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Abstract: The condensation of bioma-
cromolecules, such as DNA and proteins, 
using synthetic polymers plays a key role in 
strategies for their stabilization, protection, 
and controlled organization in aqueous 
media. In this work, a poly (styrene-co-ma-
leic anhydride) (SMA) copolymer modified 
with a commercial tallow amine is investi-
gated as an amphiphilic platform for the 
non-covalent condensation of DNA and 
proteins. The introduction of protonable 
amino groups provides electrostatic affini-
ty toward the negatively charged phospha-
te backbone of DNA, while the aromatic 
rings and aliphatic segments promote the 
supramolecular stability of the formed 
complexes. Infrared spectroscopy, optical 
microscopy, and dynamic light scattering 
(DLS) were used to characterize the system, 
allowing the observation of the generated 
particles and the measurement of the mi-
celles formed by SMA. The copolymer was 

able to condense DNA, forming complexes 
with particle sizes larger than 500 nm. This 
work explores an alternative approach for 
obtaining nanodiscs through the synthesis 
of SMA modified with tallow amine as a 
versatile material for biomolecular con-
densation, opening new perspectives for its 
application in biotechnology and materials 
science

Keywords Poly (estirene-co-maleic anhi-
dride), SMA, ADN, Protein, Tallow Ami-
ne, gene delivery

Introduction 

Gene therapy has emerged as a prom-
ising strategy to treat, prevent, or cure dis-
eases by correcting genetic defects through 
DNA modification, including the intro-
duction or replacement of defective genes. 
This approach offers significant opportu-
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nities for the treatment of hereditary disor-
ders such as cancer and congenital diseases, 
as well as other conditions including HIV 
infection, diabetes, Parkinson’s disease, and 
Alzheimer’s disease. A key component of 
gene therapy is the use of vectors, molecular 
vehicles capable of delivering genetic mate-
rial into host cells, enabling the introduc-
tion of functional DNA sequences.

Vector-based systems are also widely 
used for the extraction and stabilization of 
membrane-associated proteins. In particu-
lar, amphiphilic polymers can encapsulate 
fragments of cellular membranes to form 
nanodiscs, which preserve the native en-
vironment of membrane proteins. These 
nanostructures enable the study of protein 
function and structure and are increasingly 
used in drug discovery, biomarker identifi-
cation, vaccine development, antibody pro-
duction, and structural biology.

Among amphiphilic polymers, poly 
(styrene-co-maleic anhydride) (SMA) co-
polymers have attracted considerable atten-
tion due to their ability to solubilize lipid 
membranes and form self-assembled nano-
structures. [klosgen 2009, Knwoles 2009]   
Their amphiphilic architecture, consist-
ing of hydrophobic aromatic styrene units 
and chemically reactive maleic anhydride 
groups, allows further functional modifica-
tion. SMA has been successfully employed 
for membrane solubilization, protein en-
capsulation, and the formation of poly-
mer–lipid nanodiscs with high structural 
adaptability. [Jamshad 2011, Dorr 2014, 
Oluwole 2017] However, after hydrolysis of 
the maleic anhydride groups, SMA typically 
exhibits a net negative charge, which limits 
its direct interaction with negatively charged 
biomolecules such as DNA.

Cationic polymers are widely used 
as condensing agents for nucleic acids and 
proteins due to their ability to interact elec-
trostatically with negatively charged bio-
molecules. Several studies have reported 
SMA-based systems modified with cation-
ic polymers such as low-molecular-weight 
polyethylenimine, dendrimers, or chitosan, 
which promote DNA condensation through 
electrostatic interactions. [Godbey 1999, 
Lavertu 2006, Mintzer 2009] [Duan 2012].  
Despite their effectiveness, these systems 
may present limitations including cytotox-
icity, reduced colloidal stability, or limited 
control over self-assembly, highlighting the 
need for alternative amphiphilic materials 
with tunable physicochemical properties. 
[Winel 1977,Maeda 2001,Zovko 2005] .

