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Abstract

Drug loaded microfiber scaffolds have potential for sublingual drug delivery due to their fast
dissolution time and tunable porosity. Such microfiber scaffolds can be prepared by melt
electrowriting (MEW), wherein a polymer melt is electrostatically drawn out of a syringe onto
a computer controlled moving collector. The fabrication of such scaffolds via MEW has
previously been shown for a polymer with a glass transition temperature (Tg) just above room
temperature, making handling challenging. For this reason, ABA triblock copolymers bearing
poly(2-oxazoline) and poly(2-oxazine) with slightly higher T4 were synthesized and their
processability into drug loaded microfiber scaffolds was assessed. Additionally, plasticizers
commonly used in drug products were added to decrease the fabrication temperature. The
aim was to investigate the influence of plasticizers on the melt viscosity and printability to

expand the polymer platform for the preparation of drug loaded microfiber scaffolds.

Temperature dependent melt rheology measurements of the polymers and their mixtures
revealed a drop in viscosity by one order of magnitude by the addition of triethyl citrate and
ethylene glycol, respectively. Addition of the model drug indomethacin led to a further decrease
in viscosity. Even though the drug loaded samples were printable with and without the addition
of triethyl citrate, better fiber stacking and therefore improved printing results were obtained
with the plasticizer added. However, the addition of the plasticizer did alter the dissolution
profile for some of the polymer samples, leading to longer dissolution times or lower drug
release compared to the samples without plasticizer, which makes it difficult to predict the

influence of the plasticizer on the dissolution profile.
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1 Introduction

Taking large pills can be problematic for patients with swallowing difficulties, the elderly and
children.l' One way to overcome this challenge is the use of sublingual or buccal application
forms. Due to the high number of capillaries in the mouth floor and the relatively permeable
mucosa, the drug can be taken-up rapidly by the body.? This allows the drug to enter the
blood flow without the influence of the intestine, gastric acid and first pass effect.! Additionally,
this can lead to a shorter onset time to reach the minimal effective concentration with lower

drug doses compared to oral administration.

Another challenge is the poor water solubility of new drugs and drug candidates.®® One method
to increase the apparent water solubility of the drug is the preparation of the amorphous form
of the drug, as this can improve the dissolution rate and oral bioavailability. However, the
physical instability and recrystallization tendency of the amorphous form is a major issue. To
overcome this, amorphous solid dispersions (ASDs) can be prepared, wherein the amorphous
form of a drug is stabilized using suitable excipients, e. g., through tuning the interactions
between polymeric excipients and drugs.®® This is not only stabilizing the amorphous form,
but also influencing the dissolution profile and therefore the bioavailability of the drug.l'®
Common polymer excipients for the preparation of ASDs are poly(vinyl pyrrolidone)!'",
poly(vinyl pyrrolidone-co-vinyl acetate)'? or hydroxypropyl methylcellulose!'*'4. Previously,
poly(2-oxazoline) (POx) and poly(2-oxazine) (POzi) bearing polymers were explored as
excipients.l'5""] Especially, amphiphilic ABA triblock copolymers comprising POx/POzi have
been used for the formulation of drugs with low water solubility with drug loading up to
50wt%.['824] More recently, these polymers were studied regarding the stabilization of drug

nanocrystals?® and in drug loaded microneedles?%],

A well-studied additive manufacturing (AM) method for the preparation of fiber mats with high
surface area is solution electrospinning. With this method fibers mats with poorly controllable
fiber placement, but low fiber diameter can be prepared.?” However, usually the use of (toxic)
solvents is necessary. To avoid the use of solvents, melt electrospinning can be an alternative
to produce fiber mats with poorly controllable fiber placement. With both techniques, drug
loaded fiber mats were prepared with drug release varying form several minutes to month,

depending on the polymer matrix and drug used.[28-331

Another AM technique for the preparation of ASDs with high drug loading is melt electrowriting
(MEW), which allows accurate microfiber placement on a computer controlled moving
collector. The fiber diameters achieved by using this technique are usually ranging from 5 to
~50 ym with the possibility of producing unique and highly defined printing patterns. The

printed fiber mats have a high surface area which can result in fast dissolution. Previously,
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drug loaded scaffolds were prepared with drug release varying from minutes to several
hours.['5 34-351 The longer drug release was achieved by using poly(e-caprolactone) as polymer
matrix®43% whereas shorter drug release times with dissolution of the whole scaffold were
observed by using an amphiphilic ABA triblock copolymer comprising poly(2-oxazine) (POzi)
and poly(2-oxazoline) (POx).['® Here, high drug loading and dissolution within 1 - 5 min
depending on the drug loading was achieved. However, the due to the low glass transition
temperature (Tg) of the polymer, the sample preparation needed additional hot melt extrusion

for sufficient mixing of polymer and drug.

One drawback for the use of MEW is that typically high temperatures are needed to obtain a
sufficiently low viscous polymer melt, which can be further processed. To lower the fabrication
temperature, plasticizers can be used, which can improve the processability by reducing the
polymer melt viscosity.*®! However, some requirements need to be met: low volatility, high
temperature stability and good compatibility with the polymer.B7 If the plasticizer is used in an
ASD, the influence of plasticizer on the dissolution rate of the drug if of interest.®8l Importantly,
plasticizers was shown to influence the melt viscosity of different grades of poly(vinyl alcohol)
to a different extend, which suggests the need for optimization for every polymer-plasticizer
combination.*®! Previously used plasticizers are small molecules, like citrate derivatest®,
mono-“? and polysaccharides™*!, glycerol*? or PEG“¥ based compounds or even small

molecule drugs+*°! or pharmaceutically active ionic liquidsel.

