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The development of efficient and cost-effective methods to fabricate biocompatible polymer

nanostructures is essential for advancing controlled drug delivery systems. In this study, we introduce

a rapid and versatile sublimation-assisted method,

termed ASB-SANS (Auxiliary Solvent-Based

Sublimation-Aided NanoStructuring), for directly forming nanostructures of poly-L-lactic acid (PLLA) and

poly(lactic-co-glycolic acid) (PLGA) on glass and Si/SiOy substrates. In this approach, chloroform was

used as the auxiliary solvent and para-dichlorobenzene (PDCB) as the sublimating agent. Varying the
polymer/PDCB ratios systematically from 1:50 to 1:400 it was possible to control the topology of the
resulting nanostructures. Distinct self-assembly behaviours were found between PLLA, which formed

elongated nanofibers, and PLGA, which generated highly ordered micro/nanodots arrays. Notably, when
loaded with the model drug thionine, ASB-SANS-generated PLGA nanostructures exhibited a significantly
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suppressed initial burst release (around 60%) compared to the non-nanostructured film, indicating

enhanced control over drug release kinetics. This study highlights the potential of ASB-SANS as
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1. Introduction

Nanofibers are ultrafine fibers with diameters typically ranging
from a few nanometers to several hundred nanometers, usually
below one micrometer." Depending on the source material,
nanofibers can be classified as natural (e.g, collagen, cellulose,
chitosan) or synthetic (e.g., polycaprolactone, polylactic acid,
poly(lactic-co-glycolic) acid). Their unique physicochemical
properties, such as high surface area-to-volume ratio or tunable
porosity have made them attractive candidates for a wide array
of applications, including drug delivery, tissue engineering,
filtration, and energy storage.>”

In tissue engineering, nanofiber-based scaffolds closely
mimic the architecture and function of the extracellular matrix
(ECM), providing a favourable environment for cell adhesion,
proliferation, and tissue regeneration. To this end they have
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a powerful method for producing functional polymer nanostructures, offering new opportunities for
biomedical applications, particularly in controlled drug delivery systems.

been successfully applied in skin, bone, cartilage, vascular and
nerve tissue repair.**’

In drug delivery, nanofibers serve as carriers able to modu-
late the release kinetics of therapeutic agents, supporting sus-
tained or stimuli-responsive administration.”*** The polymeric
composition of these nanostructures, both natural and
synthetic, plays a critical role in tuning properties such as
mechanical strength, degradation rate and drug loading
efficiency."*® Nanofiber-based delivery systems have gained
increasing attention for their potential to overcome the limita-
tions of conventional formulations, including rapid degrada-
tion, poor solubility and systemic toxicity.””** Indeed, recent
studies have highlighted that both nanoscale structuring and
molecular design strategies can serve as powerful tools to
regulate transport, release dynamics, and functional perfor-
mance in advanced soft material systems, complementing
conventional chemical and material selection approaches.'>>

For ensuring effectiveness in drug delivery, polymers must
satisfy stringent criteria such as biocompatibility, biodegrad-
ability, non-immunogenicity and controlled degradation rates
tailored to therapeutic needs, ensuring optimal therapeutic
effects. In this frame, poly(i-lactic acid) (PLLA), poly(glycolic
acid) (PGA), and their copolymer poly(lactic-co-glycolic acid)
(PLGA) are among the most widely utilized materials for drug
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delivery systems, due to their excellent biocompatibility,
biodegradability and mechanical stability.*** These polymers
are readily absorbable, and they are naturally degraded via
enzymatic and non-enzymatic pathways into non-toxic byprod-
ucts, such as lactic and glycolic acid, which are readily
metabolized.

In particular, the degradation rate of PLGA can be tuned by
adjusting the lactic-to-glycolic acid ratio, allowing precise
control over drug release profiles.”* In addition, the large
surface area of nanofibers enables high loading efficiency for
both hydrophilic and hydrophobic drugs, facilitating sustained
release and enhancing patient compliance. PLLA and PLGA
nanofibers have been hence extensively investigated for the
delivery of antibiotics, anticancer agents and other bioactive
molecules such as growth factors or nucleic acids, opening new
possibilities for regenerative medicine and targeted
therapies.”’* Among the fabrication techniques available for
fabricating nanofibers, electrospinning is the most widely used
one, allowing continuous production with controlled fiber
diameter, porosity and surface morphology.**** However,
electrospinning has several drawbacks, including the require-
ment for high-voltage equipment, extremely low nanofibers
production rates - a few mm® per hour, and the need for
controlled environments, which limit scalability and increase
production costs.**3*

