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Abstract

Nanocellulose hydrogel has been shown to be anlertelatform for drug delivery and it has
been lately studied as an injectable drug car3€r.printing is an effective method for fast
prototyping of pharmaceutical devices with unigleme and cavities enabling new types of
controlled release. In this study, we combined Vkesatility of 3D printing capsules with
controlled geometry and the drug release propedfesanocellulose hydrogel to accurately
modulate its drug release properties. We first rfestured non-active capsules via 3D printing
from biocompatible poly(lactic acid) (PLA) that linthe direction of drug diffusion. As a novel
method, the capsules were filled with a drug disjoer composed of model compounds and
anionic cellulose nanofiber (CNF) hydrogel. The miaenefit of this device is that the release of
any CNF-compatible drug can be modulated simplyrmgdulating the inner geometry of the
PLA capsule. In the study we optimized the size shdpe of the capsules inner cavity and
performed drug release tests with common beta blscketoprolol and nadolol as the model
compounds. The results demonstrate that the sedtaglease profiles provided by the CNF
matrix can be accurately modulated via adjustirggbometry of the 3D printed PLA capsule,

resulting in adjustable sustained release for thdehcompounds.

Keywords: 3D printing, nanocellulose, hydrogel,taireed drug release
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1 Introduction

The increased access to 3D printers has acceletagedlevelopment of new products and
applications for drug release device development tba pharmaceutical field. These
breakthroughs include 3D printing bilayers of diffiet medicinal compounds into single oral
dosage forms, oral tablets with inner channels pmebus structures and adjustments on the
geometry of printed oral capsules allowing custatiamn of the drug release [1-5]. However, the
usage of such geometrical innovations has not getmed on the rapidly growing market of
implantable polymeric drug release devices [6].SEhdevices can be classified into four groups:
passive polymeric implants, non-biodegradable pelycnimplantable systems, biodegradable
implants and dynamic or active implants [6]. In @idd, the drug release mechanisms from such
devices can be classified into four categoriestrofiad swelling, matrix degeneration, passive
diffusion and osmotic pumping [7]. For implemeratiof drug release devices there are
typically three main sites: subcutaneous, intranagand intra-vesical. [6] The usage of
subcutaneous drug releasing devices is an invgsigeess and typically leaves permanent
scarring. However, this can be the preferred treatnoption when compared to continuous
injections or daily pills or the drug implant haser benefits compared to oral dosing such as in

the complex case of opioid addicted patients [8, 9]

Controlled swelling, passive diffusion and matregeéneration have a key role in monolithic and
reservoir type implants [6], which have been iltatd in Figure 1. In osmotic type implants, a
non-permeating polymer is used and the osmoticigmadreates a stable inflow of body fluid

within the device [10]. This increases the pressnside the implant and forces drug release

trough the opening as shown in Figure 1 [10]. Sde$ign produces a constant drug release with
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zero order kinetics [10]. Some monolithic implafgature no solid structures but instead rely on
injectable drug releasing hydrogel formulations. oTwecent interesting applications are a
nanogel-baseth situ forming implant for HIV drug release [11] and gopécation where CNF
hydrogel formulations were subcutaneously injedtechice [12]. The injected CNF hydrogels
operated as a monolithic type implant; the hydrdgeal a high drug loading and the implant did
not migrate or degrade despite the free movemetiteomice [12]. In our work, we studied the
use of a CNF hydrogel formulation as monolithicgldispersions but inside a combination type
implant illustrated in Figure 1. Successful clini¢asting has been performed with a similar
device, comprising of a simple cylindrical capsiileed with a 2-hydroxyethyl methacrylate

hydrogel and a therapeutic agent [13].

Monolithic type implant Reservoir type implant Osmotic type implant Combination type implant

. Permeating polymer ® Drug . Non-permeating polymer

Fig 1. Anillustration of monalithic, reservoir, osmotic and combination typeimplants.
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Cellulose-based nanostructured materials, genekalbyvn as a family of nanocelluloses, are
interesting biocompatible materials, which have vamobenefits in numerous medical
applications [14]. Nanocellulose can be producedhiee types: as bacterial cellulose (BC),
cellulose nanocrystals (CNC) and as cellulose nberd (CNF) [15]. The cellulose nanofibers
can be chemically modified by TEMPO [(2,2,6,6-tatedhylpiperidin-1-yl)oxyl] oxidation to

manufacture anionic cellulose nanofibers [16, 1%tely, especially anionic CNF hydrogels
have been shown to operate as a semi-universalrdatigx for the release of different types of
molecules (small, large, cationic and anionic) [18]. In addition, CNF has been used to
manufacture drug-loaded film-like matrix systemshalong-lasting sustained release for up to

three months [20].