The aim of this work was to explore the influence of the plasticizer and drug on the viscosity
on four amphiphilic ABA triblock copolymers to decrease the fabrication temperature
necessary for melt electrowriting. In this study, melt viscosity and T4 values of the polymers,
the polymer-drug mixtures and the polymer-drug-plasticizer mixtures were studied. Selected
samples were used for MEW fabrication and evaluated regarding their printability and

dissolution profile.
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2 Materials and Methods

2.1 Chemicals

Indomethacin (IND) was purchased from TCIl chemicals (Zwijndrecht, Belgium), 3-amino-
propanol, 2-amino-ethanol, valeronitrile, hexaennitrile, 2-methyl-2-oxazoline, benzonitrile,
calcium hydride, phosphorus pentoxide, methyl triflate, piperidine and zinc acetate dihydrate
from Sigma-Aldrich (Helsinki, Finland). Dichloromethane, sodium sulfate, triethyl citrate, citric
acid and triacetine were purchased from Fisher Scientific (Vantaa, Finland). All chemicals were

used as received unless otherwise stated.

2-methyl-2-oxazoline was dried by stirring over CaH. under inert atmosphere, followed by
distillation prior to use. Benzonitrile was dried by refluxing over P,Os under inert atmosphere,

followed by distillation prior to use.

2.2 Monomer Synthesis

The monomers 2-n-butyl-2-oxazoline (BuOx), 2-n-butyl-2-oxazine (BuOzi), 2-n-pentyl-2-
oxazoline (PentOx) and 2-n-pentyl-2-oxazine (PentOzi) were synthesized following the
procedure by Witte and Seeliger.l“”! Briefly, for BuOx and BuOzi, in a nitrogen flushed flask
valeronitrile (for PentOx and PentOzi hexanenitrile), 3-amino-propanol (for the 2-oxazine
synthesis or 2-amino-ethanol for the 2-oxazoline synthesis) and catalytic amounts of zinc
acetate dihydrate were mixed and heated to 130 °C and the progress was controlled by
'HNMR spectroscopy. After completion of the reaction, the mixture was dissolved in
dichloromethane and washed with H-O three times. The organic layer was dried with Na.SO.
and concentrated. The raw product was dried with CaH. and distilled under reduced pressure
under nitrogen atmosphere to yield the product as a colourless liquid. Detailed amounts can
be found in the Supporting Information (Supporting Information Table S1 — S4, Figure S1 —
S4).

2.3 Polymer Synthesis

The polymer synthesis and workup procedures were carried out as described elsewhere.?"]
Details can be found in the Supporting Information (Supporting Information Table S5 — S8,
Figure S5 — S8). Briefly, methyl triflate was added to a dried and nitrogen-flushed Schlenk
flask and dissolved in the respective amount of benzonitrile. MeOx was added, and the
reaction mixture was heated to 120 °C and stirred until '"H NMR spectroscopy revealed
complete consumption of the monomer. Subsequently, the mixture was cooled to room
temperature and the monomer for the second block, 2-n-butyl-2-oxazine, 2-n-butyl-2-
oxazoline, 2-n-pentyl-2-oxazoline and 2-n-pentyl-2-oxazine, respectively, was added. The

mixture was heated to 130 °C overnight. For polymers containing PentOzi, the polymerization
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was heated to 150 °C until complete consumption of the monomer for the second block. The
same procedure (120 °C) was repeated for the third block MeOx. After confirmation of
monomer consumption by 'H NMR, the polymerization was terminated by addition of ethyl
isonipecotate or piperidine at 50 °C for 4 h. The solvent was removed under reduced pressure.
The polymer was transferred into a dialysis bag (MWCO 1 kDa, cellulose acetate, Spektrum™,
Rancho Dominguez, CA, USA) and dialysed against deionized water for two days with several

water changes. Afterwards, the solution was recovered from the bag and lyophilized.

2.4 Nuclear Magnetic resonance Spectroscopy (NMR)
"H NMR spectra were measured with an Avance Il 500 MHz spectrometer from Bruker Biospin
(Ettlingen, Germany) at a temperature of 25 °C (298 K). The spectra were calibrated on the
solvent signal of CD-CI. (5.32 ppm) or CDCl3 (7.26 ppm).

2.5 Size Exclusion Chromatography (SEC)

SEC was measured with a Waters Acquity APC system, equipped with Acquity Column
Manager — S, Sample Manager — pFTN, Isocratic Solvent Manager, Acquity RI Detector and
Aquity TUV Detector (Waters Corporation, Milford, MA, USA). The used columns are Acquity
APC XT 45, 125 and 200. The eluent was dimethylformamide (DMF, Fisher Scientific, Vantaa,
Finland) with a flow of 0.6 mL/min and at a temperature of 40 °C. The system was calibrated
with poly(methyl methacrylate) (PMMA) standards (Polymer Standard Service, Agilent,
Espoo, Finland). The data were analysed using Empower 3 and OriginPro (OriginLab
Corporation, Northampton, MA, USA).

2.6 Differential Scanning Calorimetry (DSC)

DSC was conducted using a DSC Q2000 (TA Instruments, Newcastle, DE, USA). Samples of
about 10 mg were prepared in sealed aluminium pans and heated from +5 °C to +200 °C and
subsequently cooled to =50 °C at a linear rate of 10 °C min~ in a nitrogen atmosphere. This
cycle was repeated three times, with a final cooling to room temperature. The glass transition
temperature (Tg) was obtained from the inflection point of the second and third heating cycle
and the melt temperature (Tr), if applicable, as the peak maximum of the endothermic curve

in the first heating. The data were evaluated using Origin software.

2.7 Ultraviolet-Visible (UV-Vis) Spectroscopy
UV-Vis experiments were performed on a BioTek Synergy H1 plate reader (Agilent, Espoo,

Finland) at a wavelength of 340 nm. A standard curve of IND was obtained by quantifying

https://doi.org/10.26434/chemrxiv-2024-16llg ORCID: https://orcid.org/0000-0001-5567-7404 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-l6llg
https://orcid.org/0000-0001-5567-7404
https://creativecommons.org/licenses/by/4.0/

known amounts (Supporting Information Figure S9). The data were analyzed using the Origin

software.