Recently, an alternative nanostructuring strategy, named
Auxiliary Solvent-Based Sublimation-Aided Nanostructuring
(ASB-SANS), has emerged as a promising platform for the
fabrication of hierarchically organized nanofibers and aligned
nanodots.>**® This innovative, self-assembly-based method
relies on a ternary liquid solution composed by an auxiliary
solvent (AS), a sublimating substance (SS), and a target material
(TM), typically the polymer to be nanostructured. As a liquid
solution, the mixture can be easily and rapidly manipulated and
deposed on various surfaces, even at room temperature and
with no specific equipment, also taking advantage from
extremely common and simple glassware. The TM is selected
for its solubility in both AS and SS and is used in small amounts
within the mixture (usually between 0.1% and 5% in weight
with respect to the SS). The SS must satisfy several criteria: (i)
solubility in the AS, (ii) ability to fully dissolve the TM also in the
solid phase, (iii) sublimability at a temperature lower than the
evaporation temperature of the AS, (iv) crystallizability (if one
wants to create ordered nanostructures out of the TM).

Upon deposition of the ternary solution onto a substrate, the
evaporation of the AS triggers the crystallization of the SS, which
forms a solid, crystalline solution incorporating the TM as
a solute. As the SS gradually sublimates, the embedded T™M
migrates within the SS matrix until it reaches the boundaries of
SS crystallites, where it precipitates to form well-organized
nanofibers or nanodots, depending on the relative concentra-
tions of the three components of the mixture.*® Notably, the SS
acts as a physical template, driving the spatial organization of
the TM, and at the end of the process it simply disappears,
avoiding several common problems of template-based nano-
fabrication, like the need for further processing steps to elimi-
nate the template.
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ASB-SANS offers further several key advantages. First of all, it
is extremely fast, enabling in some cases nanostructure
formation in minutes; even for particularly complex cases, the
nanostructure formation is rarely longer than a few hours. It is
definitely cost-effective, requiring only common glassware and
plasticware, reagents and solvents and easily available deposi-
tion tools and methods (no need for clean rooms, high vacuum
equipment, glove boxes or the like). The size and type of the
obtained nanostructures can be controlled by the simple tuning
of the relative concentration of the three components of the
mixture.*® Moreover, it can produce nanostructures over several
cm?” with one single fabrication step, and it is effective over most
of the commonly used substrates (glass, flexible polyimide,
silicon/silicon oxide chips, gold-coated substrates), even when
discontinuities between different materials are present.****
Finally, it is highly versatile, as it has been demonstrated
effective with a wide variety of polymers and nanomaterials,
including polymethylmetacrylate (PMMA),** PLA* or PLGA,*
semiconducting  polymers like  poly(3-hexylthiophene)
(P3HT)*** and carbon nanotubes.*

Thanks to these characteristics, the method has been
applied in various fields such as gas sensing,* tissue engi-
neering,*” and direct lithographic masking.*® Nonetheless, it
remains underutilized in biomedical drug delivery research,
despite its significant potential for scalable and affordable
nanostructure fabrication.

In this work, we hence explore the ASB-SANS technique to
fabricate nanostructures of PLLA and PLGA and to assess their
applicability as drug delivery platforms. To this aim thionine,
a model hydrophilic compound, was incorporated into PLGA
nanostructures in the same nanofabrication step (“one pot dye
incorporation” into the nanostructures), and its release profile
was followed and compared to that of non-nanostructured films
of the same polymeric material. Our results demonstrate the
efficacy and convenience of ASB-SANS as a low-cost, fast, and
simple method for producing biocompatible nanostructures
with controlled drug release properties, paving the way for
future biomedical applications.

2. Experimental

2.1 Chemicals and materials

Poly(r-lactic acid) (PLLA, MW 258 700), poly(lactic-co-glycolic
acid) (PLGA, 50:50, MW 38 000-54 000), chloroform (CHCl;),
para-dichlorobenzene (PDCB), thionine acetate salt, and all
salts used for the buffer preparation were purchased from
Sigma-Aldrich and wused without further purification. All
reagents were of analytical grade. Water was doubly distilled,
deionized and HPLC grade.

p-Doped Si/SiO, wafers (100) were purchased from ITME,
Warsaw, Poland.

2.2 Instruments

Optical micrographs were acquired using a Nikon Eclipse i50
(Tokio, Japan) microscope equipped with a Nikon Digital Sight
DS-2Mv imaging system.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scanning electron microscopy (SEM) analysis was performed
using a Carl Zeiss Supra 40 Scanning Electron Microscope,
Oberkochen, Germany.

UV-vis absorption spectra were recorded using a Perki-
nElmer UV/vis Spectrometer Lambda Bio 20.

