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ABSTRACT
As a versatile platform technology, polymer nanoparticles enable the effective delivery of hydrophobic drug substances. To achieve
therapeutic efficacy, adequate drug loading is required, which requires a quantitative understanding of formulation component
affinities. In this study, we investigate how the choice of organic solvent affects drug loading in poly(lactic-co-glycolic) acid (PLGA)
nanoparticles prepared by nanoprecipitation. For the encapsulation of various 1,4-naphthoquinone derivatives used as model
substances, we observe a correlation between drug loading and the Hansen solubility parameter distance (Ra) between the drug
and the organic solvents. To elucidate the interactions at the nanoscale level thin polymer films are analyzed using atomic force
microscopy (AFM), quantifying surface pore formation as an indicator of interaction. Additionally, scanning electron microscopy
(SEM) and differential scanning calorimetry (DSC) were utilized to investigate drug–polymer miscibility. A concentration-
dependent phase separation in drug-polymer matrices was observed, which correlates with the drug loading in the nanoparticles.
This work emphasizes the need to move beyond trial-and-error approaches by the incorporation of predictive parameters like
Hansen solubility parameter-derived affinities and solid-state solubility metrics into formulation strategies.

1 Introduction

Polymeric nanoparticles represent a promising drug delivery
platform technology which overcomes the drawbacks of conven-
tional formulations and enables the delivery of previously non-
deliverable molecules [1–3]. The demand for novel drug delivery
systems is growing, as a significant proportion of molecules in
the discovery pipeline are insoluble in water [4]. Nano-drug
delivery systems can be divided in four categories according
to the underlying loading mechanism: molecular-level loading,
surface loading, matrix loading, and cavity loading systems [5].
Formulating nanoparticles is often challenging, with adequate
drug loading being a crucial factor for achieving therapeutic

success [6]. In literature, two parameters have proven useful
for describing the efficiency of a drug encapsulation process:
drug loading (DL%) [7], i.e. the ratio of the mass of the encap-
sulated drug substance to the total mass of the particles, or
encapsulation efficiency (EE%) [8], i.e. the ratio of the mass
of the encapsulated drug substance to the mass of the drug
substance used for the preparation. Both parameters have their
strengths, EE% is well-suited for comparing the efficiency of
encapsulation of different drug substances in a precisely defined
system, as the influence of the molar mass is eliminated, and
this gives a more accurate impression of the actual number
of molecules interacting with the polymer [9]. As soon as the
parameters of the nanoparticle preparation are changed, e.g.,
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the organic solvent, the stabilizer, or the purification protocol,
resulting in a change of the nanoparticle yield, DL% shows its
strengths, since it reflects the proportion of drug within the
final nanoparticle mass and allows comparisons across different
formulation strategies or processing conditions. Both parame-
ters are therefore complementary, and their suitability depends
on the comparison being made. Nanoprecipitation is a well-
described process for the preparation of polymeric nanoparticles,
characterized by reproducibility and scalability, and is based on
phase separation in a solvent-antisolvent systemdue tomixing. In
addition, this can be influenced by changing physical conditions
such as pH, salt concentration, or changes in solubility of the
components [10]. In this study, we used the commonly used
solvent displacementmethod [11, 12]. In thismethod, the polymer
and the hydrophobic drug are dissolved in a water-miscible
organic solvent and then added in a controlled manner to an
aqueous phase containing a stabilizer. Precipitation is induced
by reaching supersaturation, which leads to phase separation
through nucleation and subsequent growth of polymer particles
[10, 13]. Many studies have shown that the colloidal properties
of nanoparticle formulations are influenced to a high degree by
the physicochemical properties of the formulation components
[14, 15]. In this context, it has also been shown that drug loading
is significantly dependent on the polymer concentration [16],
organic/aqueous phase ratio [17], drug concentration [18], and
the affinity of the drug substance to the polymer matrix [19]. The
logP value reflects the lipophilicity of a compound, describing its
partitioning between octanol and water, and is a useful predictor
of a drug’s suitability for encapsulation in hydrophobic polymers,
as molecules with higher logP values generally tend to exhibit
higher loading in such systems [20, 21]. It is characterized by
its simple determination, its relevance in biological questions,
and its wide availability. As a one-dimensional parameter, the
limitation of logP values lie in their own nature; more complex
intermolecular interactions, solvent affinities, and precipitation
kinetics can only be predicted to a limited extent. These limits
can be partially exceeded by the Hansen solubility parameters
(HSPs), which are widely used to predict compatibility between
solvents, polymers, and other materials, aiding in processes
like formulation and material design [22–24]. These solubility
parameters (δD, δP, and δH) describe dispersive, polar, and
hydrogen bonding interactions and provide three-dimensional
measure of molecular compatibility and can be determined
experimentally or calculated by group contribution methods [25,
26]. Due to the limited understanding of the precise mechanisms
and relevant parameters that result in adequate drug loading,
the formulation process is typically conducted through a trial-
and-error approach, aimed at identifying the optimal conditions
[27, 28]. To move beyond trial-and-error, a deep understand-
ing of the underlying physicochemical properties is essential,
enabling predictive power across polymers and drug classes,
further enhanced by in silico approaches [29] and emerging AI-
based tools [30]. The choice of the organic solvent for drug
loading is often an overlooked yet critical influencing factor.
Traditionally, drug loading is considered to be limited by the
solubility of the drug substance in the organic solvent [9, 31].
In this study, we investigate whether drug loading correlates
with the solvent’s affinity for the drug, expressed as the Hansen
solubility parameter distance (Ra). Different 1,4-naphthoquinone
derivatives (plumbagin, menadione, and lawsone) were loaded