2.8 Preparation of polymer blends

For the preparation of the polymer blends used in MEW printing, DSC analysis and melt
viscosity measurements, the different components were weighted and physically blend for
10 min using a mortar and pestle until a homogenous blend was obtained. The detailed

equivalents for the different blends can be found in Table 1.

Table 1. Equivalents of polymer, drug and plasticizer used for the polymer—drug-plasticizer

blends.
polymer IND plasticizer
[eq.] [eq.] [eq.]
polymer + plasticizer 1 n.a. 0.05
polymer + IND 1 1 n.a.
polymer + plasticizer + IND 1 1 0.05

2.9 MEW printing

A custom-built MEW printer similar to a previously described machine® was used to process
the polymer plasticizer-blends, polymer-drug blends and polymer-plasticizer-drug blends. The
3 mL glass syringes (Poulten & Graf GmbH, Wertheim, Germany) were loaded with different
materials and heated for a minimum of 30 minutes prior to printing until the bubbles within the
melt dissipated. For all experiments, a nozzle tip with an inner diameter of 0.65 mm (23G) was
used and manually grinded to a length of 13 mm. Other applied printing parameters are listed
in Table 2 and Table 3.

Table 2. MEW printing parameters for the polymers-plasticizer blends with triethyl citrate
(TEC), triacetin or ethylene glycol as plasticizers.
NT2 STP TS¢ v pe T FD9 Fsh

[*Cl1 [C] [mm/min] [kv] [bar] [*C]  [um] [mm]
A-PentOx-A 155 155 540 52 1 24 55%11 1.29+0.06

+ TEC 160 160 600 4.3 1 25 467 1.31x£0.05
165 165 780 4.2 1 27 47+11 1.34+0.1
A-PentOx-A 155 155 480 5.2 1 27 77+ 14 n.a.
+ triacetin 160 160 300 5.1 1 27 65%10 n.a.
155 155 480 49 1.1 28 78+ 6 n.a.

A-PentOx-A
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+ethylene 160 160 480 54 1 28
glycol 165 165 660 54 1 29
A-BuOzi-A+ 155 155 360 41 1 25
TEC 160 160 420 5 1 25
165 165 420 65 1 26

ABUOZLA 155 185 360 62 1 27
+ethylene 160 160 480 59 1 27
glycol 165 165 600 36 1 28
ABUOx.A 160 160 240 58 1 25
+ethylene 165 165 240 55 1 26
glycol 170 170 480 52 1 27
A-PentOzi-A 160 160 180 60 1 25
+TEC 165 165 180 43 1 25
170 170 180 45 1 25

APentoziA 160 160 180 48 1 27
+ethylene 165 165 180 55 1 28

glycol 170 170 180 5.5 1 29

2@ nozzle temperature;  syringe temperature; ° translation speed

58+5 1.29+0.07
46+6 1.33+0.08
758 n.a.
68+10 1.22+0.09
46+8 1.24+0.06
45+ 9 n.a.
65+8 1.35+0.1
71+18 1.24+0.1
72+10 1.35+0.07
67+13 1.37+0.05
61+11 1.39+0.07
61+10 n.a.
59+10 n.a.
66+7 1.37+0.09
47 + 8 n.a.
537 n.a.

43+7 1.46+0.04
; 9 applied voltage; ¢ applied

pressure; ' collector temperature; 9 fiber diameter; " fiber spacing.

Table 3. MEW printing parameters for samples containing the IND loaded polymer blends with

and without the plasticizer triethyl citrate (TEC).
NT2 STP TSC v pe

[°C] [°C] [mm/min] [kV] [bar]
A-PentOx-A
e 125 125 540 51 1
130 130 540 4.0 1
27
135 135 660 S 1
A-PentOx-A 2.0 —
e 125 125 720 e 08
+ TEC 130 130 840 2é05‘ 0.6
15—
135 135 960 o 05
A-BuOZi-A 125 125 420 5.1 1
+IND 130 130 480 4501‘ 1
135 135 540 3.2 1
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26 55+9 &

27 52+9 n.a.

License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-l6llg
https://orcid.org/0000-0001-5567-7404
https://creativecommons.org/licenses/by/4.0/

A-BUOZFA o0 155 600 5.6 1 27 70+10 L109%

+ IND ' - 0.09
097 +
+TEC 130 130 600 3.6 1 28 97x4 7
135 135 1080 20 06 28 89+9 1dl§8i
A-BUOX-A 125 125 300 51 1 25 75+6 na
+IND 130 130 420 4.9 1 26 46+5 na
135 135 600 3.8 1 27 66%7 1(')1371“
A-BUOX-A 125 125 240 6.1 1 28 69+11
+IND 1.28 +
T 130 130 420 51 1 29 6516 o
135 135 720 3.0 1 29 64+20 16237i
A-PentOzi-A 1,0 155 360 4.8 1 26 79+13 &
+ IND
130 130 360 4570‘ 1 26 73x14 &
135 135 360 4.8 1 27 55+10 na
A-PentOzi-A 125 125 360 5.4 1 27 71+6
+IND 1.08 +
T 130 130 300 5.8 1 28 7589 L%
1.30 +
135 135 480 4.4 1 29 51x19 O

@ nozzle temperature;  syringe temperature; °© translation speed; ¢ applied voltage; ¢ applied
pressure;  collector temperature; 9 fiber diameter; " fiber spacing.

