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The in-situ formation of nanoparticles from polymer-based solid medicines, although previously described, has
been overlooked despite its potential to interfere with oral drug bioavailability. Such polymeric pharmaceuticals
are becoming increasingly common on the market and can become even more popular due to the dizzying
advance of 3D printing medicines. Hence, this work aimed to study this phenomenon during the dissolution of 3D
printed tablets produced with three different polymers, hydroxypropylmethylcellulose acetate succinate
(HPMCAS), polyvinyl alcohol (PVA), and Eudragit RL PO® (EUD RL) combined with plasticizers and the model
drug naringenin (NAR). The components’ interaction, dissolution behavior, and characteristics of the formed
particles were investigated employing thermal, spectroscopic, mechanical, and chromatographic assays. All the
systems generated stable spherical-shaped particles throughout 24 h, encapsulating over 25% of NAR. Results
suggest encapsulation efficiencies variations may depend on interactions between polymer-drug, drug-plasti-
cizer, and polymer-plasticizer, which formed stable nanoparticles even in the drug absence, as observed with the
HPMCAS and EUD RL formulations. Additionally, components solubility in the medium and previous formulation
treatments are also a decisive factor for nanoparticle formation. In particular, the treatment provided by hot-melt
extrusion and FDM 3D printing affected the dissolution efficiency enhancing the interaction between the com-
ponents, reverberating on particle size and particle formation kinetics mainly for HPMCAS and EUD RL. In
conclusion, the 3D printing process influences the in-situ formation of nanoparticles, which can directly affect
oral drug bioavailability and needs to be monitored.

1. Introduction (Kanzer et al., 2010; Tho et al., 2010; Frank et al., 2012a). Moreover, the

presence of nanoplastics derived from physical or biological decompo-

In the past decades, the use of polymeric materials as drug matrices
has become common with the incorporation of new technologies for
modified drug release. In fact, several market drug products are pro-
duced from polymeric substrates forming solid dispersions, adding
therapeutic benefits such as modulation of drug release, increased sol-
ubility, and stability (Alshehri et al., 2020). Moreover, the use of
different polymers in medicines has been escalated with the consolida-
tion of hot-melt extrusion (HME) technology in pharmaceutical fac-
tories, allowing solid dispersions to be produced in a simplified,
continuous, and solvent-free process (Tran et al., 2021).

Recent studies show that polymers’ disaggregation in water could
lead to micro and nanoparticle formation. In fact, supramolecular as-
semblies from HME solid dispersions spontaneously formed in an
aqueous medium ranging from nanometer to micrometer were described
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sition processes of polymeric materials thrown into the environment has
been a source of a new type of pollution found in human tissues,
constituting, in this case, an invisible threat to people’s health (Gigault
et al., 2021). Indeed, nanosized particles are known for being highly
interactive structures that can easily disperse in different environments,
being capable of entrapping material in their surfaces or cores, and
permeating through biological membranes (Mitchell et al., 2021).

In the pharmaceutical field, the in-situ formation of nanoparticles
from polymeric-based materials may impact the pharmacokinetics of a
drug product (Schittny et al., 2020). Notably, for an oral dosage form,
the presence of a nanoparticle can mean a modification of the drug
available for absorption in the gastrointestinal cells, consequently
affecting the drug’s bioavailability (Sironi et al., 2017; Stewart and
Grass, 2020). In fact, previous studies have shown that the permeation of
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the drug ABT-102 in Caco-2 monolayer cells from amorphous systems
obtained by HME was dramatically higher than its crystalline state,
without this being related to the formation of micelles (Frank et al.,
2012b, 2014). In most dissolution studies with polymer-based medi-
cines, it is assumed that the drug found in the dissolution medium is
solvated and free to be absorbed by the body (Pandi et al., 2020).
However, the truth is that between polymer matrix disaggregation and
drug solubilization, intermediate states of drugs’ microencapsulation
and nanoencapsulation can occur (Nunes et al., 2022).

Such spontaneous formation of nanoscale polymeric structures in
medicines has gone overlooked. Nevertheless, this occurrence can no
longer be ignored, considering the relevance of polymer-based medi-
cines, especially 3D printed dosage forms (Karalia et al., 2021). This new
way of making medicines uses almost exclusively polymeric substrates,
allowing high versatility in drug release with a therapy personalization
(Pires et al., 2020). In particular, the most promising printing technique
of fused deposition modeling (FDM) uses polymeric filaments obtained
from HME as pharmaceutical ink (Aratjo et al., 2019).

To illustrate the magnitude of this issue, 30 papers have been found
in the “Web of Science database” in the last five years, focusing on
dissolution studies of polymeric-base dosage forms produced with 3D
printing and HME (Table S1). None of them verified the possible
encapsulation of the drug in micro or nanoparticles in the dissolution
tests, assuming the drug was free in the aqueous medium. Such negli-
gence regarding the real physical state of the drug in a simulated
gastrointestinal medium may lead to the unpredicted therapeutic per-
formance of these medicines.

Particularly for the 3D printing process of oral dosage forms, such as
in tablet forms - named printlets, a high percentage of the polymeric
matrix is used in the composition, with variations in the drug amount
(Karalia et al., 2021). Based on this, the odds of particle formation are
high, and it is possible that the modifications brought by the printing
process and the structure of the dosage form can also change the particle
formation behavior.