Tallow amine, a derivative of animal 
fat composed of a primary amine attached 
to a hydrocarbon chain containing approx-
imately 12–16 carbon atoms, represents an 
attractive candidate for polymer function-
alization. These compounds are commonly 
used as precursors for cationic surfactants 
and are widely applied in agrochemicals, as-
phalt emulsions, flotation processes in min-
ing, dispersants, and antistatic agents.

The chemical modification of SMA 
with long-chain amines such as tallow 
amine introduces protonable cationic 
groups together with hydrophobic aliphatic 
segments, generating a highly amphiphilic 
copolymer capable of combining electro-
static interactions with hydrophobic stabi-
lization. This modification may promote 
DNA condensation through partial charge 
neutralization while simultaneously facili-
tating the formation of compact and stable 
structures in aqueous media. Furthermore, 
hydrophobic domains may enhance interac-
tions with globular proteins, expanding the 
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potential of the system for the simultaneous 
organization of nucleic acids and proteins.

In this work, we investigate the in-
teraction, condensation, and molecular or-
ganization of DNA and egg protein using 
an SMA copolymer modified with tallow 
amine. Experimental characterization was 
performed using infrared spectroscopy, op-
tical microscopy, and dynamic light scatter-
ing, complemented by theoretical analysis 
to visualize electrostatic potential and hy-
drophobic interaction fields. The results aim 
to provide new insights into the design of 
amphiphilic polymer systems for biomolec-
ular condensation and to expand the poten-
tial applications of modified SMA materials 
in biotechnology and advanced materials 
science.

Methodology

Materials

Methanol, N,N dimethyl formamide 
(DMF), terbutyl peroxide (LUPEROX), 
sodium hydroxide (NaOH), tallow amine 
(Farmin T), styrene, maleic anhidride, Dis-
tilled water.

Synthesis of modified styrene-
co-malic anhydride copolymer

In a 100 mL round-bottom glass reac-
tor, 50 mL of dimethylformamide (DMF) 
was added, and the temperature was incre-
ased to 80 °C. Subsequently, 1 g of catalyst 
(Luperox) was introduced. In a separate 
beaker, a mixture of maleic anhydride and 
styrene monomers was prepared in 10 mL 
of DMF. This mixture was gradually added 
dropwise over 30 minutes and allowed to 
react for one hour. The reaction mixture 
was then cooled to 60 °C, followed by the 
addition of a solution containing 10 mL of 
DMF and tallow amine (Farmin T), which 
was introduced dropwise over a period of 5 
minutes. Finally, a 2% sodium hydroxide 
solution was prepared and added to the re-
action mass, allowing the reaction to proce-
ed for an additional 30 minutes. No modi-
fications were observed in the final reaction 
mass.

DNA extraction

Genomic DNA was purified from 
whole blood using the Blood DNA Prepara-
tion – Solution Kit following the manufac-
turer’s protocol. Briefly, whole blood sam-
ples were subjected to cell lysis to disrupt 
erythrocytes and leukocytes, releasing 

Scheme 1. Chemical pathway for 2:1 SMA 
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intracellular components. Proteins and 
other cellular contaminants were subse-
quently removed through a precipitation 
step, allowing the genomic DNA to remain 
in solution. The DNA was then precipitated 
using alcohol and collected by centrifuga-
tion. After washing to eliminate residual salts 
and impurities, the purified genomic DNA 
was rehydrated in an appropriate buffer so-
lution. The resulting DNA was suitable for 
downstream applications such as molecular 
analysis and biochemical characterization.

Critical micelle concentration 
(CAC)

The critical aggregation concentration 
(CAC) was determined using complemen-
tary physicochemical techniques. Surfa-
ce tension measurements were performed 
using the Du Noüy ring method. Electrical 
conductivity was measured with a Thermo 
Scientific Orion Star A212 conductivity 
meter, while electrical resistivity was recor-
ded using a digital multimeter. For each 
method, the CAC was obtained by plotting 
the measured property as a function of poly-
mer concentration and identifying the bre-
akpoint corresponding to the transition be-
tween the pre-micellar and micellar regimes.