2.10 Dissolution study — sink conditions

Dissolution tests were performed on an in-house built Unites States Pharmacopeia (USP)
dissolution apparatus 2 with rotational speed of 50 rpm at 37°C. The dissolution medium was
250 mL phosphate buffered saline (pH = 7.4) (Ph. Eur.) and the printed scaffolds were
weighted and added to the pre-heated dissolution medium. At set time points between 0 and
30 min, samples of 1 mL were removed, and the medium was refilled with 1 mL fresh buffer
solution (37 °C) every time. The amount of dissolved drug was investigated by UV-Vis

spectroscopy at these time points. The data were evaluated using Origin software.

2.11 Melt rheology

Rheological properties of the neat polymers and polymer blends were characterized using a
Discovery Hybrid Rheometer HR-2 (TA Instruments, Newcastle, DE, USA) equipped with an
Environmental Test Chamber (ETC) and an air chiller system. A plate—plate setup with an
upper 25 mm plate was used for the measurements. Flow sweeps of the prepared samples

within a shear rate range from 1 to 100 s were measured from 180 to 120 °C (for the drug
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loaded samples and to 150 °C for the samples without IND) in 5 °C steps. Before every
measurement, the samples were equilibrated at the measurement temperature for 10 min. To
facilitate comparison of the temperature dependency of different samples, the measured
viscosity at a shear rate of 10 s was plotted against the temperature. The data were analysed

using Origin software.

2.12 Microscopy

The scaffolds were analyzed regarding their fiber spacing and fiber diameter using an Axio
Zoom.V16 stereo zoom microscope (Zeiss, Vantaa, Finland) equipped with a Schott VisiLED
MC 1100 light (Mainz, Germany). The data acquisition and analysis was conducted using the
Zen image processing software version 3.8 (Zeiss, Vantaa, Finland). Fiber diameter was
determined on at least 10 fibers and the mean value calculated. To analyze the fiber spacing
(if applicable), distances between the stacked fibers in x and y direction was determined in at

least 10 pores and mean value was calculated.
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3 Results and Discussion
3.1 Polymer synthesis and characterization

In this study, the ABA ftriblock copolymers pMeOx-b-pPentOx-b-pMeOx (A-PentOx-A),
pMeOx-b-pPentOzi-b-pMeOx (A-PentOzi-A), pMeOx-b-pBuOx-b-pMeOx (A-BuOx-A) and
pMeOx-b-pBuOzi-b-pMeOx (A-BuOzi-A) were synthesized via living cationic ring opening
polymerization (Figure 1). The synthesis procedure can be found elsewhere?” and in the
Supporting Information (Supporting Information Table S5 — S8, Figure S5 — S8). As the

hydrophilic block is the same in all studied polymers, it will be abbreviated with A.
N N N N
\/ﬂw/\}@ 8 JLN% -
M/\SS blk M %
@) @)

blk
A-PentOx-A A-BuOx-A
@] @]
M R T R’
N /\4~L N N N /\/TL N
35 22\ 35 35 20 5
O}I/O\ blk O;I/O 2\ blk
A-PentOzi-A A-BuOzi-A

Figure 1. Chemical structures of the polymers A-PentOx-A, A-BuOx-A, A-PentOxi-A and
A-BuOzi-A. In the names, A abbreviates the hydrophilic MeOx block, R' abbreviates ethyl
isonipecotate and R? piperidine.

The polymers were characterized by 'H NMR spectroscopy and SEC (Table 4). The molecular
weights determined by 'H NMR are in accordance with the theoretical calculated values,
whereas the values determined by SEC are overestimated, due to the PMMA calibration used.
The low dispersity of the polymers corroborate the rather living character of the polymerization.
The only exception shows A-PentOzi-A. The molecular weight determined by '"H NMR is lower
than the estimated molecular weight and the SEC elugram shows a bimodal distribution of the
polymer and higher dispersity of 1.4, compared to the other polymers. This could result from
the modified polymerization procedure used for this reaction, as the polymerization of the
hydrophobic PentOzi block did not show any progress in the '"H NMR after 1 week at 120 °C.
Increasing the temperature to 150 °C resulted in monomer consumption but apparently led to

unwanted side reactions. To the best of our knowledge, the synthesis of ABA triblock
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copolymers comprising PentOzi as hydrophobic block was not published before, so no
comparison to literature could be done. However, it is known that 2-oxazines suffer from more

transfer reactions compared to 2-oxazolines.*°!

Table 4. Overview showing the polymer characteristics of the polymers A-PentOx-A,
A-BuOx-A, A-PentOzi-A and A-BuOzi-A, including the theoretical molecular weight (M, theo.),
the molecular weight determined by "H NMR spectroscopy (Ma nvwr) and SEC (M, sec) and the
dispersity (D) of the polymers determined by SEC.

Mw, theo. Mn, NMR Mn,sec
[kg mol?] [kg mol?] [kg mol?] °
A-PentOx-A 8.9 8.4 13.3 1.2
A-BuOx-A 8.6 8.0 14.7 11
A-PentOzi-A 9.2 4.3 10.5 14
A-BuOzi-A 9.4 8.1 15.3 1.1

To evaluate the thermal behavior of the polymers and to estimate their printability via MEW,
DSC and melt rheology measurements were performed. The A-BuOx-A triblock copolymer
showed a single Ty at 61 °C and A-PentOzi-A at 62 °C, whereas the A-BuOzi-A and
A-PentOx-A polymers displayed their T4 at 50 °C and 52 °C, respectively (Figure 2A).

The viscosity of the polymers was determined via melt rheology at temperatures between 180
and 150 °C. Flow sweeps were measured with a constant frequency of 10 rad*s™ and
increasing shear rate from 1 to 100s”. Preliminary experiments ensured that all
measurements were done within the linear viscoelastic region (LVE). To better compare the
different samples over the whole temperature range, the viscosity value at 10 s was plotted
against the temperature, as the viscosity value remained constant over the whole shear rate
range. This enables a quick comparison of the viscosity at different temperatures and different

polymer samples.