In this scenario, there is an obvious need to study the mechanisms
involved in the in-situ nanoparticle formation and the influence of the
HME plus 3D printing processes on this phenomenon. Therefore, this
work aimed to investigate the in-situ formation of nanoparticles during
the dissolution of printlets for the first time. Three systems with different
solubility characteristics and specific interactions between polymer,
plasticizer, and drug were selected for this. Naringenin (NAR) was
chosen as a model drug to be incorporated in the polymer matrices of
hydroxypropylmethylcellulose acetate succinate (HPMCAS), polyvinyl
alcohol (PVA), and Eudragit RL PO® (EUD RL), using glycerol and
triethyl citrate as plasticizers.

2. Material and methods
2.1. Material

NAR [(2S)-5,7-Dihydroxy-2-(4-hydroxyphenyl)—2,3-dihydro-4H-
chromen-4-one, purity > 98%, lot MKCD1056] was obtained from
Sigma-Aldrich (St. Louis, MO, USA). The polymer PVA (Parteck® MXP,
lot F1952064) was donated by Merck (Darmstadt, Germany). HPMCAS
(lot SF60G410004) and Eudragit RL PO® (EUD RL, Poly(ethyl acrylate-
co-methyl methacrylate-co-trimethylammonioethyl methacrylate chlo-
ride), lot G170936626) were donated by Ashland Specialty Ingredients
(Covington, LA, USA), and Evonik industries (Darmstadt, Germany),
respectively. The plasticizers glycerin (GLY, lot 58591) and triethyl
citrate (TEC, lot S7425151) were purchased from Dinamica® (Sao
Paulo, Brazil) and Merck (Darmstadt, Germany), respectively. All other
chemicals and solvents were of analytical grade.

2.2. Preformulation studies

Three different polymers were selected for the filament formulation:
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HPMCAS, PVA, and EUD RL. Moreover, a plasticizer and the model drug
NAR were also added to the formulation (Table 1). For each polymer, an
appropriate plasticizer was selected according to its ability to increase
the mobility of the polymer chains through the HME process, producing
filaments more suitable for 3D FDM printing, i.e., TEC was used for the
polymers HPMCAS and EUD RL, and GLY for PVA (Pereira et al., 2020).

Before the production, the interactions between the materials were
assessed by determining the Hansen solubility parameter (HSP), and
Fourier transform infrared spectroscopy (FTIR) analysis.

The HSP for NAR was estimated by Hoftyzer and Van Krevelen
group-contribution method (van Krevelen and te Nijenhuis, 2009)
(Table 2). For this purpose, the dispersion (64), polar (8,), and hydrogen
bond (8,) parameters were calculated by the equations:

_ S Fy

64 % 1)
o
6p = v (2

5= w@ 3)

where Fg;, Fp; and Fy; are, respectively, the dispersion, the polar, and the
hydrogen bonding components of the molar attraction function for each
contribution group “i”, and V is the molar volume of the respective
molecule. Finally, the total Hansen solubility parameter () can be ob-
tained from the vector sum of the three components previously
calculated:

5 =1/86+6 +6, Q)

The parameter values for HPMCAS and GLY were obtained from the
studies of Klar and Urbanetz (Klar and Urbanetz, 2016). Those for PVA,
EUD RL, and TEC were obtained from the studies of Kumar et al.,
Quinten et al., and Hansen, respectively (Hansen, 2007; Kumar et al.,
2022; Quinten et al., 2021) (Table 2).

FTIR analyses were performed on Bruker model vertex 70 (Billerica,
MA, USA), using the equipment ATR accessory, from 4500 to 375 em!
in a resolution of 2.0 cm™'. The FTIR spectrum of selected binary and
ternary mixtures was obtained. The results were compared to the
calculated average spectrum, calculated using the linear combination of
the pure materials normalized absorption spectra, considering the pro-
portion of each component in the formulation.

2.3. Filament production by HME

As described, the filament formulations comprised a combination of
NAR, polymers, and suitable plasticizers (Table 1).

The mixtures were initially prepared using mortar and pestle. Then
they extruded in a co-rotating conical twin-screw extruder with a die
diameter of 1.8 mm (HAAKE MiniCTW, ThermoScientific, Waltham,
MA, USA), without recirculation, coupled to a filament tractor system

Table 1

Formulations composition (%, m/m) with the amount of plasticizer and model
drug. HPMCAS - hydroxypropylmethylcellulose acetate succinate, PVA - Poly-
vinyl alcohol, EUD RL - Eudragit RL PO®, TEC - Triethyl citrate, GLY — Glycerin
and NAR - Naringenin.

Formulation Plasticizer Model Drug
GLY TEC NAR

With NAR HPMCAS - 20% 5%

PVA 20% - 5%

EUD RL - 13% 5%
Without NAR HPMCAS - 20% -

PVA 20% - -

EUD RL - 13% -
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Table 2

Hansen solubility parameters. 5; — Dispersion parameter; 5, — Polar parameter; 6y
- Hydrogen bonds parameter; 5, — Total Hansen solubility parameter. HPMCAS -
hydroxypropylmethylcellulose acetate succinate, PVA - Polyvinyl alcohol, EUD
RL - Eudragit RL PO®, TEC - triethyl citrate and GLY - Glycerin.

Material Hansen solubility parameters (MPa'/2)
7] Sp on O¢

NAR 22.71 9.68 18.98 31.14
HPMCAS 20.50 5.10 14.60 25.70
PVA 11.20 12.40 13.00 21.17
EUD RL 16.92 1.02 11.11 20.27
TEC 16.50 4.90 12.00 20.98
GLY 17.40 12.10 29.30 36.20

model FTR1 endowed with an automatic diameter gage (Filmaq3D,
Curitiba, Brazil). The screw rotation and processing temperature of
HME, as well as the tractor system velocity, were chosen to guarantee
the filament diameter’s uniformity and the material’s continuous flow.
All filaments were stored in a desiccator with silica before the
characterization.