into poly(lactic-co-glycolic) acid (PLGA) nanoparticles prepared
by nanoprecipitation with varying organic solvents (Figure 1).

These compounds are suitable model substances due to their
favorable solubility properties in the solvents used and their
pharmaceutical relevance, as they exhibit anti-cancer, blood-
thinning, and antimicrobial properties [32–36]. PLGA is a widely
used pharmaceutical polymer valued for its biocompatibility, ver-
satility, and favorable processing properties [37–39]. To elucidate
solvent-dependent interactions at the nanoscale level, polymer
films were prepared with the organic phase containing drug
substances, and the morphology was analyzed using atomic
force microscopy. Atomic force microscopy (AFM) is a powerful
technique for analyzing interactions at the nanoscale level, offer-
ing unparalleled resolution and sensitivity [40]. This method is
particularly suitable for analyzing sensitive samples, as it requires
no treatment and preserves the samples during measurement.
AFM is often used to analyze the morphology and nanostructure
of nanomaterials containing drug substances, providing valuable
insights about the interaction and physicochemical properties
of the formulation components [41–44]. AFM facilitates the
determination of various parameters that provide insights into
the homogeneity and coherence of polymer films. Classically,
surface roughness is themost prominent parameter to statistically
represent topographical variations [45–47]. In this study, we focus
on the spatial distribution of polymer film defects that manifest
as pores due to drying effects of the drug-solvent-polymer system
[48]. Our study shows that this pore formation is also dependent
on the choice of solvent and the embedded drug substance. To
quantify this effect, we determined the surface area exposed by
the pores, allowing us to calculate the polymer film’s coverage
over a given area. This study further explores the potential
relationship between the dewetting effects of polymer films on
mica and the drug loading of the corresponding nanoparticles.
In addition to solvent selection, drug–polymer miscibility is a
key determinant of optimal drug loading [49]. Literature shows
that scanning electron microscopy (SEM) effectively reveals
the micro- and nanostructure of solid dispersions, providing
insights into their compatibility and stability [50, 51]. To assess
drug-polymer miscibility, polymer films with varying drug con-
centrations were prepared and analyzed using SEM. Special focus
was placed on the concentration-dependent phase separation,
offering relative insights into the solubility of drug substances
within the polymer matrix. For the quantitative determination
of solid-state solubility, PLGA-drug matrices were also analyzed
using differential scanning calorimetry (DSC). DSC is a widely
used thermal analysis technique that can determine the solid-
state solubility of drugs in polymer matrices [9, 52, 53]. By
analyzing thermal changes such as melting points, glass transi-
tions, and possible recrystallization, DSC provides insights into
the miscibility and molecular dispersion of the drug substance
within a polymer matrix.

2 Results and Discussion

2.1 Influence of Drug-Solvent Affinity on DL%

Acetonitrile (ACN), acetone, dimethylformamide (DMF), and
dimethyl sulfoxide (DMSO) are polar aprotic solvents and fre-
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FIGURE 1 Chemical structures of model drugs and PLGA.

TABLE 1 Solubility parameters of lawsone, menadione, plumbagin
and organic solvents.