Preparation of polymer-DNA 
complexes 

All polymers DNA and protein com-
plexes were freshly prepared before use by 
adding different concentration of polymer 
solution into equal volumes, to obtain the 
desired polymer nitrogen to DNA. Followed 
by vortexing for 30 seconds and incubating 
at room temperature for 30 minutes.

Optical Microscopy 

Samples were placed on a viewing slide 
(covered with a cover slip in the case of the 
largest magnification) and observed with an 
optical microscope (Amscope). A 20×, 40× 
and 100× objective lens was used to record 
sample microstructure.

Dispersion Light Scattering 
(DLS)

Dynamic light scattering (DLS) mea-
surements were performed using a Malvern 
Zetasizer Nano ZS90 instrument. The sam-
ples were placed in 10 mL quartz cuvettes 
prior to analysis.

Theoretical calculations

Molecular interaction field (MIF) 
maps, also known as contact density fields 
(CDFs), as well as electrostatic potential 
maps, were generated for representative 
fragments of DNA and the SMA copolymer 
using the Spartan program. The calculations 
were performed within the framework of 
density functional theory (DFT) employing 
the B3LYP functional and the cc-pVTZ ba-
sis set.
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Results

Dispersion light scattering (DLS)

Figure 1. Distribution of hydrodynamic diameter 
of SMA family’s copolymer in water 

The hydrodynamic diameter of the 
three surfactants used for polyurethane 
(PU) emulsification is shown in the figu-
re. Copolymers with lower styrene content 
exhibit a single and relatively narrow size 
distribution with low polydispersity (See 
table 1). This behavior can be attributed 
to their higher hydrophilicity, which favors 
greater solubility in water and promotes 
the presence of extended polymer chains in 
solutions. Under these conditions, the co-
polymer remains predominantly dispersed 
as individual chains or small aggregates. In 
contrast, as the styrene content in the surfac-
tant increases, two distinct size populations 
are observed in the DLS measurements. 
This behavior is associated with the increa-
sed hydrophobicity of the copolymer, whi-
ch reduces its affinity for the aqueous phase 
and promotes intermolecular hydrophobic 
interactions that produces smaller particles 

and also, the polymer chains tend to self-
-associate, forming larger aggregates or mi-
celle-like structures. The larger particle po-
pulation exhibits lower scattering intensity, 
suggesting the formation of heterogeneous 
assemblies and a broader distribution of 
aggregate sizes [Craig 2019]. This behavior 
is characteristic of amphiphilic copolymers 
in aqueous media, where a balance betwe-
en hydrophobic interactions among styrene 
units and the hydrophilic character of the 
maleic acid groups governs the self-assem-
bly process. Previous studies have employed 
dynamic light scattering (DLS) to charac-
terize particle size distributions in polymer 
systems based on SMA copolymers, inclu-
ding the formation of polymer–lipid nanos-
tructures and the control of nanoparticle 
size using SMA variants and lipid mixtures. 
These reports describe aggregation and size 
distribution trends similar to those observed 
in the present system [Craig 2016; Harding 
2019; Lee 2022].

Critical micelle concentration 
(CMC)

Figure 2 presents the plots used to 
identify the concentration at which SMA 
aggregates or micelle-like structures form 
in aqueous solution, using different experi-
mental techniques.

Figure 2a shows the variation in elec-
trical resistivity as a function of SMA con-
centration. A sharp decrease in resistivity is 
observed at very low surfactant concentra-
tions, followed by stabilization near 1 wt% 
SMA. This behavior suggests that the resis-
tivity of the medium decreases due to the 
high polarity of the maleic anhydride units, 
which promote ionic conduction pathways 
in water. Additionally, the increasing con-
nectivity between polymer chains at higher 
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concentrations may facilitate charge trans-
port through the solution. [Lee 2004, Flor-
jancyk 2000, Vink 1989].

An opposite trend is observed when 
electrical conductivity is measured using a 
conductivity meter (Figure 2b). In this case, 
conductivity increases with SMA concen-
tration, which can be attributed to the high 
density of carboxylic groups generated by 
hydrolysis of the maleic anhydride units. 
When SMA is dispersed in water, the anhy-
dride ring undergoes hydrolytic opening, 
producing carboxylate groups (COO⁻) and 
protons (H⁺), which enhance ionic mobi-
lity and increase the overall ionic transport 
in the aqueous phase. This phenomenon is 
characteristic of polyelectrolyte behavior and 
has been reported previously for hydrolyzed 
SMA systems in aqueous environments.