2.4. Filament characterization

Filament diameters were measured every 10 cm using a digital
caliper (Mitutoyo Sul Americana, Sao Paulo, Brazil). The mean diameter
was calculated by the arithmetic mean of the measures. The visual
characteristics were evaluated by optical microscopy using a stereo-
scope coupled to a video camera (Laborana/SZ — SZT, Sao Paulo, Brazil).

The filaments’ printability was tested by measuring their mechanical
resistance with the fracture force data (n = 5) (Lima et al., 2022). The
analysis was performed in a universal testing machine (Shimadzu EZ
test, Tokyo, Japan) equipped with a 5 kN load cell using wedge-type
grips that move horizontally to tighten the grip on the filament
(before analysis) and vertically to perform the elongation test. The cell
moved at a constant crosshead speed of 10.0 mm min'. The filament
size was 90 mm, the gap between the grips was 60 mm, and the initial
force was 1.0 N.

2.5. Printlets production by FDM 3D printing

Cylinder shape printlets with a mean volume of 0.569 cm® were
designed using a free version of the software Tinkercad® (Autodesk®
Inc, San Rafael, CA, USA) and were sliced using Slic3r® (Rome, Italy)
software. The printlets were printed using the filaments prepared pre-
viously by HME at a Voolt FDM 3D printer model Gi3 (Sao Paulo, Brazil)
with a brass nozzle with a diameter of 0.4 mm. The printing temperature
was adapted to each polymer. The temperature of the printing bed was
fixed at 80 °C, and the printlets were printed three at a time. The layer
height was set at 0.2 mm, and the infill pattern was rectilinear with a
density of 50%. Three extern layer shells were printed on all sides of the
printlets, and the printing speed was set at 15 mm s~ for printing moves
and 50 mm s! for travel speed.

2.6. Printlets characterization

Printlets volumes were calculated by measuring the diameter and
thickness of each printlet using a digital caliper (Mitutoyo Sul Ameri-
cana, Sao Paulo, Brazil). The mean volume was obtained from 10
printlets for each formulation. The visual characteristics were evaluated
by optical microscopy using a stereoscope coupled to a video camera
(Laborana/SZ — SZT, Sao Paulo, Brazil).

The weight of each printlet was obtained using an analytical balance
(Shimadzu, Tokyo, Japan). The individual weight and the mean weight
obtained by the measure made in 10 tablets were used during the study.
Drug content was determined in triplicate by dissolving the printlets in
ethanol for the PVA samples and methanol for HPMCAS and EUD RL
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samples and determining the amount of NAR by HPLC as described in
the 2.9 section.

2.7. Dissolution studies and drug encapsulation

Dissolution profiles of NAR as supplied, physical mixtures of the
formulations, and the printlets were determined in a dissolution tester
Ethik model 299 (Nova Etica, Sio Paulo, Brazil) using 900 mL of me-
dium. For the HPMCAS samples, phosphate-buffer solution 0.1 mol Lt
(pH 6.8) was used as the dissolution medium (Thakkar et al., 2020),
whereas, for the PVA and EUD RL samples, the medium was HCI 0.1 mol
Lt (Pietrzak et al., 2015; Granados et al., 2022). The temperature was
maintained at 37 °C, and apparatus 2 (paddle) was used, operating at
100 rpm. Samples containing approximately 25 mg of the drug were
added to the dissolution vessels. Aliquots of 5.0 mL were withdrawn and
immediately replaced by fresh dissolution medium at 1, 2, 3, 4, 5, 6, 8,
10, 12, and 24 h. The aliquots were filtered on a paper filter using a
vacuum filtration system composed of a Biichner funnel, a borosilicate
filtering flask, and a vacuum pump. After filtration, samples were
diluted in an appropriate organic solvent to quantify the total amount of
NAR by HPLC according to the method described in Section 2.9.

To determine the nanoencapsulated drug fraction, the nanofiltration
method was used with adaptation (Holzem et al., 2022). Another aliquot
fraction was used to determine the amount of NAR possibly entrapped in
the in-situ formed particles. For that, 2 mL of the sample was inserted on
a Vivaspin 2 filter (MWCO 10,000, Sartorius Lab Instruments GmbH &
Co, Goettingen, Germany) and centrifuged for 10 min at a rotation of
4000 rpm in a Z306 centrifuge (Hermle Labortechnik GmbH, Wehinger,
Germany). Next, the amount of NAR not entrapped (free NAR) was
determined by the analyses of HPLC of the filtered material. Finally, the
entrapped NAR was calculated according to Eq. (5).

Total amount of NAR — free NAR

Entrapped NAR (% w /w) = Total amount of NAR x 100
()

Experiments were performed in triplicate for each sample. Dissolu-
tion profiles were evaluated using their corresponding dissolution effi-
ciency at 24 h (DE24) (Granados et al., 2022). Dissolution efficiency
data were evaluated by GraphPad Prism 9 software (San Diego, CA,
USA) using one-way ANOVA, followed by Turkey post-test. The statis-
tical analysis of the drug encapsulation data was performed by two-way
ANOVA followed by the Sidak post-test. The significance level (p) for
both tests was fixed at 0.05, and data normality was previously
demonstrated using the Shapiro-Wilk normality test.