𝛿D 𝛿P 𝛿H Ra

Lawsone 21.3 14.5 12.1
DMSO 18.4 16.4 10.2 6.39
DMF 17.4 13.7 11.3 7.88
Acetone 15.5 10.4 7 13.32
Acetonitrile 15.3 18 6.1 13.87
Menadione 20.0 12.3 6.2
DMSO 18.4 16.4 10.2 6.56
DMF 17.4 13.7 11.3 7.42
Acetone 15.5 10.4 7 9.23
Acetonitrile 15.3 18 6.1 10.99
Plumbagin 19.7 13.1 11.1
DMSO 18.4 16.4 10.2 4.30
DMF 17.4 13.7 11.3 4.64
Acetone 15.5 10.4 7 9.73
Acetonitrile 15.3 18 6.1 11.24

quently used in nanoprecipitation because they are fully miscible
with water, provide excellent solubility for pharmaceutical poly-
mers and active compounds, and can be readily removed by
evaporation or centrifugation [54]. For effective nanocarrier-
based therapy, maximizing drug loading is essential to minimize
the required amount of nanoparticles to reduce potential carrier-
associated toxicity [55]. In nanoparticle formulation, a high
solubility of the drug in the organic phase is favorable, as it allows
for a potentially increased drug load.

The HSPs of lawsone, menadione, and plumbagin were
estimated using the Y-MB (Yamamoto Molecular Breaking)
method implemented in the HSPiP software (Hansen Solubility
Parameters in Practice, version 5.4.03, Hansen-Solubility.com,
UK) while solvent solubility parameters were taken from the
built-in database [56]. The Ra values were calculated to estimate
the affinity between each drug substance and the used solvents
(Table 1). Due to the chemical similarity of the drugs, the
affinity order toward the solvents is consistent: Ra is lowest
with DMSO, followed by DMF and acetone, and highest with
ACN.

For each solvent, drug loading increased in the order: lawsone
< menadione < plumbagin (Figure 2a). These significant dif-

ferences are most likely due to the different affinities to PLGA,
which will be discussed further below. Drug loading of the model
substances correlated approximately linearly with the Ra values
between the drug and the solvent (Figure 2b) with menadione
and plumbagin showing significant increases (Figure S1). As
previously mentioned, sufficient solubility of the drug substance
in the organic solvent is essential for achieving high drug loading.
However, once the general solubility threshold for the process is
met—i.e., the amount of drug substance to be encapsulated is
fully soluble in the organic phase—the specific affinity between
the drug and the solvent becomes a determining factor. In such
cases, a lower affinity, indicated by a higher Ra, was found to
result in increased drug loading. Although the underlying molec-
ular mechanisms remain unclear, it can be hypothesized that a
reduced affinity of the drug for the organic solvent may lower
its solubility in the solvent–non-solvent mixture, promoting its
encapsulation in the polymer phase. It is important to note that
lawsone, despite exhibiting the highest Ra toward the tested
solvents consistently showed the lowest DL%. This discrepancy
can be explained by its poor miscibility with PLGA, as evidenced
by the SEM analysis (Section 2.4). Thus, drug loading is not only
determined by drug-solvent affinity but by the interplay between
drug-solvent and drug-polymer interactions. Across all tested 1,4-
naphthoquinone derivatives, ACN consistently resulted in the
highest DL%. This observation suggests that ACNmay represent a
favorable solvent choice under conditionswhere the drug–solvent
affinity is sufficiently low to promote partitioning into the poly-
mer phase. However, based on our data, it cannot be concluded
that ACN will generally produce the highest DL% for all com-
pound classes. Rather, the effect appears to be linked to the spe-
cific balance between solvent–drug and solvent–polymer interac-
tions. The relatively moderate polarity and aromatic scaffold of
the naphthoquinones may explain why ACN optimally reduces
drug-solvent affinity while still maintaining sufficient solubility.
For structurally distinct drug classes with different hydrogen
bonding or lipophilicity profiles, different solvents might lead
to a higher DL%. Our data reveals a consistent trend within
this scaffold, to assess the potential generalizability of this con-
cept, structurally diverse drug classes need to be systematically
investigated.

2.2 Effect of Solvent-Water Compatibility on
Colloidal Properties

The nanoprecipitation process is driven by solvent diffusion and
interfacial turbulence, which leads to rapid supersaturation and
subsequent precipitation of nano-sized particles [57]. The choice
of the organic solvent significantly influences colloidal properties
of polymeric nanoformulations [14, 15]. It has been shown that the
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FIGURE 2 (a) DL% of PLGA nanoparticles containing 1,4-naphthoquinone derivatives prepared using various organic solvents. (b) Correlation
between DL and Ra between drug and solvent. *p <0.05, ***p <0.001, ****p <0.0001. All data displayed are mean values ± standard deviation from n =
3 independent experiments.

TABLE 2 Z-average hydrodynamic diameters of PLGA nanoparticles and solvent-water affinity.