2.3 Substrate preparation

p-Doped Si/SiO, substrates were used to facilitate optimal SEM
characterization of the nanostructures. The substrates were
cleaned with acetone and isopropyl alcohol, then dried under
a stream of nitrogen gas. Substrate cleanliness was found to be
critical for achieving well-organized nanostructures as insuffi-
cient cleaning reduced the wettability of the silicon surface by
the ternary solution, resulting in the formation of amorphous,
poorly defined polymer aggregates.

2.4 Fabrication of nanostructures via the ASB-SANS method

To obtain polymeric nanostructures via the ABS-SANS tech-
nique, ternary solutions were prepared using PLLA or PLGA as
the target material (TM), PDCB as the sublimating substance
(SS), and CHCl; as the auxiliary solvent (AS). A stock solution
was prepared by dissolving 1 mg of the chosen polymer in 1 mL
of CHCl; and stirring the mixture for 8 hours to ensure
complete polymer dissolution. The SS concentration was varied
to obtain different polymer/PDCB w/w ratios (for PLLA: 1: 50,
1:100, 1:200, 1:400; for PLGA: 1:50). The resulting homoge-
neous ternary solutions were drop-cast onto substrates. After
CHCI; evaporation, PDCB gradually sublimated, forming a thin
solid, crystalline layer (estimated thickness around 300 pum)
promoting the self-assembly of polymeric nanostructures.
During the process, the temperature was maintained at
25(+0.2) °C, using a temperature-controlled plate, well below
the melting point of PDCB (53 °C). After approximately 1 hour
from the deposition of the ternary solution, the samples
underwent a vacuum treatment using a standard double-
diaphragm pump for an additional hour to ensure complete
removal of residual PDCB.

Control, non-nanostructured polymer films were prepared
by drop casting a polymer solution at the same TM/AS ratio (i.e.,
1 mg of polymer in 1 mL of CHCly) in the absence of PDCB.

2.5 Release experiments

Thionine was added to the ternary solution used to obtain PLGA
nanostructures and to the control PLGA solution used to obtain
non-nanostructured films at a final concentration of 107> M.
The resulting films and nanostructures were washed with
2.5 mL of physiological solution to remove any dye particles
possibly adsorbed on the outer surface. Two types of experi-
ments were conducted to quantify the thionine release from
nanostructured and non-nanostructured PLGA. In both cases,
three samples were placed in 60 mm diameter glass Petri dishes
and immersed in 8 mL of phosphate-buffered saline (PBS).
Temperature was maintained at 37 °C using a thermostated
convection oven equipped with a thermocouple. To prevent
excessive drying of the PBS, beakers containing distilled water

© 2026 The Author(s). Published by the Royal Society of Chemistry
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were placed inside the oven, and the PBS solution was pre-
heated and stored in a closed container within the same oven.

In the first experimental setup, 2.5 mL of the solution were
collected at predefined time intervals for UV-vis analysis, to
monitoring thionine release at its maximum absorbance
(598 nm (ref. 41)). After each sampling, an equal volume of fresh
PBS was added. Sampling intervals ranged from 1 to 40
minutes. In the second experimental setup, a more exhaustive
protocol was followed. Each sample was immersed in 7 mL of
PBS, and the entire volume was removed at each timepoint. The
Petri dishes and samples were then rinsed and re-immersed in
fresh buffer. This approach aimed to eliminate any cumulative
concentration effects and allow accurate assessment of time-
dependent release dynamics. However, the results obtained
from both experimental setups were largely superimposable,
indicating that the release kinetics were not significantly
affected by the sampling method and validating the robustness
of the observed release trends.

2.6 Statistical analysis

Statistical analysis of kinetic data was performed using Graph-
Pad Prism 5. All results are based on at least three independent
experiments and are expressed as mean =+ standard deviation
(SD). Statistical differences between group means were assessed
using Student's t-test (two groups). A p-value <0.05 was consid-
ered statistically significant. The AFM image analysis has been
conducted using Image] 1.54G for MacOs.

3. Results and discussion

3.1 Preparation of polymer nanostructures by ASB-SANS
method

PLLA and PLGA were selected due to their known biocompati-
bility and bioresorbability. Notably, PLGA offers tunable
degradation rates depending on the ratio of its constituent
monomers. The ability of both polymers to self-assemble into
nanostructures using the ASB-SANS method has been previ-
ously reported.’”**

The ASB-SANS method relies on a three-components solu-
tion, in which the material to be nanostructured (Target Mate-
rial, TM, usually a polymer) is dissolved in a mixture of a liquid
solvent (Auxiliary Solvent, AS) and a solid substance capable of
sublimation (Sublimating Substance, SS). Briefly, the choice of
the three components is made on the basis of the TM selected
for creating the nanostructures. Upon this selection, the AS and
SS are chosen among the materials able to both dissolve the
selected TM and to be reciprocally mixable, in order to obtain
a homogeneous ternary solution after the mixing. Moreover,
further criteria of choice of the AS and SS include that the AS
must have a low boiling point, so to allow it to evaporate much
before the SS starts to appreciably sublimate. A further
requirement needed when the formation of nanofibers, or of
aligned nanostructures, out of the selected TM is desired, is that
the SS must be able to form crystal with a tendentially linear
habit, as this compound provides a template for the ordered
self-assembly of the TM during the sublimation phase. In this

Nanoscale Adv.
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case the concentration of the TM with respect to the SS should
be kept at 1:100 w/w or less, otherwise the TM will tend to
impede the crystallization of the SS.