Conventional 3D printing typically involves heat ather manufacturing methods that limit its
suitability for biomolecules, such as proteins dipids [21]. The 3D printed drug delivery
systems might further have an uneven or porousseiraffecting the rate of the drug release,
especially in extrusion and powder printing [22ktitsion, powder and inkjet-based printing
require post-operative drying, which is an addgioprocess variable affecting the appearance
and the properties of the product [23]. Howevers ipossible to overcome these limitations by
first printing customized capsules from an ineddompatible material and then fill the capsules
with sensitive drugs or biomolecules together aittelease rate-controlling matrix material [24].
It is also possible to subsequently print a drugimp cap to further enhance and modulate the

sustained release profile [21, 24].
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In this study, we combine the new possibilitiespahting specifically designed drug capsules
and the recent advances in the implantation of @ffogels into three rapid prototyped designs
and evaluate their propertigsvitro as sustained release devices. Traditionally immpheeutical
hydrogel applications, the release rate of the éswgntrolled by the concentration of the loaded
drug and other active ingredients [25]. Here, alameffect is expected by controlling the inner
geometry of the capsule which limits drug diffusfoom the hydrogel. The idea differs from the
previously mentioned drug release devices and Igaisoas the release is fundamentally
controlled by the inner hydrogel, which facilitatesustained release profile while the release

can be further modulated via the geometry of tineiircavity of the capsule.
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2 Materialsand M ethods

2.1 Materials

2.7% (lot 11724) anionic CNF hydrogel Fibd¥xwas purchased from UPM-Kymmene Oyj,
Finland. PrimaValue™ poly(lactic acid) (PLA) filamts were purchased from 3D Prima,
Malmd, Sweden. Nadolol, metoprolol tartrate andhyleine blue, were purchased from Sigma-
Aldrich, USA. Dulbecco’s Phosphate Buffered Sal{i®x) concentrate without calcium and
magnesium was purchased from Gibco, UK. The bustdution used was made in double

distilled ultrapure water.

2.2 Printing of PLA capsules

The capsules were modeled with Onshape (OnshapeCammbridge, USA) Computer Aided
Design (CAD) software and the CAD model was latercpssed with Slic3r -software package
to produce the actual printing data. Capsules weir@ed from commercially available PLA
filaments using fused deposition modeling (FDM)ngirig process. The FDM process is
essentially an extrusion method where a heatedrialate this case PLA, is directed through a
nozzle and deposited in X, y and z space to toym@@D constructs on the printing stage. In this
study, the capsules were printed with 100% indilehsure the sufficient barrier properties of the
printed walls. 3D printing was carried out usingUSA 13 MK2 (Prusa research, s.r.a., Praha,
Czech republic) at 210 °C with a printing rate 6fmim/s and 0.2 mm layer height. The printer
nozzle diameter during the printing was 0.4 mm.pgést processing, such as smoothing after the
printing, was performed, however each capsule us#tke experiments was hand-picked so that
no visible unevenness around the release channétl die observed. The length of each

produced capsule was 20 mm, and the width 10 mm.didmeter of the bottleneck was 2.0 mm
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for small, 3.6 mm for large and 5.0 mm for tubeigiedeading into shared constant flat surface
areas of 3.1 mfmfor small, 10 mrh for large and 19 mfnfor the tube design. The inner total

volumes were 360 mirfor the small, 430 mrrfor the large and 330 mitfor the tube design.

2.3 Leakagetestsand injection of hydrogel formulations

After the manufacturing of the capsules, leakagesterere performed using methylene blue as a
dye for visual observation of possible leaks. Fiastlyed hydrogel was made by mixing anionic
CNF hydrogel with methylene blue and injecting nside the capsules with standard 19G
needles. The capsules were weighted before andimjiéetion to ensure that a complete filling
had been accomplished and to rule out the presainae bubbles. Next, the capsules were wet

and any leakage of the blue color trough the cas observed with a slow-motion camera.