Z-average (nm)

Solvent phase Lawsone Menadione Plumbagin Ra (solvent-water)

DMSO 171.5 ± 1.0 126.4 ± 0.6 115.8 ± 4.9 32.6
DMF 196.3 ± 6.1 133.6 ± 4.4 126.6 ± 7.6 31.3
Acetone 211.5 ± 7.9 189.9 ± 1.6 171.3 ± 4.1 35.6
ACN 224.7 ± 12.0 195.1 ± 1.7 183.2 ± 3.5 36.3

affinity between solvent and non-solvent correlates with particle
size; a higher affinity leads to smaller particles due to faster
diffusion [58].

Table 2 shows the particle sizes of the drug-loaded PLGAparticles
and the affinity between water and organic solvent, expressed as
Ra. The nanoparticles are spherical (Figure 3) and monodisperse
(Figure 3; Table S2, PDI < 0.1) according to Hughes et al. [59],
whereas ISO standard definitions consider a PDI of < 0.05 as the
respective threshold [60, 61]. The z-averages range from 110 to
230 nm with zeta potentials ranging from −25 to −50 mV (Figure
S4), indicating colloidal stability. As an orthogonal method for
particle size determination, SEM analysis (Figure S2 and Table
S1) yielded sizes that were in approximate agreement with
the z-averages obtained by DLS. A similar trend is observed
for each drug: particles prepared with DMSO and DMF are
smaller than those prepared with acetone and ACN. This roughly
correlateswith the calculatedRa values; however, these values are
substantially higher than those typically seen in polymer–solvent
systems. This is due to water’s exceptionally strong hydrogen
bonding, which results in high polarity and complex, non-
linear behavior (e.g., clustering and hydration shells) that cannot
be reliably modeled by HSP models [62]. As such, HSPs may
offer a general qualitative indication in this context but should
not be used for quantitative predictions without experimental
validation. This might also explain the general trend, but also the
deviation for DMF and DMSO.

Another notable trend observed across all solvents was that parti-
cle sizes followed the order: lawsone > menadione > plumbagin
(Figure 4). This observation suggests a correlation between parti-
cle size and drug loading, with smaller particles exhibiting higher
drug loading. One possible explanation for this phenomenon
is that a higher polymer-drug affinity shifts the ouzo region
of the PLGA, as increased attractive interactions enhance the
polymer’s solubility in the solvent–nonsolvent system, leading to
smaller particles [63]. The ouzo effect refers to the spontaneous
formation of stable colloidal dispersions when a hydrophobic
solute dissolved in a water-miscible solvent is mixed with water,
and the boundaries of this region can be shifted by solute–
polymer interactions [64]. In addition, it has been observed
that unloaded (blank) nanoparticles exhibit significantly smaller
sizes compared to drug-loaded particles (Figure S3), which
is consistent with previous reports [65, 66]. Precipitated drug
substanceswithout polymerwere also imaged by SEM (Figure S7)
to confirm that the nanospheres in the formulations are not self-
assembled drug particles, but polymeric nanoparticles containing
the respective drug.

2.3 Topographical Analysis of Polymeric Films
Using AFM

The organic phase used for nanoprecipitation was also utilized
to prepare polymer films, which were subsequently analyzed
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FIGURE 3 SEMmicrographs of PLGA nanoparticles: (a) plumbagin-loaded, (b) menadione-loaded, (c) lawsone-loaded, and (d) blank (unloaded).
The nanoparticles were obtained using ACN as the organic phase with 5% w/w drug. Samples were prepared from a dispersion of the particles in the
aqueous phase (MilliQ water). Scale bar: 1 µm.

FIGURE 4 Particle sizes (PS) of drug-loaded PLGA nanoparticles. **p <0.01, ****p <0.0001. All data displayed are mean values ± standard
deviation from n = 3 independent experiments.

by AFM (Figure 5a). Pore formation frequently occurs during
solvent-based polymer film production [67]. The underlying
mechanisms are attributed to phase separation processes, such as
spinodal decomposition [68] and nucleation-and-growth, which
are driven by solvent volatility, polymer–solvent miscibility,
and drug–polymer interactions [69]. For the quantification of
the porosity, threshold-based image analysis in ImageJ [70]
was performed (Figure S6). Among the solvents tested—DMF,
acetone, and ACN—films prepared with DMF showed the high-
est porosity, followed by those produced with acetone, while

those prepared with ACN—films showed the lowest porosity
(Figure 5b). DMSO was not tested because it does not evaporate
enough, which prevented obtaining films of sufficient quality for
quantitative determination of the polymer-covered area.