After these criteria are fulfilled, the formation of the nano-
patterns occurs as follows: (i) the TM/AS/SS ternary solution is
deposed onto the chosen substrate; (ii) the AS evaporates,
leaving a crystalline solid SS/TM solution on the substrate; (iii)
the SS sublimated away, leaving on the substrate the TM orga-
nized in the desired nanopatterns. A more detailed description
of this procedure is provided in previous work.?>¢

Para-dichlorobenzene (PDCB) was selected as SS for its
ability to dissolve a variety of organic materials, including PLA
and PLGA, its tendency to form needle-like crystals, and its full
solubility in CHCl;. CHCI; was chosen as the AS due to its low
boiling point (about 60 °C), which makes for its complete
evaporation much before the PDCB, at atmospheric pressure,
starts to meaningfully sublimate. In particular, highly ordered
and hierarchically organized long-range nanofibers have been
fabricated from PLLA. These structures supported the growth of
several cell lines, confirming successful cell culture and
demonstrating an excellent biocompatibility of ASB-SANS-
generated structures.*” Similarly, the same technique enabled
the fabrication of well-aligned PLGA nanofibers over remark-
ably large areas, spanning several cm?, with individual fibers
extending several centimeters in length. These nanofibers di-
splayed strong adhesion to both homogeneous and heteroge-
neous substrates. The auxiliary solvent CHCI; facilitated the
rapid formation of a solid PDCB/polymer film within minutes of
deposition, due to its relatively low boiling point (~62 °C).
Infrared spectroscopy carried out on the realized samples
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confirmed the absence of residual chloroform in PLLA nano-
structures after the ASB-SANS process, in line with previous
studies.*

Given that the TM/SS ratio has been shown to influence the
topology of nanostructured patterns in PMMA-based ternary
solutions,*® four PLLA/PDCB formulations with ratios ranging
from 1:50 to 1:400 were prepared and deposited onto Si/SiO,
substrates, with the aim of identifying the optimal operative
conditions for PLLA nanofiber formation (a few preliminary
experiments were carried out using standard and less expensive
microscope glass slides, leading to the same results hereafter
described, despite the much rougher surface. This is in line
with already reported results, which showed a high robustness
of the ASB-SANS method with respect to the used type of
substrate®®). The resulting morphologies were initially assessed
via optical microscopy. Representative micrographs are shown
in Fig. 1.

As is visible, PLLA nanostructures uniformly covered large
surface areas (in the cm?® range) with consistent density and
homogeneity, although a nanometrically precise repetition of
the patterns is not always achieved, due to the manual condi-
tions of the ternary solution deposition, also carried out in open
air, hence subjected to randomly oriented air flows. Despite of
these apparently sub-optimal conditions, from Fig. 1 it is
possible to appreciate that decreasing the PLLA/PDCB ratio led
in general to a progressive rarefaction of the fibers and to an
increase in inter-fiber spacing, as reported in previous
studies.**** This is due to the higher amount of PDCB, acting as
the crystallizing template, which in turn allows the polymer
chains to diffuse for longer distances before precipitating upon

Fig.1 Optical microscope images of PLLA nanostructures obtained at room temperature upon chloroform evaporation and PDCB sublimation

at PLLA/PDCB ratio (a) 1: 50, (b) 1:100, (c) 1:200, (d) 1:400.

Nanoscale Adv.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na01044f

Open Access Article. Published on 22 April 2026. Downloaded on 4/22/2026 9:46:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Advances

Fig. 2 SEM images of PLLA nanostructures, obtained from the ASB-SANS solution with a TM/SS ratio of 1:50 deposited on Si/SiO, chips, at
different magnifications. From panel (a) it is possible to appreciate that the patterns are developed over a pretty large surface, more than a mm?;
panels (b) and (c) are progressively higher magnifications, which show a reasonable regularity of the distribution of the patterns.

complete PDCB sublimation. The observed trend is consistent
with previous findings: as in any ternary solution, the higher
amounts of PDCB reduced the relative concentrations of the
other two components, i.e. the polymer (PLLA) and the auxiliary
solvent (CHCl;), promoting the formation of larger PDCB crys-
tallites.*® As a consequence, longer sublimation times in pres-
ence of small amounts of PLLA resulted in more fragmented
and irregular polymer patterns.

