nm for DDAB18. The sizes of particles of surfactant for
DTAB/MQAS12-coated silica nanoparticles wrapped by ct-DNA
are pretty big compared to those formed by 12-6-12/DDAB18-
coated silica nanoparticles and ct-DNA. The smallest size
particle is formed in the case of DDAB18 (~140 mn). The
bigger-sized particles compared to the size of silica nano-
particles of ~100 nm depict the coating of surfactants and
ct-DNA on the nanoparticles’ surfaces, as can be seen in the
figures with a closer look. The trends are consistent with what
is expected from Wu et al.’s empirical rule®” discussed above.

Soft Matter, 2025, 21, 2033-2048 | 2039


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01345j

Open Access Article. Published on 03 December 2024. Downloaded on 11/10/2025 3:39:08 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Fig. 6 TEM images of the ct-DNA structures compacted by 2.5 uM of
MQAS12 (a), DTAB (b), 12-6-12 (c), and DDABI18 (d) in the presence of
~100 nm silica nanoparticles (1.5 x 1072 wt%) in Tris—HCl buffer (pH = 7.4,
~10 mM), [ct-DNA] = 5.0 pM.

3.8. FE-SEM images of various systems

FE-SEM measurement methods are available in Section S1.5. in
the ESILt Fig. 7 and Table S7 (ESIt) provide clear evidence of
structural modifications and size variations of ct-DNA at concen-
trations of 0.0, 1.2, and 2.5 pM of DDAB16, DDAB18, and MQAS12,
both in the presence and absence of silica nanoparticles. It can be
seen from the data in Table S7 (ESI) that the reduction in ct-DNA
size is evident in all systems, with a notable decrease observed
with DDAB18. Significantly, a drop in the size of ct-DNA is also
pronounced in the presence of silica nanoparticles but without
any surfactant because of the crowding effect.>® For this, the coil
depletion of ct-DNA mainly occurs as a result of the excluded
volume of silica nanoparticles.>"*> Without silica nanoparticles,
the ct-DNA size reduced from approximately ~650-700 nm
(native DNA) to ~200-245 nm at 2.5 pM of DDAB18, while with
silica nanoparticles, it decreased from ~320-400 nm to ~120-
130 nm at the same concentration of DDAB18. The sizes of
particles are almost the same as noted from the TEM images
for 2.5 pM of any surfactant in the presence of silica nano-
particles. Notably, for any surfactant at a given concentration,
the particles’ sizes are smaller in the presence of silica nano-
particles due to the cooperative binding of surfactants with ct-
DNA.?® As per the above data, the size of native ct-DNA is reduced
by ~69% and ~81% in the absence and presence of silica
nanoparticles (~100 nm), respectively. In the presence of
~40 nm particles (discussed below), the size is decreased by
~87%. The literature reports various forms into which DNA
molecules can compact/condense, including toroids, flower-like
structures, rods/wires, globular arrangements, bead-like, etc.>®
Fig. 7 depicts FE-SEM images illustrating these morphologies
providing clear support for DNA compaction facilitated by surfac-
tants and silica nanoparticles. DDAB16 and DDAB18 are more
potential ct-DNA compacting agents than DDAB12 reported
earlier, for which bigger particles with a size of ~135-150 nm
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were noted under the same condition. This is attributable to the
longer hydrophobic tails of the former two surfactants than the
latter. Therefore, the surfactant-induced hydrophobicity per unit
surface area has a role in DNA compaction.

3.9. Dynamic light scattering (DLS) analysis

DLS experiments and data analysis (measurement details are
given in Section S1.6. in the ESIt) were conducted to measure
the hydrodynamic diameter of the ct-DNA-surfactant-silica
nanoparticle complexes. The DLS size distribution plots for
surfactants MQAS12, DDAB16, and DDAB18, each at different
concentrations, are given in Fig. S9 (ESIf), while for other
surfactants, they are available elsewhere.***' The DLS size
distribution plots and hydrodynamic diameters for particles
of various systems, each at a 2.5 uM concentration of surfactant
in the presence of silica nanoparticles, are presented in Fig. 8a
and b, respectively, for comparison. The hydrodynamic dia-
meters and polydispersity index (PDI) values are also presented
in Table S8 (ESIt). Notably, these trends are constant with the
particle sizes observed in FE-SEM analysis. DDAB18 demon-
strates a remarkable reduction in ct-DNA’s size compared to
other surfactants. Once again, these results support the fact
that the number of tails (n), tail length (), and headgroup size
(a), as depicted in the empirical rule by Wu et al.,** have a
noteworthy role in DNA compaction.