Finally, Figure 2c shows the surface 
tension measurements obtained using the 
Du Noüy ring method. A change in the line-
arity of the curve is observed at approxima-
tely 1.5 wt% SMA, which may indicate the 
onset of polymer aggregation in solution. 
However, the SMA solutions display a gra-
dual increase in surface tension with incre-
asing concentration, rather than the sharp 
inflection point typically associated with 
the critical micelle concentration (CMC) 
of conventional low-molecular-weight sur-
factants. [Noskov 2011. Loglio, (2001] This 
behavior suggests a progressive adsorption of 
the amphiphilic copolymer at the air–water 
interface, rather than the formation of well-
-defined micelles. Such behavior is common 
for amphiphilic copolymers with relatively 
large molecular chains, where the interfacial 
adsorption process competes with bulk sel-
f-assembly processes. In these systems, the 
formation of polymeric aggregates, large 
polymeric micelles, or hydrophobic clusters 

may occur in solution, and these structures 
do not readily migrate to the air–water in-
terface. Consequently, the observed surface 
tension behavior may be associated with in-
terfacial structuring effects or changes in the 
composition of the medium, reflecting the 
aggregation behavior typical of amphiphi-
lic copolymers in aqueous systems. [Wright 
(2015). Scheidelaar,(2016)]

Infrared spectroscopy

The infrared spectra were normalized 
in the range from 0 to 1 in order to allow 
proper comparison of signal intensities. Fi-
gure 3a shows the full FTIR spectrum of the 
SMA 2:1 copolymer (green line) in aqueous 
solution used as reference. The spectrum 
exhibits the characteristic vibrational bands 
of the copolymer. At lower wavenumbers, 
several typical bands can be observed, inclu-
ding the band at 700–760 cm⁻¹, associated 
with out-of-plane C–H bending of the aro-
matic ring. Additional bands are observed in 
the 1100–1250 cm⁻¹ region, which can be 
attributed to C–O and C–O–C stretching 
vibrations associated with the hydrolyzed 
maleic anhydride groups and possible ether 
or ester linkages formed after modification. 
The band near 1600–1650 cm⁻¹ corres-
ponds to aromatic and conjugated C=C 
stretching vibrations of the styrene units. A 
weak shoulder around 1715–1730 cm⁻¹ can 
be assigned to C=O stretching vibrations of 
carboxylic acid groups generated after hy-
drolysis of the maleic anhydride units. In 
addition, a weak band around 1780–1850 
cm⁻¹ may be associated with residual ma-
leic anhydride carbonyl groups, although 
their intensity is typically low in hydrolyzed 
systems. At higher wavenumbers, bands at 
2920 cm⁻¹ and 2850 cm⁻¹ correspond to 
asymmetric and symmetric stretching vibra-
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Figure 2. Critical aggregation concentration obtained of SMA 2:1 by: a) resistivity, b) conductivity and 
c) surface tension

Sample CAC (% wt/wt) Hydrodynamic 
diameter (nm)

Polydispersity 
index (DPI)Surface 

tension
Resistivity conductivity

SMA 1:1 1.32 0.95 1.52 633 0.19
SMA 2:1 1.48 0.98 1.17 550 0.18
SMA 3:1 1.50 1.22 2.3 225,1441 0.83

Table 1. Critical aggregation concentration (CAC) and hydrodynamic radius (Rh) of SMA copolymers 
in aqueous solution.