Based on these results, a PLLA/PDCB ratio of 1:50 was
selected for subsequent experiments, due to an acceptable
balance between large surface extended patterns, necessary for
allowing optimal dye release, and nanofiber continuity, essen-
tial for reliable estimation of release kinetics and rates.

To further elucidate the morphological features of the
nanostructures, SEM analysis was conducted on the chosen 1:
50 PLLA/PDCB samples.

The SEM images (Fig. 2) revealed that the developed nano-
structures are characterized by a hierarchical organization.
Primary larger microfibers (1-2 pm as lateral width) are
continuous, wavy and relatively irregular but well aligned with
each other, and extend for several millimeters along the sample
(Fig. 1a and 2a). Secondary fibers, much smaller (with width
between 1 um and a few hundreds nm) and more straight, are
developed orthogonally to the primary ones. This topology
reflects the intrinsic crystalline habit of PDCB and aligns with
previous observations made for different polymer systems using
PDCB as the sublimating substance.?***”

PLGA-based nanostructures were obtained from ternary
solutions with PLGA/PDCB ratios of 1:50. Optical microscopy
revealed a markedly different outcome of the ASB-SANS proce-
dure for PLGA compared to PLLA. Indeed, PLGA formed aligned
rows of dots having diameters in the range of a few microns/
several hundreds of nanometers, instead of nanofibers, as
shown in Fig. 3.

The formation of the observed aligned globular structures
from PLGA, rather different from the continuous nanofibers
formed by PLA, can be explained in light of a few characteristic
phenomena typical of polymer chains in diluted solutions and
confined environments. In fact, it is known that globular poly-
meric structures are formed in liquid solutions when non-
solvent is added to the system (so called “coil-to-globule tran-
sition”,*>** and that solid substrates can enhance this formation
via surface effects*). In our case the low concentrations of

© 2026 The Author(s). Published by the Royal Society of Chemistry

polymer within the sublimating substance result in a diluted
solid solution. The laboratory atmosphere (normal air) works as
a non-solvent for the polymer, which upon progressive subli-
mation of PDCB loses its solid-state solvent, leading the system
towards the precipitation of PLGA on the underlying substrate
as globules, aligned along the edges of the previously developed
SS/TM crystallites (as described more in detail in ref. 36). The
fact that PLGA tends to form nanodots rather than the nano-
fibers created by PLA is attributed to the higher polarity of PLGA
with respect to PLA. As PDCB is an apolar molecule, PLGA is less
soluble in it than PLA, leading to a faster precipitation and to
the observed formation of the coil-to-globule transition. This
explanation is supported, besides the clear chemical differences
in the structures of PLA and PLGA, also by the available litera-
ture for the Hansen solubility parameter for the three consid-
ered compounds (Table 1). The Hansen solubility value is
a widely recognized empirical parameter able to provide useful
indications about the solubility of materials. It is based on
concepts previously developed by Hildebrand, for which the
process of solubilization of a compound in a solvent implies the
complete loss of its cohesive energy 0, i.e. the breakage of its
intermolecular bonds.** As this concept was proven useful but
not always applicable to hydrogen-bonding species, Hansen
developed it into a more general model accounting also for
hydrogen bond-capable species, based upon three parameters
Op, 0p and o0y, assigned to the components of cohesive energy
attributable to forces of dispersion, polarization and hydrogen
bonding, respectively.*® Briefly, in this frame the considered
solubility parameters are viewed as components of a three-
dimensional vector which defines a solubility space; the
smaller the value of R,, a calculated “distance” according to eqn
(1) between the Hansen parameters of the solute and those of
the solvent, the easier the solubility of the considered
compound in the considered solvent.

Ra = [4(6Dl - 6D2)2 + ((3])1 - 5})2)2 + (5]_” _ 6H2)2]0.5 [1)

Table 1 shows the Hansen parameters for PDCB, PLA and
PLGA (lactic to glycolic ratio 50 : 50) as recovered from available
literature.*>°

As is visible, the Hansen solubility parameter R, for the
couple PDCB/PLA is always appreciably smaller than the

Nanoscale Adv.
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Fig. 3 (a) and (b) Microscope images of PLGA nanostructures obtained at room temperature upon chloroform evaporation and PDCB subli-
mation at PLGA/PDCB ratio of 1: 50 on Si/SiO, chips, at different magnifications; (c) and (d) AFM image of a selected zone of the same sample and
height profile of the nanodot highlighted in panel (c) with a yellow line; (e) outlined version of (c); (f) results of data analysis of (c).

analogous R, for the couple PDCB/PLGA (50 : 50), independently and other experimental conditions), strongly suggesting that
from the considered PDCB/polymer couples (the absolute PLGA is lesser soluble in PDCB than PLA.