2.4. Preparation of the hydrogel for mulations

The hydrogel formulations were prepared by miximgoaic CNF hydrogel with the model
compounds. The mixing was performed by connectimg 10 ml syringes from their nozzles
with a tiny rubber hose and then pushing the cdsteheach syringe to the other via the hose.
The anionic CNF hydrogel (fiber content 2.7%) wasighted directly in the syringes and
nadolol or metoprolol was added as a dry powdedohd and metoprolol were loaded in excess
amount to form monolithic dispersions. The formiglas were then homogenized by pushing the
contents back and forth trough the hose for 5 fire final amount of cellulose nanofibers in
both formulations was 1.8 %. The total amount ofapelol inside the capsules was 152 mg for
the large design, 130 mg for the small design &t rhg for the tube design. For nadolol, the

amounts were 131 mg for the large capsule, 110anthé small design and 91 mg for the tube
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design. The used quantity for nadolol representsc@atration of 0.89 M. The solubility of
nadolol in water is 0.03 M, meaning that the wdtased hydrogel formulation can be
characterized as a monolithic dispersion [26]. $hkibility for metoprolol tartrate in water is
much higher and therefore its solubility in the%d.ANFC hydrogel was tested separately with
nephelometry. The results show that the hydrogesdmt possess enough free water to dilute all
of the added metoprolol, resulting in a monolitdispersion. The measured solubility data for

metoprolol is shown in the supplementary data.

251nvitrodrug release studies

The 3D printed capsules were filled with formulateairogels via injection with standard 19G
needles and the visible hydrogel surface was evevitd plastic strips. The capsules were
weighted before and after injection to ensure ghabmplete filling had been accomplished and
to rule out the presence of air bubbles. The filagsules were placed in glass bottles with 70 ml
of phosphate buffered saline (1 x DPBS) and ke@7atC incubator shaker (Innova 4400, by
ALLERGAN. Inc.) under constant shaking at 150 RRW 3 weeks, except the small and large
designs for nadolol were measured for 5 weeks.hasen time points, 1 ml was collected from
each sample and replaced with 1 ml of fresh buffee amount of removed model compound
from each time point was mathematically added éonigaxt time point in order to plot cumulative

release. All experiments were performed in trigkca

2.6 Quantification of released model compounds
The concentrations of nadolol and metoprolol frémit vitro release tests were analyzed with

Ultra performance liquid chromatography (UPLC) rastent Acquity UPLC (Waters, USA).



179 For nadolol and metoprolol, the used column was-HIS3.8um (2.1 x 50 mm) (Waters, USA)

180 at 30 °C. The injection volume for nadolol wagl@nd 2ul for metoprolol and the flow rate was
181 0.5 ml/min for both compounds. The detection ofalaldand metoprolol was performed at the
182 wavelengths of 215 nm and 221 nm, respectively.iriguthe gradient run the mobile phase
183 consisted of a mixture of acetonitrile and 15 mM@thate buffer at pH 2 in 10:90 ratio for
184 nadolol and 20:80 for metoprolol. The retentiondgwere 0.92 min for nadolol and 0.89 min
185 for metoprolol.

186

187 3 Resultsand Discussion

188 We designed capsules that had an inner reserveitycr the CNF hydrogel and a single
189 release channel (to which we will be later refegras bottleneck). Outer measurements for each
190 design were 10 mm x 20 mm and the capsules wengiBied from PLA using fused deposition
191 modelling (FDM) and filled with a suspension madeanionic CNF hydrogel and the model
192 compounds, nadolol and metoprolol, which are batmmonly used beta blockers. Nadolol’s
193 release profile from anionic CNF hydrogels havenbelearacterized previously, where 90% of
194 the loaded nadolol diffused out of the hydrogelinyirone week [18]. PLA and anionic CNF
195 hydrogel were chosen as materials for the capsaledjoth are biocompatible materials (in
196 humans) and biodegradable (in nature) [27-30].

197

198 The designs of the manufactured capsules are isdaln Figure 2 (A-C) and with exact
199 measurements in the supplementary material. Thieebetks lead into inner cavities, which
200 were filled with the anionic CNF hydrogel contaigithe studied model compound. We will

201 refer to the different structures as small (Fig ,2ajge (Fig 2B), and tube (Fig 2C) designs. The

10
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designs presented here allow for a wide range stbouization. As the PLA capsule carries and
regulates the open surface area of the anionic dFogel, which operates as a matrix for the
model compounds, the drug release can be contrbifedodifying the characteristics of either

component. However, as the release propertiesiohi@nCNF hydrogels have been established
previously [18], we focused on the geometry of ieA capsule and demonstrate that flexible

control over the release rate can be achievedmiiimal changes to the inner matrix.

A B C

2cm

Small Large Tube
V =360 mm? V =430 mm? V =330 mm?®

Fig 2. Computer aided designs (A-C) and 3D printed versions (D-F) of the studied PLA

capsules. (A) Small capsule. (B) Large capsule. (C) TubagteqD) A 3D printed PLA capsule

(small). (E-F) The large and tube designs filledhwa hydrogel formulation after 3 weeks in

11
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DPBS buffer still showing an even surface of thdrbgel. The image (F) has been taken with

camera flash on to highlight the normally transpaemionic CNF hydrogel.