Figure 3 infrared spectra of SMA With DNA: a) Whole spectra, b) amine-hydroyxl zone and c ) car-
bonyl zone
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tions of aliphatic –CH₂ and –CH₃ groups, 
which are consistent with the presence of 
the long hydrocarbon chain of the tallow 
amine modifier. A broad band centered 
near 3300–3400 cm⁻¹ is attributed to O–H 
stretching vibrations, mainly associated 
with water molecules and hydrogen-bonded 
hydroxyl groups present in the aqueous sys-
tem. All these bands are reported by several 
author that works with modified and hy-
drolyzed SMA [Knowles 2009, Dörr 2014, 
Oluwole 2017, Harding 2019]

The spectra shown in red and blue in 
figure 3b and 3c correspond to SMA 2:1 
and SMA 3:1 in the presence of DNA, 
respectively. In these spectra, additional 
spectral contributions associated with the 
interaction between DNA and the SMA co-
polymer can be observed. One of the most 
noticeable differences is the appearance of 
bands in the region between 1500 and 1700 
cm⁻¹, which are mainly associated with in-
-plane vibrational modes of nucleobases, in-
cluding overlapping C=O, C=C, and C=N 
stretching vibrations of heterocyclic bases 
present in DNA.As shown in Figure 1c, 
small shoulder peaks appear around 1580 
cm⁻¹ and 1700–1710 cm⁻¹, together with 
an increase in the intensity of aromatic and 
heterocyclic double-bond vibrations. These 
bands are consistent with the spectral fin-
gerprints of nucleobases reported in FTIR 
studies of DNA. [ Muntean 2014, Custovic 
2022]

Another noticeable change is the de-
crease in intensity of the broad O–H stret-
ching band, suggesting the involvement of 
hydrogen bonding interactions between the 
polymer matrix and DNA. This effect appe-
ars to be more pronounced in the SMA 2:1 
system, indicating stronger interaction with 
DNA compared to SMA 3:1. The lower 

spectral contribution observed for SMA 3:1 
may be related to its higher styrene content 
and increased hydrophobicity, which redu-
ces its affinity toward the hydrophilic DNA 
backbone.

Overall, the FTIR results suggest that 
the SMA 2:1 copolymer exhibits stronger 
interactions with DNA than the more hy-
drophobic SMA 3:1 variant.

Because DNA condensation occurs 
in an aqueous medium, spectral subtrac-
tion was performed in order to isolate the 
spectral contribution of the encapsulated 
DNA from the signals of water and the 
SMA copolymer. The SMA 2:1 copolymer 
was selected for this analysis because visual 
inspection of the spectra suggested a stron-
ger interaction with DNA compared to the 
other formulations.

Figure 4a shows the FTIR spectrum 
of the SMA copolymer in aqueous solution. 
The supernatant obtained after mixing the 
copolymer with DNA in water was subse-
quently analyzed (inset Figure 4b). After 
applying spectral subtraction to remove the 
contributions of water and the polymer ma-
trix, the resulting spectrum revealed several 
characteristic vibrational bands common-
ly reported for hydrated DNA. The spec-
trum exhibits most of the infrared features 
previously described for nucleic acids in 
aqueous environments (Mao et al., 1994; 
Banyay et al., 2003; Wood et al., 2016). A 
broad band centered at approximately 3390 
cm⁻¹ is observed and can be attributed to 
overlapping O–H stretching vibrations 
from hydrogen-bonded water molecules 
together with N–H stretching modes from 
nucleobases. This broad absorption is typi-
cal for hydrated nucleic acids where exten-
sive hydrogen bonding occurs between the 
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phosphate backbone, nucleobases, and sur-
rounding water molecules.

In the fingerprint region, several cha-
racteristic DNA bands are detected. The 
band located near 1085 cm⁻¹ corresponds 
to the symmetric stretching vibration of the 
phosphate group (PO₂⁻) in the DNA ba-
ckbone, while the signal around 1230 cm⁻¹ 
is assigned to the asymmetric stretching 
vibration of PO₂⁻ groups. These bands are 
widely recognized as diagnostic markers of 
nucleic acid structures and are commonly 
used to monitor DNA interactions with 
polymers and other biomolecules (Banyay 
et al., 2003; Wood et al 2016). Additionally, 
a band near 970 cm⁻¹ can be associated 
with backbone vibrations of the deoxyribo-
se–phosphate framework, which are sensiti-
ve to conformational changes in DNA.