2.8. Characterization of the in-situ formed particles

The particles generated from the polymeric systems were charac-
terized in a release study under more concentrated conditions than the
dissolution assay to allow the assessment of the particle diameter,
polydispersity index (PdI), zeta potential, and morphology. In this
adapted dissolution experiment, NAR as supplied, physical mixtures of
the formulations, and the printlets loaded or not with the drug were
placed in a beaker containing 20 mL of the same mediums used in the
dissolution studies described in the previous section. The systems were
maintained in a water bath at 37 + 3 °C under constant magnetic stirring
(100 rpm). Aliquots of 3 mL were withdrawn and immediately replaced
by the fresh medium at 1, 4, 8, 12, and 24 h. Next, samples were
analyzed using a Zetasizer Nano ZS (Malvern, UK). Hydrodynamic
diameter determinations were performed using the dynamic light scat-
tering (DLS) method to obtain the particle diameter, PdI, and average
count rate, whereas the electrophoretic mobility method was used to
determine the zeta potential. Statistics were evaluated using GraphPad
Prism 9 software (San Diego, CA, USA) by two-way ANOVA, followed by
Sidak post-test. The significance level (p) was fixed at 0.05. Data
normality was previously demonstrated using the Shapiro-Wilk
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normality test.

Additionally, the 12 h aliquot of the particle release experiments was
used for morphological analysis. The samples were analyzed by trans-
mission electron microscopy (TEM) using a JEM-1011 (JEOL, Tokyo,
Japan). Before the analysis, diluted samples were deposited on Formvar-
coated copper grids and received 3.0 pL of uranyl acetate solution at 3%
(w/v). After 3 min, the excess material was removed with filter paper,
and the grids were air-dried. Then, the samples were taken to the
equipment and analyzed at a magnitude of up to 3000 times.

2.9. Drug determination

NAR was quantified by a reversed-phase chromatographic method
with UV detection at 290 nm using the HPLC model LC-20AT (Shi-
madzu, Kyoto, Japan) (Quintao et al., 2022). The operating conditions
of the method were as follows: 10 L of injection volume; reversed-phase
Cyg column (LC Column, 300 x 3.9 mm, 10 pm) kept at 40 °C; meth-
anol/phosphoric acid 0.01 mol/L (65:35, v/v) as the mobile phase; and
flow rate of 0.6 mL min~'. The method was validated following the
International Conference on Harmonization parameters and proved
linear in the 0.5 to 30 pg mL ™! ™8 with a correlation coefficient (r) =
0.999.

3. Results and discussion
3.1. Preformulation studies

Polymers with different characteristics used in marketed drug
products that have already been assessed for 3D printing of medicines
were selected for this study, i.e., HPMCAS (pH-dependent), PVA (water-
soluble polymer), and EUD RL (insoluble polymer) (Pandi et al., 2020;
Kuzminska et al., 2021). Such polymers were combined with a suitable
plasticizer to enable HME and FDM 3D printing (Pereira et al., 2020),
totalizing six different formulations (Table 1). First, the interactions
between the components of the formulations were assessed.

The molecular interactions between the components of a particle are
known to have a decisive role in its final characteristics, such as shape,
size, surface charge, and drug encapsulation (Hickey et al., 2015).
Therefore, the HSP was obtained to predict those interactions. The re-
sults showed different possibilities for each polymer-based formulation
(Fig. 1).

Minor variations of HSP (Ad;) were found between the polymer
HPMCAS with the drug NAR (A8; = 4.73 MPa'/?) and with the plasti-
cizer TEC (A8, = 5.44 MPa'/?). Values below 7.0 MPa'/? suggest strong
compound interaction, while values A§; >10 MPa'/? are commonly
associated with weak compound interaction (Greenhalgh et al., 1999).
On the other hand, for the PVA polymer, the potential interaction with
NAR was considered weak (AS; = 9.97 MPal/ 2); however, a strong
interaction between the drug and the plasticizer glycerol was noted (A&;
= 5.06 MPa'/?). Finally, the HSP calculations suggested a strong inter-
action of EUD RL with its plasticizer TEC (A§; = 0.71 MPa'/?); never-
theless, a low probability of interaction was observed between this
polymer and the drug or between the drug and the plasticizer.

For a further interaction investigation, the binary mixtures with A;
< 7.0 MPa'’? were evaluated by FTIR and compared with the respective
calculated average spectrum (Fig. 2).

In Fig. 2a, all the expected bands for NAR and HPMCAS were
observed for the NAR + HPMCAS physical mixture, and no shifts were
identified between the calculated and experimental spectra. This result
was expected since the values of the component 84 suggest that the in-
teractions between NAR and HPMCAS are mainly dispersive (Table 2),
not being able to promote significant dipole changes to be detected by
infrared spectroscopy.

On the other hand, as highlighted in Fig. 2b, a shoulder at 3596 cm ™!
appeared for the HPMCAS + TEC sample in the region of the O—H
stretching. This finding may be associated with possible hydrogen bonds
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Fig. 1. Variation of the total Hansen solubility parameter (A8,) of each com-
bination of materials related to the polymer-based formulations of hydrox-
ypropylmethylcellulose acetate succinate (HPMCAS) and the plasticizer triethyl
citrate (TEC) (A), Polyvinyl alcohol (PVA) and the plasticizer Glycerin (GLY)
(B), and Eudragit RL PO® (EUD RL) and the plasticizer TEC (C). The blue line
represents the limit for high interactions (up to 7.0 MPa'/?), and the green line
is the limit for low interactions (up to 10.0 MPa'/?).

between the polymer and plasticizer, corroborating the similar &y values
calculated for both components (Table 2). Similarly, a shoulder was also
observed at 3267 cm™! for EUD + TEC sample (Fig. 2d). The shoulder
may be caused by the interaction between chemical groups of both
molecules, most probably hydrogen bonds, since the -OH group of the
plasticizer can act as a hydrogen bond donor that can interact with the
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Fig. 2. FTIR spectra of the selected samples: a) hydroxypropylmethylcellulose acetate succinate (HPMCAS) and Naringenin (NAR); b) HPMCAS and triethyl citrate
(TEC); ¢) Glycerin (GLY) and NAR; and d) Eudragit RL PO® (EUD RL) and TEC. The calculated average spectrum was obtained by the combination of the pure

material spectra data considering the proportion of each component in the mixture.

many hydrogen bond acceptors presented in the polymer structure
(Guerin et al., 2016).