Solvent evaporation drives the phase separation of polymer films
into distinct polymer-rich and polymer-lean domains, leading
to dewetting and pore formation [68, 71, 72]. Additionally, the
presence of different drug substances may further modulate the
thermodynamic stability of the system, affecting miscibility and

Macromolecular Materials and Engineering, 2026 5 of 13
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FIGURE 5 (a) AFM micrographs of drug-loaded polymeric films prepared using DMF, acetone, and ACN as solvents. (b) Quantification of the
polymer-covered area on the substrate (OA%). For each condition, OA% values were determined from three independent films, with one AFM image (50
× 50 µm) analyzed per film. (c) Correlation between DL% and OA% across all samples. ***p <0.001, ****p <0.0001. All data displayed are mean values
± standard deviation from n = 3 independent experiments. Scale bar: 10 µm.

TABLE 3 logP values, HSPs, and Ra of lawsone, menadione,
plumbagin, and PLGA.

logP 𝛿D 𝛿P 𝛿H Ra

PLGA50:50 n/a 17.4 11.0 8.0
Lawsone 0.9 [74] 21.3 14.5 12.1 9.48
Menadione 2.2 [75] 20.0 12.3 6.2 5.65
Plumbagin 2.3 [76] 19.7 13.1 11.1 5.93

The HSPs of the compounds were calculated by Y-MBmethod, HSPs of PLGA
were determined experimentally (Figure S8).

the kinetics of phase separation during film formation. This effect
is supported by the measured OA% values, which correlate with
DL% of the corresponding nanoparticles (Figure 5c), indicating
that this AFM-based assay might be suitable as a prescreening
method for drug loading. Blank films prepared with DMF and
ACN exhibited no detectable pores, while acetone-based films
showed onlyminor incipient porosity (Figure S5), confirming that
pore formation is significantly influenced by the presence of drug
substances.

2.4 Assessment of Drug-Polymer Compatibility
Using SEM

Drug–polymer compatibility can be estimated by calculating
Ra (Table 3). Accordingly, Lawsone demonstrates the weakest
affinity for PLGA, consistent with its low logP value and result-

ing hydrophilicity, while menadione and plumbagin showing
comparatively stronger interactions. In this context, Ra is not a
better indicator than logP, as both menadione and plumbagin
have nearly identical logP values (2.2 and 2.3) and very similar
Ra values (5.65 and 5.93), despite showing markedly different
DL%. HSPs therefore provide only a rough estimate of drug-
polymer miscibility but allow to better choose a certain solvent
for improving drug loading. Beyond general solubility similar-
ity (Ra), specific molecular interactions—particularly hydrogen
bonding has been shown to significantly enhance drug loading in
polymeric carriers [73]. The higher DL% of plumbagin compared
to menadione may therefore be attributed, at least in part, to its
higher 𝛿H value.

PLGA films containing varying drug concentrations (10%–50%)
were prepared by solvent evaporation to assess drug-polymer
compatibility using SEM. The estimation of drug-polymer com-
patibility was based on the assumption that each compound has
a specific saturation threshold in the polymer matrix. When this
threshold is exceeded, the excess drug cannot remainmolecularly
dispersed and separates out as crystalline or amorphous domains.

Needle-shaped crystalline precipitates are already observed in
polymer films containing 10%w/w lawsone (Figure 6). For mena-
dione, a distinct change in filmmorphologywas observed starting
at 20% w/w. At higher drug concentrations, needle-shaped, fiber-
like precipitates became visible. For plumbagin, phase separation
was observed at 30% w/w in the form of irregular shaped
aggregates. This concentration-dependent behavior reflects the
nanoparticle drug loading data (Figure 2a), with lawsone showing
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FIGURE 6 SEM micrographs of PLGA films containing lawsone (top row), menadione (middle row), and plumbagin (bottom row). Scale bar:
60 µm.