3.10. Fluorescence microscopic images

Fluorescence microscopy was employed to quantify the percen-
tage of ct-DNA compaction. The fluorescence microscopic
measurement methods are explained in Section S1.10. in the
ESL{ These images offer direct visualization of the transition
from an elongated form to a compacted one. In this study, the
fluorophore DAPI, known for its groove-binding characteristics,
was utilized. To determine the compaction percentage, we
measured the average long-axis length of a minimum of fifty
distinct structures in a given sample. Fig. 9 provides a clear
visual representation of the transition of ct-DNA into its com-
pacted form in the presence of all three surfactants. The data
presented in Fig. 9(a), (c), and (e) highlight the ct-DNA compac-
tion % and representative images of fluorescence microscopy of
a single ct-DNA molecule, showing structural and morphologi-
cal changes of ct-DNA with increasing [MQAS12], [DDAB16],
and [DDAB18], respectively. The data in Fig. 9(b), (d), and (f)
specifically display the surfactant concentrations required to
achieve 50% compaction of ct-DNA. To compare the potential
of the present surfactants and surfactants used before,***! the
concentrations of surfactants required to achieve 50% compac-
tion of ct-DNA have been plotted and displayed in Fig. 10.
A superior performance is shown by DDAB18 apart from
DDAB16, MQAS12, as well as previously reported surfactants,
establishing it as the most efficient cationic surfactant for ct-
DNA compaction at the minimal concentrations essential to
address cytotoxicity issues. Notably, while the 50% compaction
of ct-DNA is done at ~0.050 pM of the previously reported
DDAB12,*° the same amount of compaction is achieved by as
low as ~0.007 uM of DDAB18.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 FE-SEM images elucidating the morphological changes in the ct-DNA structures compacted by MQAS12 (a) and (b), DDAB16 (c) and (d), and
DDAB18 (e) and (f), at concentrations of (i) 0 uM, (ii) 1.2 uM, and (iii) 2.5 uM in the absence [(a), (c) and (e)] and in the presence [(b), (d) and (f)] of ~100 nm
silica nanoparticles (1.5 x 1072 wt%) in Tris—HCl buffer (pH = 7.4, ~10 mM). [ct-DNA] = 5.0 uM.

One can argue that at a higher concentration of surfactant, the smaller size of DNA is simply due to the smaller number of DAPI
DNA cannot be seen as DAPI molecules have come out, and the remaining attached to DNA. To show that this is not the case, some

This journal is © The Royal Society of Chemistry 2025 Soft Matter, 2025, 21, 2033-2048 | 2041
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Fig. 8 Comparison plots illustrating the DLS size distribution (a) and hydrodynamic diameters (b) of various investigated cationic surfactants, ct-DNA,
and silica nanoparticles (~100 nm) systems in Tris—HCl buffer (pH = 7.4, ~10 mM) where [surfactant] = 2.5 uM; 1.5 x 10~ wt% silica nanoparticles;

[ct-DNA] = 5.0 uM.

control experiments have been done by recording fluorescence
microscopic images of systems containing 5.0 pM of ct-DNA
and 1.0 pM of DDAB18 with increasing concentrations of DAPI
(Fig. S10, ESIt). It is expected that with increasing concen-
tration, more and more DAPI will bind with the DNA-surfactant
or DNA-surfactant-silica nanoparticle complexes, and if the
DNA has not been condensed, then the size of images is
expected to be bigger. However, the results in Fig. S10 (ESIt)
show no change in the images’ size with increasing dye
concentration, supporting that DNA compaction was achieved
at a higher surfactant concentration.

3.11. MTT assay

Details of MTT assay procedures are specified in Section S1.11.
in the ESL{ Ensuring the safety of biomaterials in vitro is
pivotal, particularly regarding their cytotoxicity.