As shown in Fig. 2c, the calculated average spectrum was almost the
same as obtained for the NAR + GLY sample, suggesting a low interac-
tion and/or solubility of the NAR in glycerol. However, for the ternary
physical mixture PVA + NAR + GLY, the FTIR spectrum (Fig. 3) reveals
small shifts in the C—O stretching and C—O-H bending bands, sug-
gesting hydrogen bonds and/or other dipolar interactions.

The strong band at 1037 em ™! was attributed to the glycerol C—0O
stretching shift observed at 1029 cm™! for the pure GLY (Fig. S1). In
addition, the C—O-H bending of the PVA appears at 1247 cm ™ for the
physical mixture (Fig. 3b), which corresponds to a shift of 8.0 cm™?
compared to the calculated average spectrum and the pure PVA

16
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081
06
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041
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Normalized Absorbance (a.u.)

0,0

Average spectrum

(Fig. S1). The frequency of this mode can be shifted to higher energies by
increasing the bond angle or by expanding the molecule’s dipole
moment, which, in turn, may be associated with specific hydrogen bond
interactions between the components.

It is important to emphasize that the discreet quality of those shifts
evidenced by the interactions does not compromise the stability of the
components. Nevertheless, such interactions became more expressive
with the HME and 3D printing processes.

The preformulation results evidence three different scenarios for the
study, with different interactions governing the behavior of those for-
mulations, especially on the formation and characteristics of the parti-
cles, including the mutual interaction of NAR-polymer and polymer-
plasticizer influencing the HPMCAS samples and the NAR-plasticizer

1037 cm”’

4000 3600 3200 2800 2000 1600 1200 800
Wavenumber (cm™)

400 1300

1200 1100 1000 900

Fig. 3. a) FTIR spectra of the physical mixture and calculated average spectrum for PVA/GLY/NAR ternary system; b) Zoom of the highlighted gray shaded rectangle
region, from 1300 to 900 cm 1. PVA - Polyvinyl alcohol, GLY — Glycerin and NAR — Naringenin.



F.Q. Pires et al.

and polymer-plasticizer affecting the PVA and EUD RL samples,
respectively.

3.2. The HME filaments

The filaments were obtained by HME by feeding the equipment with
the material blend previously mixed. The constant feeding and the
traction provided by filament tractor equipment allowed producing fil-
aments with uniform diameters (SD < 0.11 mm for all filaments), which
is one of the main factors that affect products’ 3D printability (Bandari
et al., 2021). The obtained filaments had a translucid and homogeneous
aspect with a mean diameter between 1.70 and 1.46 mm (Table 3). This
result is close to the ideal range recommended for the printing process
(1.80 to 1.60 mm), allowing the production of appropriate printlets
(Ponsar et al., 2020).

Furthermore, the filaments also had an ideal mechanical property.
All the samples underwent an elastic deformation during the fracture
force analysis, supporting forces higher than 22 N (Table 3), far superior
to the minimum required force value for 3D printing of 5 N (Yang et al.,
2021). This result reinforces the probable good printability of the pro-
duced filaments.

3.3. The printlets characterization

In agreement with what was expected, all the printlets obtained by
the 3D printing process had a homogeneous appearance and uniformity
in both weight and volume (Table 4). Furthermore, the weight and
volume standard deviations were below 0.027 g and 0.009 cm3,
respectively. Also, the drug content was within the pharmacopeial range
for all the printlets, ensuring quality requirements for pharmaceutical
dosage forms (Pires et al., 2020).

3.4. The dissolution assays

The nanoparticles formation over 24 h was studied by dissolution
assay to simulate the oral drug release profile. Importantly, we analyzed
the samples to distinguish the amount of NAR that was actually dis-
solved from that encapsulated in-situ formed nanoparticles (Fig. 4).
Noteworthy, the amount of drug encapsulated almost did not change
with time and is represented in Fig. 4 by the mean values determined

Table 3
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during the dissolution test.

In the case of the polymers HPMCAS and PVA, similar levels of drug
encapsulation of around 25% were observed both in the physical
mixture of the formulation components and in the formulation submit-
ted to the production process of extrusion and 3D printing (printlets).
This effect can be attributed to an in-situ interaction of NAR with such
polymers and/or the respective plasticizers, as predicted by the HSP
evaluation and confirmed by the FTIR analysis. Although NAR is more
soluble in the release medium used for the HPMCAS systems (pH=6.8),
the encapsulated drug content was very close to that observed in the
PVA systems. This behavior can be explained by the higher polymer-
drug and polymer-plasticizer interactions for the HPMCAS system,
which could help maintain the cohesiveness of the nanostructure.

The drug dissolution improvement was more prominent in the
physical mixture with PVA, probably due to the interactions between the
NAR and the plasticizer GLY suggested by the HSP values. Furthermore,
the effect may have been even more perceptible due to the slower
dissolution profile of the drug in the acid medium. Indeed, for the
physical mixtures containing EUD RL, such dissolution improvements
did not occur due to the low interaction of the NAR with the other
components of the formulation observed in the preformulation studies
and the low solubility of this polymer in the medium (Berg et al., 2021).