As it is to be expected, the polymers showed temperature dependent viscosity (Figure 2B),
with decreasing viscosity at increasing temperatures. All measured polymers have a viscosity
between 50 and 150 Pa*s in the measured temperature range. Even though the T4 values of
A-PentOx-A and A-BuOx-A differ by 9 °C, these two polymers showed a similar viscosity
profile. A-BuOzi-A showed the lowest T of the studied polymers and the lowest viscosity over
the measured temperature range. A different behavior was observed for the measurement of
A-PentOzi-A. Here, the viscosity was almost constant over the whole temperature range with
only small deviations. This could result from the previously mentioned higher polymer

dispersity compared to the other polymers.
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In the literature, the viscosity of polymer melts is described to be shear thinning with changes
in viscosity over two orders of magnitude within the shear rate range measured here.5%
However, such behavior cannot be observed for the POx/POzi based polymers. On the other
hand, the decrease in viscosity with increasing temperature is in line with the results of other

polymers studied previously.51-52

A 80, B 10°4
o70- v
E' o 62 £10 E
2 60- % X >
5 , 2
o 5 Q 1 01 ]
50
qE, 50 X x g —8— A-PentOx-A
h —8— A-BuOzi-A
—dbe— A-BuOx-A
40 . . . | 10 +A PentOZ| -A . | 1 .
ot it ot it 150 155 160 165 170 175 180
o0 N N
B N e P\S?a temperature [°C]

Figure 2. A) Glass transition temperatures and B) melt rheology measurements of the neat
polymers A-PentOx-A, A-BuOx-A, A-PentOzi-A and A-BuOzi-A.

Preliminary printing tests via MEW showed, that MEW printing of all four synthesized polymers
was not easily achieved. High temperatures (at least 170 °C) were necessary to liquify the
polymers sufficiently, similar to our first work on MEW with poly(2-ethyl-2-oxazoline).5!
Additionally, they needed to be kept at such elevated temperature over several hours to
successfully remove all air bubbles within the polymer melt. Heating the polymer over long
time resulted in discoloration and therefore probably partial degradation of the polymers,
despite working under N2 atmosphere. Therefore, it was decided to investigate the influence
of different plasticizers on the thermal and viscoelastic properties of the polymers and
investigate the influence of the plasticizers on the printability of the polymers. In the following,
citrate-based, acetyl-based and glycol-based plasticizers are investigated and their influence
on the polymer’s thermal properties and viscosity is discussed. To the best of our knowledge,
the effect of plasticizers on poly(2-oxazoline)s and poly(2-oxazine)s in general and ABA

triblock copolymer in particular has not been studied to date.

13

https://doi.org/10.26434/chemrxiv-2024-16llg ORCID: https://orcid.org/0000-0001-5567-7404 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-l6llg
https://orcid.org/0000-0001-5567-7404
https://creativecommons.org/licenses/by/4.0/

3.2 Characterization and printability assessment of ABA triblock copolymers with

plasticizer

To analyze the influence of plasticizers on the polymer viscosity, first, samples comprising the
polymer A-PentOx-A and 5 wt% plasticizer were prepared, and flow sweeps at different
temperatures were measured (Figure 3A). Depending on the influence of the plasticizers on
the viscosity and printability on A-PentOx-A, the selection of plasticizers was reconsidered and
reduced.

The addition of citric acid to A-PentOx-A resulted in an increase in viscosity compared to the
neat polymer. This could be explained by the formation of H-bridges between the plasticizer’s
acid groups and the polymers amide groups. Through the presence of three acid groups per
citric acid molecule, physical crosslinking between polymer and plasticizer could occur,
leading to an increase in the viscosity values. While this suggested interaction between A-
PentOx-A and citric acid was not further investigated, a decrease in viscosity was observed
when triacetin, ethylene glycol or triethyl citrate were added. Due to the chemical structure of
the polymers and the plasticizers, no stronger interactions between polymer and plasticizer,

such as H-bonding, can be expected.

A 10%, B 80,
__70-
& 2 O ]
P 10% 5601 .
> 250 X% x
& & 50 é‘;? 43 44
S 1 (V) X X
8 10" §{ == A-PentOx-A 2-40‘
= —8— + triethyl citrate > 1
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1% 50 160 170 180 I T
OF % N o @
temperature [°C] e® .Q\K\“\ @, xS
LaBNE St

Figure 3. A) Melt rheology measurements of A-PentOx-A and the polymer mixed with different
plasticizers in the temperature range from 150 to 180 °C and B) glass transition temperatures
of these blends. The grey background in A shows the area, wherein the samples are estimated
to be printable via MEW; the area was chosen based on previous printing tests and should
only be considered as a guide for the eye for the reader.

A dependency of plasticizer on the polymer properties was also observed in the T4 of the
polymer-plasticizer blends (Figure 3B). The addition of triethyl citrate, triacetin and ethylene
glycol resulted in a decrease of the Ty from 52 °C to 47 — 42 °C, respectively, whereas the

addition of citric acid increased the Ty slightly to 53 °C.
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Based on the viscosity and Ty measurements, addition of triethyl citrate, triacetin and ethylene
glycol clearly plasticize the polymer blends compared to the neat samples. The observed
effect is often explained by free volume theory, which states, that plasticizers, usually small
molecules with low Tg4 values themselves, act by penetrating between and thus, separating
the polymer chains, reducing the intermolecular forces between the polymer chains.® This
leads to an increase in free volume, a decrease in T4 and an increase in mobility of polymer

segments. %]