Within the spectral region highlighted 
in the inset of Figure 4, additional signals 
appear between 1600 and 1750 cm⁻¹, cor-
responding mainly to in-plane stretching 
and bending vibrations of nucleobases. The 
band near 1603 cm⁻¹ can be attributed to 
C=N stretching vibrations associated with 
guanine, while the signal around 1643 cm⁻¹ 
is related to C2=O stretching vibrations of 
cytosine. Furthermore, the band observed 
at approximately 1683 cm⁻¹ corresponds 
to C6=O stretching of guanine and C4=O 
vibrations of thymine, which are common-
ly reported in FTIR studies of nucleic acid 
structure and intermolecular interactions 
(Mao et al., 1994; Banyay et al., 2003).

Overall, the presence of these charac-
teristic phosphate and nucleobase vibrations 
confirms the presence of DNA within the 
polymeric environment and supports the 
formation of polymer–DNA complexes in 
aqueous solution. The observation of the-
se bands after spectral subtraction suggests 

that the SMA copolymer is capable of inte-
racting with and stabilizing DNA structures 
through a combination of electrostatic inte-
ractions and hydrogen bonding.

Optical microscopy

Figure 5 shows optical microscopy 
images in which particles with an average 
diameter of 19 ± 5 µm can be observed. 
These aggregates correspond to the SMA 
2:1 sample in the presence of DNA, where 
the formed particles result from flocculation 
induced by polymer–DNA complexes. This 
phenomenon is mainly driven by the neg-
ative charge of DNA originating from the 
phosphate groups, which interact with the 
tallow amine functionalities of the modified 
SMA, generating strong electrostatic inter-
actions commonly referred to as bridging 
interactions. Furthermore, SMA function-
alized with tallow amine contains multiple 
interaction sites, allowing a single polymer 
chain to bind simultaneously to several 
DNA molecules. As a consequence, bridging 
aggregation occurs, leading to the formation 
of micrometer-sized aggregates with diame-
ters close to 20 µm. Similar behaviors have 
been reported for other cationic polymers 
capable of inducing DNA condensation, 
including polyethyleneimine (PEI), chi-
tosan, and polylysine [ Bloomfield, (1996).
DeRouchey,  (2010). Zinchenko, (2005).]. 
Comparable structures were not observed 
for the SMA 3:1 system, which is attributed 
to its weaker interaction with DNA, likely 
resulting from its higher styrene content 
and increased hydrophobicity, which reduce 
its effective electrostatic interaction with the 
polyanionic DNA backbone. Consistent 
with these observations, the increase in par-
ticle size detected by dynamic light scatter-
ing (DLS) upon addition of DNA suggests 
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Figure 4. Infrared spectra of: a) SMA-water, b) SMA-DNA-water, C) subtracted spectra of DNA, d) 
SMA and e) water

Figure 5. Optical microscopy image form SMA-DNA
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a transition from amphiphilic SMA aggre-
gates to larger polyelectrolyte complexes. 
These processes ultimately lead to the for-
mation of micrometer-sized flocculated 
assemblies or polymer-rich coacervate-like 
structures, stabilized by hydrophobic do-
mains derived from styrene units and tallow 
amine segments. [ Spruijt, (2010).]

Figure 6 illustrates the different beha-
viors of DNA and egg albumin when expo-
sed to the SMA copolymer. In Figure 4a, the 
tubes containing DNA are shown. It can be 
observed that DNA fragments become en-
capsulated within dispersed particles that, 
after approximately 24 h, tend to flocculate 
and accumulate at the upper part of the test 
tube, forming a visible supernatant enriched 
with DNA-containing aggregates. In con-
trast, the second tube in Figure 4a contains 
only SMA dispersed in water, which appears 
as a slightly whitish and homogeneous so-
lution, indicating that the polymer remains 
dispersed in the aqueous medium in the ab-
sence of biomolecules.

Figure 6b presents the samples con-
taining egg albumin. The sample labeled 
0 corresponds to egg albumin dispersed in 
water, where a turbid suspension can be 
observed due to the presence of dispersed 
protein molecules. In contrast, when dif-
ferent proportions of SMA are added, the 
protein becomes trapped by the polymer 
and precipitates, leaving the aqueous phase 
noticeably clarified. This behavior suggests 
the formation of insoluble protein–polymer 
aggregates resulting from strong interactions 
between the albumin molecules and the am-
phiphilic SMA copolymer.