In the EUD RL system, polymer and plasticizer have strong in-
teractions with each other and are less soluble in the release medium. In
fact, the polymer-polymer and polymer-plasticizer interactions, com-
bined with the lower solubility of these components in the medium,
favor cohesive forces, inhibiting the dissolution process and keeping
NAR enclosed in EUD RL/TEC matrix. As a result, even though the NAR
did not present strong interactions with the EUD/RL matrix, its release
into the environment would depend on a diffusion process. In this
context, unlike what was seen for the other polymers, the extrusion and
3D printing processes play an important role, favoring drug encapsula-
tion. Indeed, while EUD RL physical mixtures lead to 24% of drug
encapsulation, the printlets reached 42% (Fig. 4).

From these results, it is possible to suggest that the dissolution
mechanism that leads to the in-situ formation of the nanoparticles
observed in this study may depend on i) the nature of polymer-
plasticizer, polymer-drug, drug-plasticizer interactions; ii) the solubil-
ity of the components in the release medium; and iii) the previous
formulation treatment.

Filaments manufacturing specifications and characterization data of all formulations with and without naringenin (NAR). HPMCAS - hydroxypropylmethylcellulose
acetate succinate, PVA - Polyvinyl alcohol, EUD RL - Eudragit RL PO®, Texrusion — EXtrusion temperature and Viotation - Velocity of the screws rotation.

Formulation Textrusion CC) Vsotation (RPM) Mean Diameter (mm) Fracture Force (N) Aspect
With NAR HPMCAS 140 30 1.67+0.04 28.77+1.13

PVA 150 30 1.70+0.04 28.79+2.59

EUD RL 140 40 1.46+0.06 24.34+1.38
Without NAR HPMCAS 140 30 1.62+0.06 30.59+1.52

PVA 150 30 1.59+40.11 28.19+1.16

EUD RL 140 40 1.59+0.07 22.29+1.82
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Table 4
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Printlets manufacturing specifications and characterization data of all formulations with and without naringenin (NAR). HPMCAS - hydroxypropylmethylcellulose
acetate succinate, PVA - Polyvinyl alcohol, EUD RL - Eudragit RL PO® and Tprinting — Printing temperature.

Formulation Tprinting (°C) Volume (cm®) Weight (g) Drug content (%) Aspect

With NAR HPMCAS 180 0.579+0.005 0.408+0.010 949 +£ 0.8 ‘
PVA 180 0.605+0.005 0.637+0.027 102.5 + 0.8 O
EUD RL 190 0.551+0.007 0.52340.022 93.2+£0.9 O

Without NAR HPMCAS 180 0.568+0.004 0.4634+0.014 - O
PVA 180 0.563+0.009 0.52540.010 - O
EUD RL 190 0.549+0.007 0.4714+0.013 - O

A drug-controlled release profile was observed for the printlets
produced with HPMCAS and EUD RL, as expected (Fig. 4), due to the
physical structure of the 3D printed dosage form. The printlets are
formed by three layers of external shells and an infill of 50%, hindering a
complete diffusion of the medium to the more porous inner part of the
printlets. Depending on the solubility grade of the polymer on the me-
dium, this structure can slow down the solubilization process, control-
ling the drug release (Thakkar et al., 2020). In fact, for the printlets
produced using PVA, a highly soluble polymer, the control of NAR
release was observed only in the first 2 h of the experiment, different
from the other polymers that could control the drug release over 24 h.

The polymer disintegration, together with the printing settings, can
significantly modify the dissolution profile of printlets, as observed in
this study with NAR (Jamroz et al., 2020; Thakkar et al., 2020). How-
ever, the in-situ formation of drug-rich particles on a nanometric scale
can play an important role in the bioavailability of such dosage forms.
Studies show that depending on their characteristics, nanostructured
drug particles can provide a more efficient drug release or a sustained
one, directly affecting the pharmacokinetics (Sironi et al., 2017; Stewart
and Grass, 2020).

One of the possible mechanisms related to the formation of those
nanoparticles during the dissolution process is a burst release of the
amorphous drug by diffusion from the polymeric matrix. At the interface
of the polymeric system with the medium, there is a drug-saturated re-
gion, creating an environment conducive to drug encapsulation due to
the interaction with the polymer/plasticizer. Hence, particles are
spontaneously formed in the dissolution medium and stabilized. This
theory would explain the formation process of nanoparticles observed in
physical mixture samples (Pandi et al., 2020; Schittny et al., 2020)
(Fig. 5). This process largely depends on the drug and the polymer
characteristics, defining the profile and stability of the released particles
(Yang et al., 2021).

Another plausible theory is the formation of the particles by an
erosive process of the material. In this mechanism, the solvent enters the
polymer matrix, swelling and causing the fragility of the solid structure
(Fig. 5). The solvent action causes erosion on the material surfaces, and
nanosized pieces of the material are released into the medium. Such
particles retain their structure through the molecular interactions be-
tween the components, maintaining part of the drug entrapped inside
the particles. Therefore, this process is highly dependent on the intensity
of those molecular interactions (Gopferich, 1996).

Regardless of the formation pathway, the investigation of how the
changes undergone by the 3D printing process can affect the formation
and characteristics of those particles has, to our knowledge, not been
described so far.

Considering all the polymers in this study, the lower mean percent-
age of NAR encapsulation was 22%, which is enough to impact any
medical treatment. Indeed, such encapsulated drug will be released in a
controlled way, directly affecting the drug uptake and bioavailability
(Qian et al., 2021).