To test the printability of the polymer plasticizer blends, scaffolds with 1.5 mm spacing and 10
layers in each direction (0° and 90° fiber orientation) were fabricated via MEW. When
comparing the printability of A-PentOx-A-plasticizer blends, it was observed that the addition
of citric acid did not result in a printable polymer blend, independent of the fabrication
temperature used. Therefore, this plasticizer was excluded from further studies. The samples
containing triethyl citrate, triacetine and ethylene glycol were processed from 155 °C to 165 °C
(Figure 4). Below 155 °C, neither of the samples showed good adhesion on the print bed and
the fibers were not adhering to each other. Increasing the temperature to 155 °C resulted in
good fiber stacking for the sample containing triethyl citrate, whereas the triacetin and ethylene
glycol containing polymer samples showed poor fiber attachment in the first layers, leading to
overall poor fiber stacking even in the higher layers. Increasing the temperature to 160 °C
resolved the issue of poor fiber attachment in the ethylene glycol containing sample.
Interestingly, a further increase of temperature to 165 °C did not result in fiber production of
the triacetin containing samples. It was observed that keeping the polymer plasticizer mixture
at elevated temperature over several hours resulted in phase separation between polymer
and plasticizer (not observed during rheological studies). Due to the phase separation of
triacetin and polymer and the overall better printability of triethyl citrate and ethylene glycol,
triacetin was not investigated further. For the samples containing ethylene glycol or triethyl
citrate, a further increase in temperature was possible, but this increases the potential for
polymer degradation. Apart from lowering the print temperature, triethyl citrate apparently
supports the stacking of the fibers while printing. Consequently, melt rheology and printability
tests for A-BuOx-A, A-BuOzi-A and A-PentOzi-A were conducted with triethyl citrate and

ethylene glycol as additives.
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A-PentOx-A

triacetin

Figure 4. Microscopy pictures of scaffolds printed via MEW (10 layers, 1.5 mm fiber spacing)
with polymer and plasticizer blends containing A-PentOx-A and triethyl citrate, triacetin and
ethylene glycol, respectively. Below 155 °C no adhesion of the fibers to the collector plate was
observed. In the sample containing triacetin phase separation between the polymer and
plasticizer did not result in printable samples at 165 °C.

The samples containing A-BuOx-A and A-BuOzi-A and A-PentOzi-A with triethyl citrate or
ethylene glycol as plasticizers showed a similar trend in the melt rheology measurements as
observed for A-PentOx-A (Figure 5A - C). The polymer viscosity was decreasing with the
addition of the plasticizer. However, for all three polymers, a more pronounced difference
between ftriethyl citrate and ethylene glycol was observed, compared to the A-PentOx-A
sample. For A-PentOzi-A and A-BuQzi-A, triethyl citrate resulted in a lower viscosity compared
to ethylene glycol. However, A-BuOx-A showed the inverse trend, here the addition of ethylene

glycol resulted a comparably lower viscosity.
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Figure 5. A-C) Melt rheology measurements in the temperature range from 150 to 180 °C for
neat polymers and the polymer-plasticizers blends for A-BuOx-A (A), A-PentOzi-A (B) and A-
BuOzi-A (C). The grey background shows the area, wherein the samples should be printable
via MEW; the area was chosen based on previous printing tests and should only be considered
as a guide for the eye for the reader. D) Glass transition temperatures of these blends.

Smaller differences compared to A-PentOx-A were observed in the Ty values of the neat
polymers and the polymer-plasticizer blends (Figure 5D). For the samples comprising
A-PentOx-A a deviation of the T4 values of 4 °C was observed, depending on whether either
triethyl citrate or ethylene glycol was used, whereas for A-BuOx-A, A-PentOzi-A and A-BuOzi-

A, the same or essentially same T4 of 44 °C, 52 °C and 38/37 °C, respectively, was observed.

Despite the minimal differences in Ty, processability was affected rather markedly. The
printability of A-BuOzi-A showed a similar result to A-PentOx-A (Supporting Information Figure
S10). Starting from 155 °C, fiber extrusion was achieved, however, for both plasticizers poor

fiber attachment to the collector plate was observed, resulting in overall bad print quality. By
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increasing the temperature to 160 °C, the fibers stuck on the collector plate and box-like
structures with reasonably good fiber stacking can be observed, with improved fiber stacking
for the samples containing ethylene glycol. Further increasing the temperature to 165 °C
resulted in better fiber stacking for triethyl citrate. A different behavior was observed for A-
BuOx-A and the plasticizers (Supporting Information Figure S11). Here, phase separation
between the polymer and triethyl citrate was observed, preventing fiber extrusion during the
print process (Supporting Information Figure S12). In contrast, the addition of ethylene glycol
led to a printable blend from 160 °C and a further temperature increase to 165 and 170 °C
resulted in improved fiber stacking. Even though the viscosity of A-BuOx-A was found
comparable to A-PentOx-A, clear differences in printability were observed. Testing the
printability of A-PentOzi-A with the plasticizers, resulted in polymer extrusion from 160 °C, but
poor fiber attachment to the collector plate (Supporting Information Figure S13). Increasing

the print temperature to 170 °C resolved the problem.

The printing parameters, such as applied collector speed and applied voltage, had to be
adjusted for every polymer-plasticizer blend separately, which makes it difficult to observe
clear trends depending on the plasticizer and polymer used (Table 2). However, for all polymer-
plasticizer blends it was observed, that increasing the temperature led to an increase in
applied collector speed due to the decreasing viscosity of the blends. For instance, for
A-PentOx-A with triethyl citrate, the maximal collector speed increased from 540 mm*min™' to
780 mm*min~' with the temperature increasing from 155 °C to 165 °C. For A-BuOzi-A and
triethyl citrate a maximal collector speed of 420 mm*min' was used, and for A-PentOzi-A and

triethyl citrate it was only 180 mm*min™', due to the fast solidification of the produced fiber.

Considering all the results obtained for the four polymers with triethyl citrate and ethylene
glycol as plasticizers, minor differences between the plasticizers were observed in the
temperature dependent viscosity and Tq4 values, but the overall printability of the samples
containing triethyl citrate was better, due to improved fiber stacking. The exception was A-
BuOx-A, for which phase separation between triethyl citrate and the polymer was observed
during the printing process. However, preliminary printing tests for the ternary blend of A-
BuOx-A, triethyl citrate and the model drug IND did not show phase. Therefore, it was decided

to continue the study with triethyl citrate.