values of the Hansen parameters are known to be subject to Despite of the evidently different morphology between PLA
variability upon different methods of measurement/calculation, and PLGA nanopatterns, the PLGA micro/nanodots, with typical
molecular weight and/or defectivity degree in case of polymers diameters around a few units of microns and heights of a couple

Table 1 Hansen solubility parameters collected from available literature for PDCB, PLA and PLGA (LA : GA 50 : 50)

3D 3P SH R, PDCB-1/polymer R, PDCB-2/polymer
Compound (MPa®?) (MPa®%) (MPa’?) (MPa®?) (MPa®?)
PDCB-1 (ref. 46 and p. 125) (solvent) 19.7 5.6 2.7
PDCB-2 (ref. 47) (solvent) 18.8 4.61 7.61
PLA-1 (ref. 48) (solute) 18.6 9.9 6 5.85 6.66
PLA-2 (ref. 49) (solute) 18.88 4.61 7.61 5.27 9.50
PLGA®® (LA : GA 50 : 50) (solute) 17.4 9.1 10.5 9.71 10.51

Nanoscale Adv. © 2026 The Author(s). Published by the Royal Society of Chemistry
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hundreds of nm, as measured by AFM (Fig. 3c and d) do align
nicely to form main lines (Fig. 3a), while sparse dots (sometimes
orthogonally aligned to the main lines) are distributed pretty
uniformly between the main lines (Fig. 3b). A typical measure-
ment of well separated nanodots is reported in Fig. 3c-f,
showing that the dots have an average diameter of about 4.9 pm
(STD of about 1.37 um) and a height ranging around 0.2 um,
even though higher dots have been found, especially in the
denser zones.

3.2 Release experiments

Sustained drug release remains one of the most effective strat-
egies in drug delivery, and as such, has been extensively
explored in the literature. Among the many drug delivery
systems (DDS), polymer-based nanofibers have attracted
growing attention over the past two decades, surpassing even
nanoparticles, due to their exceptionally large surface area.’>**
These structures are widely recognized for enhancing both bio-
distribution and bioavailability of hydrophilic and lipophilic
drugs.>*** PLLA and PLGA, due to their biocompatibility and
biodegradability, are commonly used for drug encapsulation
and have demonstrated high efficacy in this field.***® Electro-
spinning is one of the most employed techniques for fabricating
polymer nanofibers.””** However, fiber formation through
electrospinning depends on numerous interrelated parameters,
including polymer concentration, solution viscosity, surface
tension, conductivity, solvent properties, applied voltage,
collector geometry, and the needle-to-collector distance,* and
a correct balance of these parameters for obtaining the desired
outcomes in terms of nanofiber diameters and characteristics is
sometimes very difficult. Moreover, the operating conditions
(among which the high tension needed for proper working -
several kV of potential difference between the needle and the
collector or the use of specific fluorinated solvents that become
dispersed in the working environment) create some hazard that
could be desirable to avoid. In this context, the ASB-SANS
technique presents a potentially simpler and more efficient
alternative for fabricating polymer nanofibers suitable for drug
delivery. Nevertheless, no prior studies have reported the use of
ASB-SANS for this specific purpose.

The formation of PLLA nanofibers by ASB-SANS was shown
to be rapid and effective, and led to well organized and relatively
homogeneous systems. However, while PLLA is fully biocom-
patible and bioresorbable, its degradation time is considerably
longer (several weeks to months) than that of PLGA, which can
degrade within hours or days depending on its lactic-to-glycolic
acid ratio. For practical reasons, including the need to complete
release experiments within a reasonable time frame, PLGA was
hence selected as the matrix material.

In fact, PLGA is approved for medical applications due to its
non-toxic, biodegradable and biocompatible nature.®* It
degrades via hydrolysis into its constituent components, which
are further metabolized into harmless byproducts such as water
and carbon dioxide, resulting in minimal toxicity. The poly-
mer's degradation rate can be tailored from one week to several
months by adjusting its molecular weight and LA/GA ratio (the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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higher this ratio, the longer the degradation time), enabling
sustained drug release.”® It is hence an ideal polymer for
carrying out proof-of-concept studies for controlled release
experiments for drug delivery purposes in reasonably shot time
spans.