The cell viabilities of 4T1 cell lines over 24 and 48 hours of
incubation are presented in Fig. 11A and B, respectively, and
the same for HEK293 cell lines over 24 and 48 hours of
incubation are displayed in Fig. 11C and D, respectively. The
cell viability of HEK-293 cells stayed consistently above 88%
across sample concentrations from 0 to 500 uM. Additionally,
the comparable cell viabilities observed between MQAS12
and DDAB18 suggest strong cytocompatibility for both surfac-
tants, highlighting their similar effects on cell viability. The
cell viability study revealed that MQAS12 and DDAB18
with silica nanoparticles demonstrated the highest time and
dose-dependent cytotoxicity compared to those without silica
nanoparticles in 4T1 cell lines. The reason could be credited to
the difference in the cellular uptake of the materials between
these two cell lines, which is because of the up-regulations and
down-regulations of various markers involved. Moreover, the
cell membrane’s integrity could be compromised in the case of
cancer cells, which caused more internalization of these sys-
tems than normal cells. Overall, the cytotoxicity of the MQAS12
and DDAB18 surfactant systems (both in the absence and
presence of silica nanoparticles) is comparatively lower.

2042 | Soft Matter, 2025, 21, 2033-2048

3.12. Cellular uptake study

Details of the methods for the cellular uptake studies are given in
Sections S1.12. and S1.13. in the ESL{ Confocal fluorescence
microscopy imaging and flow cytometry were used to evaluate
the cellular internalization of YOYO-1 labeled ct-DNA with each of
MQAS12 and DDAB18 both qualitatively and quantitatively in 4T1
cells (Fig. 12). The clear, bright green fluorescence was detected in
the cytoplasm and nuclei in YOYO-1 labeled ct-DNA with each of
MQAS12 and DDAB18 treated after 6 h incubation with the
targeted cells. This suggests quick internalization of YOYO-1
labeled ct-DNA with each of MQAS12 and DDAB18. For 4T1 cells,
the red fluorescence intensity of YOYO-1 labeled ct-DNA with each
of MQAS12 and DDAB18 increased from 3 to 8 h, indicating time-
dependent cellular absorption. Moreover, further flow cytometry
studies were performed to validate the increased internalization.
The mean fluorescence intensity values for YOYO-1 labeled ct-DNA
with each of MQAS12 and DDAB18 were shown to increase from 3
to 8 h in the flow cytometer’s histogram. Flow cytometry analysis
demonstrated a time-dependent increase in fluorescence intensity
in 4T1 cells. The cellular uptake and intracellular release findings
showed enhanced cell membrane permeability and release.

3.13. Gel retardation assay (agarose gel electrophoresis)

Details of the agarose gel electrophoresis studies are given in
Section S1.14. in the ESLf Electrophoresis experiments were
conducted to investigate the interaction between surfactants/
hybrid nanoparticles and ct-DNA, as well as the mobility of
complexes. Surfactants were added to a fixed concentration of
ct-DNA (5 uM) in the 0-6 m range, both with and without silica
nanoparticles. Electrophoresis measurements showed that in the
presence of silica nanoparticles, surfactants interacted with ct-
DNA at lower concentrations compared to systems without nano-
particles. As shown in Fig. 13, with MQAS12, binding occurred at
around 5.5 mM (Fig. 13a) without silica nanoparticles, but at
4.5 mM (Fig. 13c) with silica nanoparticles. Similarly, with
DDAB18, binding started at 3.0 mM (Fig. 13b) without silica
nanoparticles, and at 1.0 mM (Fig. 13d) with silica nanoparticles.

This journal is © The Royal Society of Chemistry 2025
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(a), (c), and (e) ct-DNA compaction % and fluorescence microscope images of a single ct-DNA molecule, showing structural morphological changes of

ct-DNA with increasing [MQAS12], [DDAB16], and [DDAB18], respectively; (b), (d), and (f) plots demonstrating the [MQAS12], [DDAB16], and [DDAB18],
respectively, corresponding to 50% compaction of ct-DNA without and with silica nanoparticles = 1.5 x 10~ weight% in Tris—HCl buffer (oH = 7.4, ~10 mM).

[ct-DNA] = 5.0 uM, [DAPI] =

0.5 uM, Zdexc = 375 Nnm, Lem = 450 nm. Pictures inside the blue-bordered squares in each case represent the systems containing

silica nanoparticles, while the pictures in red-bordered squares indicate those without silica nanoparticles. (W.O. = without; W = with).