the lowest loading, menadione intermediate, and plumbagin
the highest. These observations highlight that this SEM analysis
could serve as a useful prescreening tool for estimating polymer-
drug compatibility in the context of nanoparticle formulation and
provide comparative insight into loading capacities of different
drugs in a given polymer matrix. Notably, the concentrations of
drug substances used in this study are considerably higher than
those used for the nanoparticle formulations. Solid dispersions
like amorphous solid dispersions (ASDs), commonly achieve
drug loadings in the range of 20%–50% w/w [77]. Reduced
drug loadings in polymeric nanoparticles are largely a result of
drug partitioning between the polymer and aqueous phases as
well as diffusion losses during the purification process [66, 78].
Another factor limiting drug loading in polymeric nanoparticles
is that drug incorporation is often kinetically driven; the rate at
which the drug diffuses and co-precipitates with the polymer
significantly affects encapsulation efficiency [9]. Nevertheless,
the drug-polymer miscibility, which was determined in
solid dispersions, can be correlated with the compatibility
in nanoparticles [24]. These elevated concentrations were used
to stress the polymer matrix and to make phase separation
phenomena experimentally detectable. The results are therefore
not intended to provide quantitative predictions of nanoparticle
loading, but rather qualitative insights into relative drug–polymer
miscibility. A limitation of this study is that it focused on a panel
of structurally related naphthoquinones and a single polymer
(PLGA). This design allowed us to establish proof-of-concept,
but further studies using structurally diverse drug classes and
polymerswill be required to assess the broader applicability of our
findings.

2.5 Assessment of Drug-Polymer Compatibility
Using DSC

Besides the interaction of the drug and the polymer with the
solvent, drug-polymer interaction will contribute to the loading

process. DSC is a common analytical technique to evaluate
the compatibility between polymers and drug substances [52,
53, 79]. This technique offers various approaches like the zero-
enthalpy extrapolation method [9, 80], melting point depression
method [19, 24, 79], annealing method [81], and recrystallization
method [82]. DSC-determined drug–polymer compatibility has
been shown to correlate with nanoparticle drug loading, allowing
it to serve as a predictive tool [9, 24, 83–85]. The zero-enthalpy
extrapolation method relies on the premise that drug exceeding
its solubility in the polymer matrix crystallizes and appears as
a melting peak in DSC analysis. Accordingly, the solubility of
the drug in the polymer matrix is defined as the concentration
at which it no longer contributes to the melting enthalpy. This
technique allows determination of solubility even near or below
glass transition temperatures, where kinetic limitations often
prevent accurate results for traditional methods (e.g., melting
point depression method). It also provides a linear relationship
between melting enthalpy and composition, enabling precise
extrapolation to determine solubility. Additionally, it is reported
to be valid for both high and low molecular weight systems,
which can be applied to polymeric matrices and low molecular
weight amorphous matrices, making it versatile for a variety
of formulation systems [80]. A key limitation of this method
is the assumption that excess drug substance precipitates as
a crystalline phase. If the substance instead forms amorphous
or metastable phases, solubility cannot be reliably determined.
Another limitation common to all thermal analysis methods
is the requirement for thermal stability: compounds must be
stable upon melting and remain stable during annealing and
scanning. Furthermore, since thermodynamic solubility below
the glass transition temperature is not well defined, the method
offers a semi-quantitative estimation of apparent drug solubility
in the polymer rather than the true thermodynamic solubility,
with a risk of overestimation. It should be noted that lawsone
was excluded from DSC analysis because, unlike menadione and
plumbagin, it lacks sufficient thermal stability and decomposes
upon melting.

Macromolecular Materials and Engineering, 2026 7 of 13
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FIGURE 7 DSC thermograms of drug-polymer blends (a) plumbagin, (b) menadione and plots of the melting enthalpy (c) plumbagin, (d)
menadione.

TABLE 4 Thermometric solubility data (DSC) of drug-PLGAmatri-
ces determined by the zero-enthalpy extrapolation method.

Drug logP
Solubility of drug in
PLGAmatrix (% w/w)

Calculated
SD of x0

Menadione 2.2 16.52 1.44
Plumbagin 2.3 21.68 1.52

Thermograms for menadione and plumbagin containing PLGA
matrices were successfully obtained, showing prominent melting
peaks of the drug substances (Figure 7a,b). As expected, the
melting enthalpy was observed to increase proportionally with
the drug substance content. To determine the solubility of the
drug substances in the PLGA matrix, the melting enthalpy was
plotted against their mass fraction. The absolute solubility was
then derived by extrapolation (Figure 7c,d). Plumbagin exhibited
higher solubility in the polymer matrix (Table 4), consistent with
its significantly greater drug loading in the nanoparticles; the
calculated standard deviation of the x-axis intercept allows to esti-
mate the variability of the extrapolated concentration threshold
in the polymer. Thermally derived solubility data offer valuable
information on drug–polymer affinity, which also appears to
correlate with behavior in nanoparticle systems.