Since the particles’ formation is related to the amount of drug,
plasticizer, and polymer dispersed in the medium (Schittny et al., 2020),
the constant amount of drug encapsulated along the dissolution implied
that the particles are formed following the same kinetics. Additionally,
the stability provided by the specific molecular interactions between the
components for each system kept the NAR encapsulated for 24 h,
possibly directly affecting the drug uptake throughout the entire
gastrointestinal tract transit.

3.5. The nanoparticles characterization

The apparent solubilization states of the drug, from molecularly
dissolved passing by complexation, micellization, or nanostructured
states, can lead to quite different bioavailability (Buckley et al., 2013).
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Therefore, to accurately assess particle populations at the nanoscale,
adapted dissolution conditions were performed in order to generate
colloidal dispersions concentrated enough to provide valid DLS results.
To assess the physical characteristics of the spontaneously formed
nanoparticles, a release test was performed with printlets and selected
control samples, including the printlets without NAR and the physical
mixtures containing or not NAR. First, it was verified whether the
amount of nanoparticle formation was sufficient to perform the analysis.
It occurs when the count rate shows values above 100 keps, ensuring a
precise measurement of the particle’s characteristics (Zheng et al., 2016;
Ullmann et al., 2019).

Based on that, NAR as supplied, physical mixtures without NAR, and
printlets without NAR were excluded from the data analyses of all the
polymers since the count rate values for these samples did not achieve
the minimum required value. In such cases, the formation of nano-
structures was found to be negligible. Exceptionally, printlets produced
with HPMCAS and EUD RL (Fig. S2) could produce appreciable amounts
of nanoparticles without NAR. In such cases, the stability of the in-situ
nanostructures is explained by the polymer-plasticizer molecular inter-
action, as observed by the HSP and FTIR analyses. These findings

European Journal of Pharmaceutical Sciences 188 (2023) 106517

contrast with PVA samples, in which the plasticizer-drug interaction is
highly significant for nanoparticle formation, generating particles only
for NAR-loaded formulations.

In contrast, the samples capable of generating in-situ nanoparticles
reached high values of count rate, i.e., forming a considerable popula-
tion of particles with a reasonable size uniformity (PdI values of around
0.6).

Considering the HPMCAS samples with NAR, a nanoparticle diam-
eter coherence was observed between the hydrodynamic diameter and
TEM determinations (Figs. 6 and 7). The particles exhibited a spherical
shape with well-defined borders (Fig. 7) and a particle size between 500
and 800 nm. The particle size generated from physical mixtures was
relatively stable over time, at around 600 nm (Fig. 6), while nano-
particles generated from printlets increased from 586 to 812 nm.

HPMCAS has shown a great tendency to interact with poorly soluble
drugs such as NAR, as confirmed by HSP data. Accordingly, succinyl
groups may form a strong drug-polymer interaction, especially for the
M-grade HPMCAS used in this study. Additionally, the polymer-
plasticizer interaction also has a significant role in the formulation. It
seems to be sensitive to the HME and printing processes, explaining the
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with the polymers hydroxypropylmethylcellulose acetate succinate (HPMCAS), Polyvinyl alcohol (PVA), and Eudragit RL PO® (EUD RL).
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Fig. 7. TEM images of the particles arose spontaneously from the dissolution of the physical mixtures and the printlets after 24 h produced with the polymers
hydroxypropylmethylcellulose acetate succinate (HPMCAS), Polyvinyl alcohol (PVA), and Eudragit RL PO® (EUD RL).

difference in particle size between the physical mixture and printlet
samples. The M-grade polymer is also rich in hydrophilic acetyl groups
interacting intensely with the aqueous medium, justifying the increase
in particle size observed on the particles during the experiment by a
swollen effect, a consequence of this interaction (Nunes et al., 2022).

Still, regarding the cellulosic polymer systems with NAR, significant
differentiation was also found among samples’ zeta potential values. The
mean values obtained throughout the experiment for the physical
mixture and printlet were —21.7 mV and —10.6 mV, respectively. These
findings suggest that the differences in the particles formed between the
systems are not only related to the particle size but also their structural
conformation. Considering that the HPMCAS has functional groups that,
in an aqueous solution, it can appear negatively charged, the value
difference between samples is probably related to the amount of poly-
mer on the particle structure (Yang et al., 2021). As suggested by the
irregular particle borders in TEM images, the physical mixture tends to
have a high amount of polymeric material on the surface, which could
enhance the particles’ negative charge.

Regardless of the zeta potential difference between the particles,
such nanostructures were stable in gastrointestinal simulation condi-
tions (dissolution assay) for 24 h. Furthermore, previous studies
corroborate the stability of HPMCAS nanoparticles (Wilson et al., 2021).

For the HPMCAS printlets without NAR, a significative population of
particles was detected by the DLS analyses only after 24 h of the
dissolution process, evidencing a low-speed kinetics on the particle’s
formation, only achieving a significative number after a long dissolution
process. The particles had a diameter of about 770 nm and a zeta po-
tential of about —11.0 mV. Those particles are formed probably due to
an erosion process of the polymeric material keeping its characteristics
due to the drug-plasticizer interactions previously demonstrated by the
preformulation analysis.