3.3 Characterization and printability assessment of ABA triblock copolymers with
triethyl citrate and IND

As not only the addition of a plasticizer, but also the addition of a small molecule drug can

influence the viscosity of a polymer melt (as they might act as plasticizers themselves), flow
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sweeps of the polymer-drug blends were measured, and the printability was tested.
Interestingly, by the addition of 50 wt% IND to the A-PentOx-A sample, the viscosity dropped
by two orders of magnitude (Figure 6A). Additionally, the viscosity of the sample could now be
monitored down to a temperature of 120 °C. By the addition of triethyl citrate (5 wt%) to the
polymer-drug blends, an additional, but minor decrease in viscosity was observed. A similar
trend was observed for the sample containing A-PentQOzi-A as polymer excipient (Figure 6C).
The viscosity was highly influenced by the addition of either the plasticizer or the drug, the
combination of both resulted just in a minor drop compared to the IND containing sample. In
these samples IND has a bigger influence on the melt viscosity than the additionally used
plasticizer. However, the added plasticizer influences the printability of the polymer-drug
blends, which will be discussed below. In particular, it needs to be considered, that the amount
of triethyl citrate added to the blend was only 5 wt%, whereas 50 wt% of the drug was added.
As the small molecule drug is acting as a plasticizer as well, the greater influence on the
polymer resulting from the larger amount added to the blend can be expected. Further
increasing the drug content of the blend would lead to lower viscosity at elevated
temperatures, but probably also to supersaturated ASDs with the risk of the drug not fully
dissolving in the polymer matrix leading to residual drug crystallites in the ASD or accelerated

drug crystallization from the oversaturated blends.

Interestingly, for the blends comprising A-BuOx-A and A-BuOzi-A (Figure 6B, D), the addition
of the drug resulted in a decrease of the viscosity of approximately one order of magnitude,
while the addition of drug and plasticizer resulted in a further decrease, larger than observed
for A-PentOx-A and A-PentOzi-A.

Even though there were small differences in the viscosity measurements, all polymers showed
a viscosity below 110 Pa*s at 125 °C for the samples containing drug and plasticizer and

130 °C for the samples containing only the drug.
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Figure 6. Melt rheology measurements of the neat polymers, the polymers-drug or plasticizer
blends and the polymers-drug-plasticizer blends in the temperature range from 120 to 180 °C
for A-PentOx-A (A), A-BuOx-A (B), A-PentOzi-A (C) and A-BuOzi-A (D). The grey background
shows the area, wherein the samples should be printable via MEW, but should only be
considered a rough guide for the eye.

In addition to the melt viscosity, the T4 of the above-mentioned samples was studied (Figure 7).
As already mentioned above, the T4 of the neat polymers ranged between 50 and 61 °C and
the addition of triethyl citrate as plasticizer reduced the T4 by 5 to 17 °C, depending on the
polymer used. By addition of IND to the polymer, a less pronounced decrease of 2 - 8 °C in
the T4 values was observed, which resulted in T4 values of the polymer-drug blends between
the Tq4 of the neat polymers and IND (T4 = 43 °C).

Our results indicate that the plasticizer had a bigger influence on the T, of the sample, whereas
the drug had a bigger influence on the polymer viscosity. If now both, the drug and plasticizer
were present in the sample, a remarkable decrease in the T4 values was observed for all
polymers. Here, the Ty was decreased by 13 — 34 °C compared to the neat polymer. For the
sample containing A-PentOzi-A, IND and the plasticizer, the drop in T4 should be considered

especially critical, as the resulting Tg was with 27 °C just slightly above room temperature.
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This can result in problems in sample preparation, as reported previously due to the viscous
and sticky nature of the blend.['S In general, all printed drug-loaded scaffolds showed
hygroscopic character and had to be stored at low humidity to prevent water absorption and
the samples getting sticky, which made handling challenging. On the other side, for using them
as sublingual drug delivery vehicle, the hygroscopic character is beneficial, as it would allow

the scaffold to stick in the mouth floor or the cheek while dissolving and releasing the drug.
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Figure 7. Glass transition temperatures of the neat polymers, the polymers mixed with drug
or plasticizer and the polymers mixed with drug and plasticizer for A-PentOx-A, A-BuOx-A,
A-PentOzi-A and A-BuOzi-A. The used drug is indomethacin (IND), and the plasticizer is
triethyl citrate (TEC).

Comparable to the fiber meshes printed with the polymer-plasticizer blends, drug loaded
samples were fabricated into scaffolds with 10 layers in each direction (0° and 90° fiber
orientation) and 1.5 mm fiber spacing. MEW printing was tested by increasing the temperature
in 5 °C steps until fiber extrusion was observed. When testing the printability of the samples
containing polymer and IND with and without plasticizer, it was observed that all samples,
except A-PentOzi-A, were printable from 125 °C onwards (Figure 8, Supporting Information
Figure S14 — S16). The best stacking was achieved at either 130 °C or 135 °C, depending on
the polymer. Additionally, the fiber stacking of the samples containing triethyl citrate was
overall better than for the samples without the plasticizer.

In the samples without the plasticizer, the fiber attachment to the collector plate in the first
layers was poor, resulting in an overall reduced print quality. At 125 °C the solidification of the
polymer melt was too fast to get a proper attachment of the first drop of polymer melt on the
collector plate from where the continuous fiber can be formed. Additionally, it was observed,

that printing at 120 °C and 125 °C resulted in scaffolds with poor interlayer adhesion,
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presumably due to the rapid melt solidification. To overcome this issue, printing tests for the
samples without added plasticizer were performed at 130 °C and 135 °C, resulting in better
attachment of the first layer on the collector plate. However, the overall fiber stacking remained

poor, potentially caused by electrostatic repulsion of the fibers due to ionizable IND.