This suggests that DDAB18 was more effective in neutralizing
negatively charged ct-DNA compared to other surfactant.***

3.14.
compaction

Discussion on factors responsible for ct-DNA

Surfactant molecules with positively charged headgroups
adsorbed on the negatively charged silica nanoparticles’ surfaces
will have their tails protruded outward towards the bulk. It is
difficult for these particles to be stable in an aqueous medium.
Therefore, a bilayer of surfactants is formed as a result of
hydrophobic interactions so that the particles with outer positive
surface charges will be stable in an aqueous medium.*** These

This journal is © The Royal Society of Chemistry 2025

positively charged particles then interact with negatively charged
DNA, resulting in its compaction through charge neutralization.
This way, the negatively charged silica nanoparticles enhance the
cationic surfactants’ ability to compact ct-DNA through coopera-
tive binding.>® Notably, here, a pH of 7.4 (biological pH) was set as
compared to the pH value of 10.5 chosen by Wu et al.** in their
work on phase transfer. This step has been taken to control the
adsorption of a large number of surfactants so that no precipita-
tion takes place and also cytotoxicity can be avoided. No precipita-
tion was observed, and absolute clear solutions for all samples
support a bilayer formation even at pH 7.4. A continuous increase
in positive zeta potential value with increasing surfactant
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Fig. 10 Comparison plot illustrating the concentration of various inves-
tigated cationic surfactants where 50% ct-DNA compaction occurred in
the presence of silica nanoparticles (~100 nm) systems in Tris—HCL buffer
(pH = 7.4, ~10 mM). 1.5 x 10~% wt% silica nanoparticles. Inset: Better
visualization of the differences in concentrations for some surfactants.

concentrations indirectly support the bilayer formation. Further
experimental supports are discussed below.

Based on the results discussed above, the increasing order of
ct-DNA compaction efficiency of various surfactants in the
presence of silica nanoparticles was found as follows: MQAS12
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< DTAB < 12-4-12 < 12-6-12 < 12-8-12 < DDAB12 < DDAB16
< DDABI18. These results are consistent with the empirical rule
presented by Wu et al,*® ie, P = nl/av discussed in the
introduction section. Based on the three factors, n, [, and a,
the above-mentioned order can be explained. However, to check
the effect of the overall size of the nanoparticles (factor V in the
equation) on P and thereby on the compaction of ct-DNA, we
have also carried out experiments using silica nanoparticles with
a smaller size (~40 nm) than the ~100 nm nanoparticles
discussed above. It can be seen from the data in Fig. S11 and
Table S2 (ESIf) that the N wt% is higher in the presence of
~40 nm particles as compared to ~100 nm particles (Table S2,
ESIt) for each surfactant, MQAS12, DDAB16, and DDAB18. The N
wt% increases in the presence of nucleic acid. The results thus
support the binding of ct-DNA with the surfactant-coated nano-
particles. The data in Table S8 (ESI{) show that the compaction
of ct-DNA is more in the presence of ~40 nm particles than
~100 nm particles. With 2.5 uM DDAB18 and ~40 nm silica
nanoparticles, we could get a particle with a size as low as
~ 86 nm. These results give the answer to the question that we
raised in the Introduction section, which is whether the hydro-
phobicity per unit surface area (P) of the silica nanoparticles
induced by the surfactants of varying chemical structures has a
role in the compaction of ct-DNA.
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Fig. 11 Cell viability after 24 hours (A) and (C) and after 48 hours (B) and (D) of incubation with different concentrations of samples determined by MTT

assay for 4T1 (A) and (B) and HEK 293 (C) and (D) cell lines. The * and ***

used indicate the significant changes between the two groups (p). *, **, and

*** indicate p > 0.05, 0.01, and 0.001, respectively, and the lines indicate the error bars for the significance.
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Fig. 13 Agarose gel electrophoresis of ct-DNA with increasing concentrations of (a) and (c) MQAS12 and (b) and (d) DDAB18 in the absence ((a) and (b))
and presence ((c) and (d)) of silica nanoparticles. Silica nanoparticles = 1.5 x 10> weight%. [ct-DNA] = 5.0 uM, [EtBr] = 0.5 uM, the concentrations of

surfactants are mentioned on top of each figure.