The observation that DNA floccula-
tes whereas egg albumin precipitates can be 
explained by different physicochemical in-
teraction mechanisms. Protein precipitation 

commonly occurs through charge neutrali-
zation combined with hydrophobic interac-
tions, which reduce electrostatic repulsion 
between protein molecules and promote 
intermolecular association and aggregation. 
Egg albumin contains internal hydrophobic 
domains that can interact with the aromatic 
styrene units and the hydrophobic chains 
derived from the tallow amine groups of 
the modified SMA. Such interactions may 
induce partial exposure of hydrophobic re-
gions of the protein, leading to enhanced 
protein–protein interactions and the forma-
tion of large aggregates that eventually pre-
cipitate from solution. This phenomenon 
is often associated with protein–polymer 
complex aggregation or coacervation, which 
may lead to partial protein denaturation due 
to conformational rearrangements of the 
protein structure (Arakawa & Timasheff, 
1985; Baldwin, 1996; Schmitt & Turgeon, 
2011).

Consequently, the observed behavior 
in the albumin system corresponds main-
ly to protein precipitation rather than true 
encapsulation or controlled condensation. 
Although such conformational changes 
may limit applications in biomedical fields 
such as gene therapy, these protein–polymer 
aggregates may still be useful for industrial 
applications, including the development of 
hydrogels, adsorbent materials, food struc-
turing systems, biomaterials, and polymer 
compatibilizers.

In contrast, the interaction between 
SMA and DNA appears to be governed 
primarily by electrostatic interactions and 
polyelectrolyte complexation mechanisms. 
DNA contains highly negatively charged 
phosphate groups (PO₄²⁻) along its ba-
ckbone, which can interact with protonated 
amine groups introduced into the modified 
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SMA copolymer. These interactions lead 
to charge neutralization and charge scree-
ning, reducing electrostatic repulsion be-
tween DNA strands and promoting DNA 
condensation into compact structures. This 
type of interaction is commonly obser-
ved in systems involving cationic polymers 
and nucleic acids, where the formation of 
polymer–DNA complexes is driven by elec-
trostatic attraction and counterion relea-
se (Kabanov & Zezin, 1984; Bloomfield, 
1997; Mintzer & Simanek, 2009).

As a result, the SMA–DNA mixtu-
re forms flocculates enriched in polymer–
DNA complexes, which may represent a 
reversible and controllable process for DNA 
condensation without severe structural da-
mage to the nucleic acid. In this system, the 
long hydrophobic chains derived from the 
tallow amine are not expected to interact 
directly with the negatively charged DNA 
backbone. Instead, these hydrophobic seg-
ments likely contribute to the stabilization 
of the polymer–DNA complexes, promo-
ting structural compaction of the assemblies 
through hydrophobic interactions within 
the polymer matrix.

Overall, these results suggest that the 
modified SMA copolymer interacts with 
biomacromolecules through distinct me-
chanisms depending on their structural and 
electrostatic properties: protein aggregation 
driven by hydrophobic and charge neutra-
lization effects in the case of albumin, and 
polyelectrolyte complexation leading to 
DNA condensation in the case of nucleic 
acids.

Figure 7 illustrates the molecular 
structures used to visualize the possible in-
teractions between the modified SMA co-
polymer and a DNA fragment. In Figure 7a, 
a three-dimensional representation of the 