For the samples containing additional plasticizer, scaffolds still showed poor print quality due
to poor fiber stacking at a print temperature of 125 °C, but increasing the temperature to
130 °C or 135 °C improved the fiber stacking. For all the tested samples, it appeared, that a
melt viscosity of approximately 100 Pa*s resulted in the best printing quality in terms of fiber
stacking. Importantly, the addition of the plasticizer did not markedly reduced the print

temperature, but ensured a better stacking of the deposited microfibers.

A-PentOx-A IND

130 °C 125 °C

135 °C

sw_ 4 L
(i b

Figure 8. Microscopy images of the printability tests via MEW (10 layers, 1.5 mm fiber
spacing) of A-PentOx-A - IND blends with and without the plasticizer triethyl citrate at 125, 130
and 135 °C.

Apart from fiber stacking, the applicable collector speed depended on whether the plasticizer

was added or not. However, as discussed before, the print parameters had to be adjusted for
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each sample separately. In general, adding triethyl citrate and increasing the print temperature
allowed for an increased translation speed for all drug loaded samples (Table 3). The only
exception was A-PentOzi-A, for which the applied translation speed was constant at
360 mm*min' for all tested temperatures without plasticizer. By adding the plasticizer, the

speed could be increased to 480 mm*min" at 135 °C.

To confirm the fully amorphous nature of the printed samples even at 125 °C print temperature,
which is well below the melt temperature of IND (160 °C), thermograms of the IND loaded
scaffolds with and without plasticizer were recorded (Supporting Information Figure S18). The

clear absence of an IND melting peak suggests a fully amorphous character of the scaffolds.

Compared to the previously published study on the fabrication of IND loaded microfibers
fabricated via MEW with a POx/POzi based polymer system, we were not able to lower the
fabrication temperature significantly (135 °C in the previous study for 50 wt% IND loading).["®!
However, we were able to prepare a polymer-drug-plasticizer system, which does not require
additional hot melt extrusion to obtain sufficient mixing of the components and even after
several hours at the printing temperature, no indicators of drug degradation, either visibly
(indicated by discoloration) or by 'H NMR spectra of the printed scaffolds were observed

(Supporting Information Figure S17).

3.4 Dissolution testing of the drug loaded microfiber scaffolds

Not only the amount of added drug can alter the dissolution profile of the scaffolds, but also
the added plasticizer.8 °5-°¢1 To determine the influence of the plasticizer on the dissolution
profile, scaffolds with and without added triethyl citrate were printed and their dissolution profile
under sink conditions monitored (Figure 9). For the sample containing A-BuOzi-A, no
plasticizer influence was observed, as the samples with and without triethyl citrate dissolved
fully within the first 3 min of the experiment and reached a plateau at 100% drug release shortly
after. On the contrary, for the A-BuOx-A and A-PentOzi-A based scaffolds, the addition of the
plasticizer resulted in a slower dissolution compared to the scaffolds without. Without the
plasticizer, the scaffolds were dissolved within approximately 2.5 min, whereas the addition of
plasticizer extended the dissolution time to 30 min. For the samples containing A-PentOx-A,
identical behavior between the samples was observed in the first 5 min of the experiment
independent on the addition of plasticizer, but after 6 min a drop to 60% drug concentration
was determined for the sample with plasticizer, whereas the samples without plasticizer
showed a drop to 80% drug concentration. This was probably caused by partial precipitation
of the drug or coacervation of the drug with the polymer. However, this could not be visually

confirmed.
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In the literature, different dissolution behaviors were described when adding a plasticizer to a
polymer-drug blend. For some polymer-drug-plasticizer blends, the addition of the plasticizer
resulted in faster drug release, probably due to weakening of the polymer-polymer
interaction.l® For other systems, no influence was observed,’® or even the inverse behavior,
where the addition of a plasticizer resulted in longer dissolution time.®® This makes it difficult
to predict the influence of the plasticizer on the polymer blend and its dissolution. Here,
polymers of the same polymer class but with different hydrophobicity of the polymer middle
block were used, revealing different influence of the plasticizer on the printed scaffolds in the
dissolution tests, which makes it necessary to investigate the influence of the plasticizer for

every blend separately.
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Figure 9. Dissolution profiles (sink conditions, PBS, pH = 6.8) of the IND loaded microfiber
scaffolds with and without the added plasticizer triethyl citrate. The polymers used are A-
PentOx-A (A), A-BuOx-A (B), A-PentOzi-A (C) and A-BuOzi-A (D).
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4 Conclusion

In this study, the influence of plasticizers on four poly(2-oxazoline) and poly(2-oxazine) based
ABA triblock copolymers to decrease the fabrication temperature via MEW was studied. The
addition of triethyl citrate and ethylene glycol resulted in printable polymer blends with
improved fiber stacking for the blends comprising triethyl citrate. Through the addition of the
model drug IND, the fabrication temperature could be decreased to 130 °C, reducing the risk
of degradation of both, drug and polymer. The addition of triethyl citrate did support the fiber
stacking of the drug loaded microfibers. Interestingly, the addition of the plasticizer influenced
the dissolution profile of the scaffolds differently depending on the polymer used, despite the
very similar chemical structure of different polymers. Our results provide a starting point to

better understand and optimize drug loaded and rapidly dissolving microfiber scaffolds.

In the present study, the polymer-drug blends were printable without the added plasticizer, as
IND itself acted as plasticizer in the mixture. Therefore, the improved fiber stacking is the
primary benefit of adding triethyl citrate. For IND as a model drug, the addition of the plasticizer
is optional, whereas preliminary tests with other drugs indicate that the use of a plasticizer to
decrease the viscosity of the polymer-drug blends is important to obtain blends that can be

fabricated via MEW. This is currently explored in more detail and will be reported in due time.
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