3.1 Leakagetests and optimization of the PLA capsules

The designs were first optimized not to leak viatptyping. Figure 2 shows the final optimized
designs. We particularly had to optimize the bottibmckness as our first designs with a thin
bottom leaked from the edges of the inner caviliée combination of 3D printing and separate
injection of the hydrogel allowed bypassing anyuisgments set by the FDM printing such as
the required flow properties of the drugs [31]. Thedel compounds metoprolol and nadolol did
not undergo any temperatures above 37 °C duringtigty, suggesting that the method would
be compatible with biomolecules such as lipids prateins. The final optimized designs are

presented in Figure 2 A-C and with exact measuré&sriarthe supplementary data (Fig S1).

3.2 Sustained in vitro release of the model compounds

During the three-week release study, a sustainkedge profile was obtained for both model

compounds with all three PLA capsule designs. Aseeted, the small design with the smallest
surface area in contact with the external buffestained the release the most for both model
compounds. The large design had less effect oraisugy the release, and the tube design
sustained the release the least. The results awnsin Figure 3, where the top three lines

represent the release of the metoprolol filled Rtapsules, and the bottom three the nadolol
filled PLA capsules. During the first hours all safes released the model compounds rapidly
and after the initial drug release the releasewat® observed as linear. For the tube design with

metoprolol, the highest total release of 96.4% weched on the Y4day. No swelling nor

12



236

237

238

239

240

241

242

243

244

245

246

247
248

249

250

251

collapsing of the hydrogels were visually obsendeding the three-week measurements, as
shown in Figure 2 E still showing an even surfadehwdrogel, matching the results of
Paukkonen et al. [18]. After 14 days, the amoumnhefoprolol in the buffer appeared to decrease
(data not shown). This is due to the hydrolysisiadlolol and metoprolol in aqueous conditions
[32]. However, in the case of nadolol, this was elagervable due to extremely sustained release,
which allows a part of the drug dose to remainrystallized form inside the hydrogel and hence
delay the hydrolysis. As the hydrogels containedigmificant amount of undissolved drug
maintaining a constant reservoir system, the hyeleogan be characterized as monolithic
dispersions. We performed solubility measurementfetoprolol in anionic CNF hydrogel with

nephelometry and the results are shown in the supgitary data (Fig S2).

100 —a— METO Tube
X
o 20 —o— METO Large
©
Q —e— METO Small
o 60
g —»— NAD Tube
s 40
= —=— NAD Large
8 20
—o— NAD Small
0
0 ¥ 14 21 28 35
Time (days)

Fig 3. Scaled cumulative release of the model compounewprolol (METO) and nadolol
(NAD) from the three capsule designs (Tube, Lamed Small) carrying anionic cellulose
nanofiber hydrogel drug formulations (mean = Sib5 3). The experiments were conducted at

37 °C in DPBS buffer.
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3.2 Mathematical model for therelease
For monolithic dispersions with flat release areth® release rate is expected to follow the

Higuchi equation (1) [33].

f = Desam — ) X £ =2 [De/cu2eini — ) x ¢ 1)

Mioaded |4

wheref is the fraction of the drug releaséd,,.q4.q IS @amount of the drug initially loaded into
the capsuled is the surface area exposed to the release bifferthe diffusion coefficient of
the drug,c is the solubility of the drug;;y,; is the concentration of the drug initially insithe
inner cavity (0.991 mol/L for nadolol and 1.15 nhofbr metoprolol),V is the total volume of
the hydrogel formulation, and is time. The solubilities in water (at 25 °C), foadolol and

metoprolol are 8330 and 402 mg/L (at 25 °C), respely.

When the released fractions are then plotted aigdinshe curves should be linear and the
slopes k) should be dependent on the area exposed to li@seebuffer divided by the total
volume of the hydrogel. These plots are shown guig 4. The Eq. (1) can be further simplified
to Eq. (2) by combining drug-dependent parameteasiables to a constank (K =
(Dcs/ct;(2cini — ¢))?) and drug-independent design parameters to aamns{(a = A/V),

which is related to the geometry of the capsules.

f = ak\T = ki 2)

14
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275 t1.’2 (h1f2) th (hwz)
276 Fig 4. Fitted Higuchi equations (lines) to the nadolo) ghd metoprolol (B) release data for all

277 three capsule designs (Tube, Large, and Small).d&kee points are the same as in Figure 3 but
278 only the part of the data with no evident drug delgtion was used for the fitting.