system is presented, where regions with dif-
ferent colors correspond to molecular inter-
action fields (MIFs), sometimes described 
as lipophilicity or hydrophobicity interac-
tion maps. These maps are commonly used 
in molecular modeling to identify potential 
interaction regions between macromole-
cules and ligands. The blue spheres corre-
spond to hydrophobic regions. These areas 
are mainly associated with the aromatic 
rings of the styrene units and the hydrocar-
bon chains derived from the tallow amine 
modifier. The presence of these hydropho-
bic domains suggests a strong affinity for 
nonpolar environments and indicates that 
weak π–π interactions between aromatic 
rings may contribute to intermolecular as-
sociation and self-assembly of the copoly-
mer. Such interactions are likely responsible 
for the formation of the hydrophobic core 
of the polymer aggregates or micelle-like 
structures. In addition, green spheres rep-
resent regions with intermediate hydropho-
bicity or amphiphilic character. These areas 
can interact weakly with both hydrophobic 
and polar domains, acting as flexible in-
terfaces between hydrophobic and hydro-
philic environments. In the present model, 
these regions are more frequently observed 
near the DNA segments and may contrib-
ute to a flexible coupling between the hy-
drophobic polymer domains and the polar 
DNA backbone. Finally, a smaller number 
of orange spheres can be observed, mainly 
located near the DNA fragment. These re-
gions correspond to transition zones toward 
higher polarity, typically located close to 
polar functional groups. Such sites are ca-
pable of forming electrostatic interactions 
and hydrogen bonds, which are particularly 
relevant in polymer–DNA complexes where 
the negatively charged phosphate groups 
of DNA interact with protonated amine 
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Figure 6. Appearance of condensation of: a) SMA—ADN y a) SMA-egg albumin

Figure 7. Theoretical calculation of a) CFD map and B) electrostatic potential map of SMA-DNA
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groups in the polymer. Figure 7b shows the 
electrostatic potential surface calculated for 
a segment of the modified SMA copolymer 
together with fragments representing amino 
acid residues (arginine and cysteine) and a 
nucleobase (thymine). In this representa-
tion, red regions indicate electron-rich and 
negatively charged domains, typically asso-
ciated with highly hydrophilic functional 
groups. In contrast, blue regions correspond 
to electron-deficient or positively charged 
sites, which are responsible for electrostatic 
interactions with negatively charged species 
such as the phosphate groups present in the 
DNA backbone. The green regions repre-
sent electrostatically neutral domains, which 
do not directly participate in electrostatic 
attraction but contribute to the structur-
al stability of the assemblies by promoting 
hydrophobic packing and facilitating the 
self-assembly of micelle-like structures that 
surround the complex and protect it from 
the aqueous environment.

This type of computational analysis 
is widely used to evaluate molecular com-
patibility, intermolecular interactions, and 
potential binding regions in polymer–bio-
molecule systems, providing valuable in-
sight into the mechanisms of supramolecu-
lar assembly and biomolecular recognition. 
[Vargas 2025, Turker 2024, Reyes 2019]

Conclusions

In this work, it was demonstrated that 
styrene–maleic acid (SMA) modified with 
tallow amines acts as an effective amphi-
philic platform capable of interacting in a 
differentiated manner with biomolecules of 
distinct nature. The system exhibited a clear 
ability to condense DNA through predomi-
nantly electrostatic interactions, while indu-

cing the precipitation of egg albumin via a 
mechanism associated with charge neutrali-
zation and the strengthening of hydropho-
bic interactions.

FTIR characterization, together with 
spectral subtraction analysis, revealed spec-
tral contributions associated with phosphate 
groups and nitrogenous base residues (gua-
nine, cytosine, among others). These obser-
vations confirm the participation of non-
-covalent interactions in the formation of 
the SMA–biomolecule complexes. Optical 
micrographs further revealed the formation 
of condensed and encapsulated structures 
in the case of DNA, showing compact do-
mains consistent with flocculation and con-
trolled self-assembly processes.

Additionally, theoretical calculations 
based on molecular interaction fields (MIFs) 
and electrostatic potential maps indicated a 
clear charge complementarity between the 
protonated amine groups of the modified 
SMA and the negatively charged DNA ba-
ckbone. These results support the electros-
tatic and potentially reversible nature of the 
DNA condensation process.

Overall, these findings demonstrate 
that hydrolyzed SMA functionalized with 
tallow amines can discriminate between 
different biomolecules, promoting rever-
sible DNA condensation and controlled 
protein precipitation. This behavior opens 
new opportunities for the development of 
functional materials, including systems for 
biomolecule encapsulation, emulsion stabi-
lization, and separation technologies for the 
environmental remediation of organic con-
taminants in aqueous media.
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