With PVA, an important difference was observed in the mean particle
size of physical mixtures and printlets during the first hours of the assay
(596 and 933 nm, respectively). However, a progressive reduction in the
particles generated from the printlets occurred practically equaled their
size to those produced from the physical mixtures (Fig. 6). It occurs
probably due to the progressive solubilization of the polymer and the
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plasticizer in the medium, which may have become slower than ex-
pected due to the dissolution test adapted to more concentrated sample
conditions in order to make DLS analyzes feasible. Accordingly, a
marked structural difference was noticed in the morphological analyses
(Fig. 7). Printlets produced nanoparticles with a more determined
border, in contrast with the physical mixtures, which exhibited particles
with a less uniform and diffuse surface.

Based on the zeta potential data, PVA’s physical mixtures and
printlets produced neutral surface particles (Fig. 6). During the disso-
lution assay, both samples exhibited zeta potential values >10 mV, a
common value found for other nanosized PVA samples since on acid
medium the acetic groups of the molecule are neutralized, reducing the
superficial charge of the nanoparticles (Madlova et al., 2009).
Notwithstanding, as occurred to the other polymers samples, the parti-
cles were preserved during 24 h, probably due to the stabilization ach-
ieved thanks to the interaction between the drug, and the plasticize er
GLY, as suggested by the HSP and FTIR analyses (Saboo et al., 2021).

Interestingly, the EUD RL samples suggested a different scenario
regarding nanoparticle formation. Since this polymer is mostly insoluble
in the medium, the solvent is not too efficient in destroying the poly-
meric matrix. As a result, formulations undergo a swelling process, but
most of their structure is maintained throughout 24 h. However, the
formation of the nanoparticles has been observed since the dissolution
began and is very likely due to the already described erosion process
(Fig. 5).

Based on the particle size of the samples made with NAR, a differ-
entiation was founded during the particle’s formation using EUD RL
(Fig. 6). The physical mixture rapidly achieved the diameter sustained
during most of the experiment (about 600 nm). In contrast, the printlets
started with a lower particle size (about 320 nm), enhancing that value
until the end of the experiment, achieving a high mean diameter value of
717 nm. The slower process of nanostructuring from the printlets can be
attributed to a lower degree of polymer swelling after heat treatment by
HME and 3D printing, which should favor the polymer-plasticizer
interaction, as suggested by the preformulation studies. Furthermore,
the dissolution medium has less access to the compact structure of the
printed object. Consequently, the erosion process is slower in such a
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sample affecting the particle formation process that could form a more
stable particle only after a few hours of dissolution.

The morphological analyses of EUD RL nanostructures formed from
the dissolution of the respective physical mixture showed evidence of a
high amount of material on the particle’s surface, in the same way as
with the PVA particles. In contrast, the printlets had a more delimited
particle.

Still, a zeta potential difference was found for the EUD RL samples
with NAR. The physical mixture showed sustained high zeta potential
throughout the experiment, with a mean of 30 mV. Such results indicate
that those particles had good stability. The printlets, on the other hand,
had an increasing behavior of the zeta potential during the experiment,
staying most of the time on values <10 mV but achieving, after 24 h, a
mean value >20 mV. These findings corroborate the hypotheses of
slower formation and stabilization of the nanoparticles from printlets
(Kamble et al., 2022). A combination of the molecular interactions and
the low solubility is the most likely explanation for this behavior, i.e.,
the formation of the particles is delayed, producing a more uniform and
stable surface after a few hours of dissolution.

Similarly, with the HPMCAS samples, the EUD RL printlets produced
without NAR could form a significant amount of particles only after 24 h
of the process (particle size of about 471 nm and Zeta potential of 7.0
mV), reinforcing that the polymer-plasticizer interaction intensified by
the HME and 3D printing processing has a definitive role on the particle
formation, probably also impacting the samples with NAR.

Based on the data collected in this study, it is possible to conclude
that nanoparticle formation is highly dependent on the molecular
interaction between the formulation components in association with the
solubility of all the materials on the dissolution medium, probably
defining the possible particle formation mechanism and kinetics.

From the point of view of the bioavailability of the drug product, one
of the most important characteristics to be concerned with is the amount
of encapsulated drug. Our results evidenced that the HME and 3D
printing process importantly influence this parameter, especially for
insoluble polymers, such as EUD RL. In such cases, the particles are
probably produced by a different mechanism, and the preparation pro-
cess has a higher effect.

Despite the need to deepen and expand studies for other polymeric
drug matrices, the results obtained here show sufficient consistency
regarding the plausibility of the spontaneous generation of drug-loaded
nanoparticles from these polymer-based pharmaceutical products. Thus,
a study on drug encapsulation seems essential for every system that
combines polymer, plasticizer, and drugs, considering that, in this study,
all the samples, physical mixtures, or printlets, had some amount of the
total drug entrapped on the formed particles during 24 h, directly
affecting the amount of the drug free to be absorbed.

4. Conclusion

To date, there are practically no studies deeply investigating the
spontaneous formation of nanoparticles from polymeric matrices in the
pharmaceutical field, although such occurrence has attracted attention
in other segments. In contrast, using polymers in drug delivery systems
is becoming increasingly common, especially with the recent explosion
of 3D printed drug products. The study performed here evidences the
interactions between the drug, plasticizer, and polymer, as well as with
the medium, are capable of spontaneously forming nanoparticles during
the dissolution of 3D dosage forms made with the polymers HPMCAS,
PVA, and EUD RL, containing the poorly soluble NAR as the model drug.
The formed particles had spherical shapes and sizes that varied ac-
cording to the drug-polymer interaction. Especially the HME and
printing processes greatly influenced those parameters, creating
different sized particles and even affecting their zeta potential. In
addition, the formed particles could encapsulate a considerable amount
of NAR in all the samples, demonstrating that this phenomenon may
directly affect oral drug bioavailability and therefore needs to be further
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monitored.
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