The greater the number of surfactant molecules adsorbed
onto the surfaces, the more prominent the hydrophobicity
induced by the hydrocarbon tails of the surfactants will be.
The greater the P induced by the first layer, the more significant
the number of surfactant molecules taking part in the for-
mation of the second layer due to hydrophobic interactions
among the surfactants’ tails with the positive surface charges.
Therefore, it is obvious that the P has an indirect effect on the
compaction of ct-DNA. Notably, the direct effect of the hydro-
phobicity of surfactants on increasing compaction of ct-DNA is
evidenced by the order: 12-4-12 < 12-6-12 < 12-8-12, where the
hydrophobicity of the spacer is increased from left to right.*'
Rudiuk et al’s*® study on DNA’s compaction by conventional
surfactants gives results aligned in the same direction. To
support that P increases with increasing concentration of the
surfactant even though the surfaces are charged, the fluores-
cence spectra and lifetimes of DAPI in the presence of a fixed
concentration of silica nanoparticles and varying concentra-
tions of DDAB18 have been recorded (Fig. S12, ESIf). Both
fluorescence intensity (Fig. S12a and b, ESI{) and lifetime
(Fig. S12c, ESIt) increase with DDAB18 concentration. The
increasing number of adsorbed surfactants on silica nano-
particles’ surfaces, is supported by the EDAX data in Table S9
(ESIt) that show increasing N wt% with increasing amounts of
DDAB18. Fig. S2 (ESIt) presents an increase in zeta potential
with increasing DDAB concentration. As with the increasing
hydrophobicity of the layer, the number of positive surface
charges also increases; therefore, unless the bilayer is formed,
these particles won’t be stable in the aqueous environment. The

2046 | Soft Matter, 2025, 21, 2033-2048

results also depict that both electrostatic and hydrophobic
interactions are responsible for ct-DNA compaction.

4. Conclusion

Our research has revealed that among different types of surfac-
tants, DDAB18, in the presence of silica nanoparticles, serves as
an exceptional surfactant for ct-DNA compaction. DDAB18 can
undergo fifty percent ct-DNA compaction at a concentration
about ninety-nine percent lower than that required for conven-
tional cationic surfactants, DTAB, in the presence of silica
nanoparticles (~100 nm), which addresses the cytotoxicity
issues associated with cationic surfactants. This concentration
is the minimum compared to other surfactants studied by this
group. As per DLS results, in this work, the minimum size of ct-
DNA coated hybrid nanoparticles is found to be ~125 nm in
the presence of DDAB18 and silica nanoparticles (~100 nm).
While the size of native ct-DNA is noted to be ~657 nm. The
size of this compacted ct-DNA in the case of DDAB18 is the
smallest compared to all other surfactants explored by the same
group. Due to the crowding effect, the ct-DNA size is decreased
in the presence of silica nanoparticles without any surfactant as
well. Fluorescence lifetime data show that DDAB series-
surfactants can displace almost all DAPI molecules from ct-
DNA because of their strong interactions with nucleic acid.
DDAB18 molecules bind in the intercalative region of ct-DNA.
Fluorescence anisotropy decay data reveal two components
responsible for depolarization in the presence of surfactants

This journal is © The Royal Society of Chemistry 2025
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with and without silica nanoparticles. In contrast to the sys-
tems without surfactants, the fast rotational component is the
major one in the systems with surfactants. The slow component
is ascribed to the ct-DNA helix’s segmental motions, which
become slower at a high concentration of DDAB18 in contrast
to other surfactants. This infers that at a high concentration of
DDABI18, the ct-DNA segments become more rigid. However, in
the presence of the same concentrations of DDAB16 and
MQAS12, the segments’ rigidity is somewhat reduced. The
segment’s flexibility is found to be more in the case of the
former than in the latter, and also in the systems with silica
nanoparticles.

In addition to presenting an efficient surfactant for ct-DNA
compaction, this work explains the effects of the surfactants’
structure and nanoparticles’ size on ct-DNA compaction in the
presence of silica nanoparticles of different sizes (~100 and
~40 nm). Electrostatic interactions between positively charged
surfactants and negatively charged DNA are necessary. Still, the
study shows that the hydrophobicity per unit surface area of the
nanoparticles (P) has a great role in the compaction of DNA.
DDABI18, among all surfactants, is the most efficient one as it
introduces the maximum P because of its small headgroup size
and two long hydrophobic tails attached to a single head. The
size factors help many DDAB18 molecules to be adsorbed on the
nanoparticles’ surfaces, as evidenced by EDAX and zeta potential
data producing large P. The cell viability of 4T1 and HEK293 cell
lines and in vitro cellular uptake of the ct-DNA to 4T1 cells for the
system with DDAB18 surfactant have been carried out, and
promising results have been obtained. The present work thus
gives a direction for designing and developing potential cationic
surfactant-based gene delivery systems in the presence of nano-
particles. DDAB18-coated silica nanoparticles appear to be safe
and effective DNA compaction agents that can carry nucleic acid
for biomedical applications.
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