3 Conclusion

PLGA nanoparticles of sizes ranging from 110 to 230 nm (PDI
< 0.1) loaded with plumbagin, menadione, and lawsone were
successfully prepared. The affinity between drug substances and
solvents, expressed by Ra, significantly influences encapsulation
and shows an almost linear correlation. Drug loading was also
found to influence particle size, with higher loading resulting
in comparatively smaller particles due to favorable intermolec-
ular interactions. These interactions could be revealed by AFM
enabling visualization of PLGA films’ structure containing drug
substances. Film morphology is strongly influenced by the
choice of solvents and drug substances. The pronounced pore
formation, which is driven by dewetting phenomena such as
spinodal decomposition, can be quantified through graphical
analysis and correlateswith the drug loading of the corresponding
nanoparticles. Drug-polymer compatibility was assessed using
SEM. Phase separationwas found to be concentration-dependent;
the observed trends align with drug loading behavior of the
nanoparticles. Those huge changes in filmmorphologywerewell-
demonstrated by electron microscopy. It should be noted that the
drug contents used in PLGA films (≥10%w/w) were intentionally
higher than those achieved in the nanoparticle formulations
(∼1%–2% w/w). The purpose of the film studies was not to repli-
cate absolute drug loading, but to stress the polymer matrix and
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thereby revealmiscibility limits andphase separation phenomena
that are not detectable at lower concentrations. Consequently, the
results should be interpreted as qualitative indicators of relative
drug–polymer compatibility rather than quantitative predictors
of nanoparticle drug loading. Furthermore, DSC with zero-
enthalpy extrapolation was used to determine the solubility of
the active ingredients to enable a quantitative evaluation of drug-
polymer affinity. The resulting solubilities correlated well with
SEM observations and drug loading trends. Additionally, SEM
enables rapid estimation of phase separation which correlates
with the drug loading trends, as it allows for high-throughput
imaging of multiple samples within a short time frame. The
resulting data shows good correlationwith values obtained via the
zero-enthalpy method, which assesses drug-polymer solubility
using DSC. The combined use of HSP-derived affinities, thin-film
morphology, and solid-state solubility is best suited for screening
and rank-ordering drug-polymer-solvent combinations prior to
formulation, with trends aligning with observed DL%. Future
work should expand this approach to structurally diverse drugs
and alternative polymers to confirm the broader applicability of
the observed correlations.

4 Experimental Section

4.1 Materials

Resomer 503H (Mw: 24,000-38,000 g mol−1, Evonik), menadione
(Sigma–Aldrich, Steinheim, Germany), plumbagin (98%, TCI,
Eschborn, Germany), lawsone (98%, TCI), Poloxamer 407 (Caesar
and Loretz GmbH, Hilden, Germany). ACN (HPLC grade),
acetone (HPLC grade), DMF (analytical grade), DMSO (analyt-
ical grade) were purchased from Fischer Scientific (Schwerte,
Germany).

4.2 Calculation of HSPs and Ra

The HSPs were calculated using the Y-MB method, a refined
group contribution approach using neural networks integrated
into the HSPiP software (Hansen Solubility Parameters in Prac-
tice, version 5.4.03, Hansen-Solubility.com, UK). The parameters
are 𝛿d, 𝛿p, and 𝛿h and can be combined to calculate the total
solubility parameter, 𝛿t, by following formula:

𝛿𝑡
2 = 𝛿𝑑

2 + 𝛿𝑝
2 + 𝛿ℎ

2 (1)

The individual parameters represent the cohesive energy den-
sities associated with interactions from dispersion forces, polar
forces, and hydrogen bonding forces. The distances between two
substances in the Hansen space are calculated by the following
formula:

𝑅𝑎
2 = 4(𝛿𝑑2 − 𝛿𝑑1)

2 +
(
𝛿𝑝2 − 𝛿𝑝1

)2
+ (𝛿ℎ2 − 𝛿ℎ1)

2 (2)

4.3 Preparation of PLGA Nanoparticles

The nanoparticles were prepared using nanoprecipitation first
described by Fessi et al. [86]. 25 mg PLGAwas dissolved in 1.5 mL
of an organic solvent (DMSO, DMF, acetone, or ACN) containing

the drug substance (plumbagin, lawsone, or menadione) at a
concentration of 5% relative to the polymer mass. The organic
phase was injected into a stirred (750 rpm) 10 mL of 0.5%
poloxamer 407 aqueous solution at a rate of 0.5 mL/min using
a syringe pump (PHD 2000, Harvard Apparatus, Holliston, MA,
United States). The samples were stirred overnight, leading to
the complete evaporation of ACN and acetone, while DMSO and
DMF remained largely in the suspension and were subsequently
removed during the purification steps. The particles were
purified through two centrifugation cycles (7500 × g, 20 min,
20◦C), replacement of the supernatant with fresh MilliQ
water, and resuspension. All formulations were prepared in
triplicates.