Thionine acetate salt (hereafter referred to as thionine) was
selected as a model hydrophilic compound for preliminary drug
loading and release experiments. It is an effective cell stain®>*
and has been proposed as an inhibitor of both BuChE and
AChE.* Thionine is also advantageous due to its strong absor-
bance in the UV-vis range (molar extinction coefficient around
54 000 dm® mol ' em ™" at 598 nm), facilitating its quantitative
detection.®®

Crucially, as an ionic dye, thionine is insoluble in chloro-
form and scarcely soluble within the yet polar PLGA, but it is
readily soluble in water and PBS. Due to these characteristics,
its addition to the ternary mixture PLGA/CHCI;/PDCB resulted
in the formation of micronized dye aggregates within the solid
polymer matrix, which were visible under optical microscopy.
On the other hand, upon immersion in PBS the thionine
released from the solid PLGA/thionine nanostructures in the
aqueous environment allowed its rapid and quantitative
detection via UV-vis spectrophotometry. Therefore, despite the
observed non optimal incorporation of thionine within the
PLGA matrix, we decided to use this latter dye as our model
release compound.

To study the release of thionine from PLGA two types of
samples were prepared: continuous PLGA films (used as control
samples), and ASB-SANS-generated PLGA nanofibers. Both
types were loaded with thionine.

PLGA films were fabricated by drop-casting a PLGA/CHCl;/
thionine solution onto substrates without PDCB. Initial
attempts revealed a pronounced “coffee ring” effect, where the
dye and polymer accumulated at the droplet edges upon solvent
evaporation (Fig. 4a). To prevent this material accumulation,
which could have compromised the release experiments, two
approaches were tested. The first one involved adding a small
percentage of a high-boiling solvent to the chloroform solution,
as it is known that a mixture of high- and low-boiling solvents
can mitigate the coffee ring effect.®® The second approach used
a simple mechanical technique, by manually shearing the
droplet using a glass slide to uniformly distribute the solute
before evaporation completed.

For the first approach, the addition of 5% v/v toluene (b. p. ~
111 °C) yielded a relatively uniform dispersion of micronized
thionine (approximate grain size of about 10 um) within the
solid film (Fig. 4b). The second approach, i.e. spreading the
deposited solution with a glass slide used as a spatula, was
found to be even more effective, producing films with uniformly
distributed dye aggregates of finer size (around a few units of
um, Fig. 4c). This latter sample was hence selected as plain
control film (i.e., no nanostructures) to be compared with the
behaviour of the ASB-SANS-generated, nanostructured PLGA.

Once the homogeneous films were obtained, tests were
conducted to determine the optimal dye concentration and
solution volume needed to achieve detectable results via UV-vis
spectrophotometry. A thionine concentration of 107> M was
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Fig. 4 Microscope images of solid PLGA films obtained by depositing a CHClz/PLGA/thionine solution onto glass slides. (a) Example of PLGA and
thionine accumulation at the PLGA/thionine solid film interface with the glass slide. The dye streaks running from the bottom to the top of the
image have been caused by convective phenomena within the droplet, which transported the thionine aggregates along precise lines; (b)
thionine aggregates within the solid PLGA film obtained by mixing the CHClsz/PLGA/thionine mixture with toluene; (c) thionine aggregates within
the solid PLGA film obtained shearing the CHCls/PLGA/thionine solution with a plain spatule. All the imaged solid films have been obtained
depositing on the glass substrate a CHCls (1 mL)/PLGA (1 mg)/thionine (10~3 M) solution; only for (b) the mentioned solution has been added by

5% in total ternary solution volume of toluene.

selected, providing absorbance values well within the UV-vis
calibration range. This same concentration was applied in the
preparation of ASB-SANS nanofibers, enabling direct compar-
ison of the release behaviour between plain and nanostructured
films.

Before proceeding with the release tests, all samples were
rinsed with 2.5 mL of PBS to remove unincorporated or surface-
adsorbed thionine. Release experiments were then conducted at
37 °C to simulate physiological condition.

The normalized thionine release profiles for both sample
types are presented in Fig. 5.

To characterize the release behaviour, two different kinetic
models were applied to fit the release profiles. The first was
a first-order kinetic model based on the general rate expression

(eqn (2)):
[dyeleq — [dye], = Ae™" e 2

The second was a biphasic kinetic model, which considers
two distinct release phases and is described by kinetic eqn (3):
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Fig. 5 Normalized kinetic profiles of the spontaneous release of thi-
onine at 25 °C from PLGA film (black line) and PLGA nanostructures
(red line).
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[dye]eq — [dye], = Ae~ "k 4 etk (3)

In these models, [dye].q and [dye], are the total concentrations
of thionine released at equilibrium and at time ¢, respectively;
kobs is the first-order kinetic constant, and &, and k, are the rate
constants for the burst and the sustained release step,
respectively.

The correlation coefficients (R*) were calculated to assess the
quality of the model fits.

The release kinetics followed a biphasic model, character-
ized by an initial burst phase followed by a slower, sustained
release. Correlation coefficients (R> = 0.996) confirmed excel-
lent model fitting. The corresponding rate constants for both
phases, k; for the burst release and k, for the sustained release,
are reported in Table 1. This kinetic modelling effectively
captures the heterogeneity of the release process and highlights
differences between the two systems.