279

280 The slopes from Figure 4, and the correspondingeglbf the formulation parametessare
281 shown in Table 1. For metoprolol, only the partsheaf release curves where no clear degradation
282 of the drug was seen were used to do the thedrétgalt is worth noting that in an ideal case,
283 the release rate would be completely controlledhieydesign parametay asK was constant for
284 each drug release series, however, a number ofshsnch as swelling or more complex
285 geometries can lead to deviations from the stanttigiichi equation. Any visible swelling
286 could be ruled out based on visual observationth@fcapsules in buffer solutions before and
287 after the measurements. However, an analysis ofaties of the slopes to the ratios cofwill

288 indicate how well the release curves fit the Higusduation and helps in verifying the release
289 mechanism, since in our case we should lgye, = k,/k, for any two different designs.

290
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Table 1. Slopes from the release rate fitting in Figurend a comparison of the design variables
(a) indicating ideal release behavior to the slopg¢®{ the real release rates. The parameters are

normalized to those obtained for the tube-design.

Design k k/ktupe R’

parameter ratio§ Metoprolol | Nadolol | Metoprolol | Nadoldl Metoprolol | Nadolol
Tube “/1 “(t)“ge 7.69 1.73 1.00 1.00 0.99 1.00
Large a{)a;“;e 3.69 0.82 0.48 0.47 0.99 1.00
Small a{)atlu;e 2.58 0.57 0.34 0.33 0.99 0.91

All the designs could be modeled with the Higuda&ion. Especially the release data from the
tube-design shows excellent near-perfect fits to(EQy The equation is theoretically derived for

a case very much like our current design [34]. Afithough the release rate from the large
bottleneck was slightly faster than expected, #im rof the design parameters and the ratios of
the slopes of the large and tube designs are ttosach other (0.374 vs. 0.480 and 0.474),
indicating similar release mechanism as in the cddbe tube design. In the case of the small
bottleneck, a larger deviation from theory was seaed the release rate was much faster than
would have been expected (0.132 vs. 0.335). Thesore# that the Higuchi equation only

describes release from the neck of the capsulerom a system with constant cross-section to
volume ratio. As the bottleneck is quite shorisinot able to control the release rate alone. At
some point during the release experiment, the sldfufrom the larger inner cavity to the neck

part will start to dominate the release kineticstHis area, the cross section to volume ratio of
the large and small designs are similar. And teatilny we see that the slopes of these two

designs start approaching each other later in ¢fease measurements. The jump to higher

16
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release fractions for the large design in the estdge of the release is due to the difference in

the cross-section to volume ratios inside the rdé¢ke capsule.

As the release rates for several types of molehdsdeen measured for the same CNF hydrogel
grade [18], we can estimate the release ratesradugtherapeutical molecules for our implant.
In addition, the same CNF hydrogel grade has beavep to be freeze-dryable without the loss
of rheological properties nor any changes in ittease profile [18]. For subcutaneous
implantation the thickness of the capsule wallsldtdae decreased for increased comfort and
patient compliance. Despite PLA being an excellaaterial for the currenin vitro tests, the
material could be further enhanced to prevent goréiody reaction and bacterial growth. Recent
breakthroughs include foreign body resistant mal®(i35]. To prevent biofilm formation im

vivo environment, antimicrobial material such as nitrahtoin can be mixed with the PLA [36-
37]. In addition, the outer surface of the PLA adpscan be post-operated smoother to reduce

surface area for biofilm formation [36].

4 Conclusions

In summary, the obtained leakage tests iandtro results from model compounds demonstrate
the suitability of the CNF hydrogel filled 3D pred PLA capsules as sustained release platforms
without the use of any additional excipients. Thanteter of the capsules release channel
(“bottleneck”) can be modified effortlessly resntjiin several adjustable parameters together
with the drug and hydrogel concentrations and & lugntrol over the release rate. From the

theoretical analysis of the results it can be aoetl that the tube and the large designs can be
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341

342

343

344

345

346

347

348
349

350

351

352

353

354

355

modeled by the Higuchi equation. As the neck is en#lunner, internal diffusion kinetics
become more complicated and deviations from thaoeyseen. Nevertheless, a control over the
release rates was maintained and the behavion slystems can be explained by the varying
cross-section to volume ratios. As the capsulesnggeted with the hydrogel formulations post-
printing, the drug substances do not undergo hgatiasulting in wide compatibility for
therapeutic compounds such as proteins and liposoiméhe future, the actual injection of the
hydrogel formulations could be performed automdiichy 3D printers and an antimicrobial

PLA feedstock could be implemented in the FDM pnigit
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