4.4 Characterization (Particle Size, PDI) of
PLGA Nanoparticles

Particle size and zeta potential were measured using dynamic
light scattering (DLS) and laser doppler electrophoresis (Zetasizer
Ultra, Malvern Panalytical, Malvern, UK). Samples were diluted
with 5 mM KCl to a nanoparticle concentration of approx.
0.125mg/ml, and 1mLwas transferred into a zeta potential folded
cuvette. The intensity-based measurements were conducted at
25◦C at a detection angle of 173◦ in the backscattering mode.
The zeta potential was based on electrophoretic migration and
was performed at 25◦C. All measurements were carried out in
triplicates.

4.5 Nanoparticle Morphology Using Scanning
ElectronMicroscopy (SEM)

The nanoparticle suspension (20 µl, obtained from ACN as the
organic phase and dispersed in MilliQ water) was applied onto
a silica wafer fixed on an aluminum stub. After 2 min, the excess
liquidwas removedwith compressed air. A thin gold layer (10 nm)
was sputtered onto the sample (Quorum Q150R ES, Quorum
Technologies, Laughton, UK) prior to imaging with the SEM
(Zeiss EVO HD15, Carl Zeiss, Oberkochen, Germany).

4.6 Morphology Analysis of Polymer Films
Using Scanning ElectronMicroscopy (SEM)

The topography of the polymer films was analyzed using SEM.
PLGA solutions (16.67 mg/mL in acetone) containing 10%–50%
drug substance relative to the polymer content were prepared. A
20 µl aliquot of each solutionwas applied onto a silica wafer. After
solvent evaporation (2 h), the polymer films were sputtered with
a thin gold layer and then analyzed.

4.7 Morphology Analysis of Polymer Films Using
Atomic Force Microscopy (AFM)

For topography analysis, 50 µl of the organic phase, identical
to that used for nanoparticle preparation, was applied to a
mica substrate. The PLGA concentration was 16.67 mg/mL,
and the drug concentration was 0.83 mg/mL with acetonitrile,
acetone, and DMF used as solvents. After overnight evapora-
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tion, the sample was then visualized in Tapping Mode using a
OMCL-AC160TS cantilever (Bruker, Wissembourg, France) with
a BioScope (Veeco, Santa Barbara, CA, USA). Images of 50x50 µm
were taken and the occupied area was quantified through binary
image processing in ImageJ (version 1.54m, NIH, Bethesda, MD,
USA).

4.8 Thermometric Analysis of Polymer-Drug
Blends

Polymer-drug blends were prepared by dissolving PLGA and the
drug substances (menadione, plumbagin) in various ratios (0.25,
0.375, 0.5, 0.625 and 0.75) in acetone, followed by solvent evapo-
ration at room temperature. Thermal properties were analyzed
using DSC 204 F1 Phoenix calorimeter (NETZSCH-Gerätebau
GmbH, Selb, Germany) with a nitrogen flow of 100mL/min and a
heating rate of 10 K/min. Three cycles were run for eachmeasure-
ment with the second used for data evaluation. The data was ana-
lyzed using NETZSCH Proteus—Thermal Analysis software (ver-
sion 5.2.0, NETZSCH-GerätebauGmbH, Selb, Germany). The sol-
ubility of the active ingredients in the polymer matrix was deter-
mined using the zero-enthalpy extrapolation method [9, 80, 87].

4.9 DL% Determination

An aliquot was taken from the nanoparticle suspension and
washed twice by centrifugation (40,000 × g, 30 min, 20◦C). After
each cycle, the supernatant was removed, and the pellet was
resuspended with fresh MilliQ water. Following the second cen-
trifugation cycle, the pellet was frozen at −80◦C and lyophilized
overnight. Dry pellet masses were determined on a microbalance
(Sartorius AG, Göttingen, Germany). The pellets were dissolved
in ACN, and the drug substances were directly quantified by
absorbance measurement (λ = 254 nm) using UV-Star 96-well F-
bottom plates (Greiner Bio-One, Frickenhausen, Germany) and
a microplate reader (Infinite M200, Tecan Group, Männedorf,
Switzerland).

4.10 Data Evaluation and Statistics

Statistical significance was assessed using one-way or two-way
analysis of variance (ANOVA), depending on the number of inde-
pendent variables, followed by Tukey’s post-hoc test for pairwise
comparisons. A p-value of <0.05 was considered significant. All
analyseswere performedusingGraphPadPrism software (version
10.4.2, GraphPad Software, 2025).
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