The proposed release mechanism is illustrated in Fig. 6.

In more detail, in the burst phase the dye is released from the
most external layers of the system, while in the swelling phase the
polymer macromolecules get hydrated and more mobile, allow-
ing the rest of the dye to be released in the outer environment.

The general degradation behaviour of PLGA is primarily due
to bulk erosion. As water enters the polymer, hydrolysis grad-
ually creates pores that grow and coalesce, accelerating dye
release. In turn, the initial burst release likely results from these
pore formations and surface defects, which allow rapid dye
diffusion.®”*®

The kinetic constant values for the two phases, determined
by fitting eqn (2) to the kinetic profiles, are presented in Table 2.
They indicate that the sustained release from both the standard
film and nanostructured PLGA occurs at nearly the same rate,
whereas the initial burst release from the fibers is definitely
slower than that from the film, as evidenced by the remarkable
difference between k; of the plain film with respect to that of the
nanostructured PLGA, where the former is about 60% larger
than the latter.

The different release behaviour observed in the nano-
structured PLGA samples compared to plain films is likely due

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Hypothesized mechanism for thionine release from PLGA film and nanostructures.

Table 2 Rate constant values for the burst (ki) and sustained (k»)
release of thionine from the investigated systems. Statistical analysis
was performed using Student's t-test, confirming that the difference
between the k; values was statistically significant (p-value < 0.05)

System k (m™) ky (m™)
PLGA film 0.496 + 0.131 0.0383 + 0.0080
PLGA nanostructures 0.207 £ 0.039 0.0358 £ 0.0036

to the higher crystallinity of the dots generated via the ASB-
SANS method, as previously reported.**** In fact, higher crys-
tallinity leads to denser macromolecular packing, which
hinders water penetration, making the processes of both poly-
mer swelling and degradation slower. In the ASB-SANS-
produced micro/nanodots, the increased structural compact-
ness reduces early-stage pore formation, with a notable 60%
decrease in the burst rate, thus moderating the burst release
effect compared to non-structured films. This effect is even
more notable when considering the much higher specific
surface exposed to the liquid by the nanostructured polymer
with respect to that of the plain film. Over time, as the polymer
continues to hydrate and degrade and most of the dye has been
released, in both systems the overall release rate slows, ulti-
mately reaching similar levels.

As a result, the initial burst release is reduced by ~60%
compared to non-structured films, although a residual burst
remains, likely due to dye molecules located near the polymer
surface or early-stage pore formation, as commonly observed in
nanostructured polymer systems.*”* Comparative modeling of
release kinetics between nanostructured PLGA and non-structured
films, as shown in Table 2, highlights that the ASB-SANS nano-
structures significantly reduce the initial burst release rate (k;)
while maintaining similar sustained release kinetics (k). This
quantitative comparison clearly demonstrates the effect of nano-
structuring on controlled release behavior and confirms that the
ASB-SANS approach effectively modulates the early release phase
without compromising long-term sustained release.

4. Conclusions

In this study, we demonstrated the effectiveness of the ASB-
SANS technique in rapidly fabricating nanostructured polymer
architectures, such as nanofibers and micro/nanodots, under
relatively simple and mildly controlled conditions. Remarkably,

© 2026 The Author(s). Published by the Royal Society of Chemistry

the morphology of the resulting structures could be finely tuned
by adjusting the composition of the ternary solution, enabling
the formation of highly ordered and hierarchically organized
nanofibers with PLLA, as well as short-range-ordered micro/
nanodots arrays with PLGA.

Beyond the successful fabrication of these nanostructures,
this work also explored, for the first time, the potential of ASB-
SANS-generated PLGA nanostructures as drug delivery plat-
forms. When loaded with thionine as a hydrophilic model drug
for a preliminary assessment of the release characteristics of the
PLGA nanostructures, the latter demonstrated a biphasic drug
release profile characterized by a significantly reduced (almost
60% less than in PLLA) initial burst release compared to a plain,
non-nanostructured film. This behaviour is attributed to the
increased crystallinity and compactness of the ASB-SANS-
derived nanostructures, which modulate the polymer's hydra-
tion and erosion dynamics. While the sustained release phase
showed comparable kinetics to that of the film, the modulation
of the burst phase is critical to minimizing premature drug
release, enhancing the therapeutic safety and efficacy of the
delivery system.

These results position the ASB-SANS method as a promising,
low-cost, and scalable strategy for the development of polymeric
coatings with tailored drug release kinetics. Its compatibility
with commonly used large-area substrates and biocompatible
polymers opens up new perspectives for the fabrication of
implantable devices, surface coatings, or patch-based systems
capable of delivering therapeutic agents in a temporally
controlled and spatially localized manner.
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