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Abstract

This thesisexploresthe manufactureof personalised medicine for solid oral dosage
forms,with themain area of researébcusedon the use of Fused Filament Fabrication
(FFF), a 3dimensionaprinting (3DP)technique which utilises a polymer filament as
feedstock Two dfferent techniquedor the incorporation of a drug within this
filament feedstock, solution loading and extrusion loading, are examined in order to
invedigate the applicability othis technique in the production of varying doses of
carvedilol. The solution loading method is highlighted as having the potential to be
beneficial when concerned with the manufacture of low dose drugs, whereas the
extrusion loading method allows for higher dose drugs to be produced with greater

overall dose variation.

In terms of how theseew dosage€orms behave he FFF 3DRechnique lends itself

to the production ofabletswith sustained release characteristics, alteration of which

is difficult to achieveevenwith the use of pharmaceuticdisintegrants. Despite

various attemptstalter this releaséhroughthe use of different additives structurad

changes to the dosage forms, sustained release remains the mechanism by which any

active pharmaceutical ingrediedtRI) will be releaseavithin the body.

Carvedibl is currently marketed as both an immediate release and as a controlled
release product. While investigation has concluded that immediate release is not
achievablewith this manufacturing methothis thesis demonstrates the production of
sustained relase dosage forntd carvedilol in a range of-I01mg, which exceeds

the range of @-80 mgcurrently availabldor the controlled releasproduct.

While this area of research is still in its infantkis thesisprovides a in-depth
investigation into FF as a manufacturing technique and actssaaréing poinfor the
consideration of adopting this technique as a viable method of production in the

pharmaceutical industry.
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Introduction

1 Introduction

1.1 Backgroundi Dosage Forms

The term O6dosage formd refers to the sy
ingredient(API) is delivered into the lody, thereby reaching the desired site of action.
Dosage forms do not solely consist of a drug, rather they encompass @ ohriet
different components which are added to the formulation during the manufacturing
process. These extra componentghen conbined with the APIserve to protect the
active ingredient from any undesirable chemical changesovercome any
undesirabledrug propertiese.g. poor solubility) andresult in a formulation that is
stable and is delived at an accurate dode,thecorrectsiteof actionwithin the body.
Dosagdorms can be administered in a variety of different wiagapical, inhaléon,
injection and oral to name a few, with the latter of these systems being the most
favourable Early screening of the absommti, distribution, metabolism and excretion
aspects of an API, along with investigati into its toxicity are of paramount
importance to the drug discovery industayd are factors which must be considered
with the development of any new drug and its fdatian. As the oral route of
administration proves to be the most populaiis therefore the route whethis

research wilbefocussed

1.2 Oral Dosage Forms

Oral dosage forms remain the preferred method of administration for the vast majority

of drugsdue to improved patient compliance, accuracy of dosing and the lack of pain
associated with administering when compared to injecfioh®ral dosage forms are
alsocheapeto manufacture, asthehon 6t r equi r e asdttheWd bh ét pr e
require &tra personnel to administexhich allows patients to take their medication

out witha hospital environment.

Oral dosage forms fall intthe categories of solids, sesolids or liquids with the
most commorformulation methods across thesategoriedeing tablets,capsules,
suspensions, solutions and emulsibnall of these formulations encompass a number

of different excipients which amesigned to aithe pharmaceutical behaviour during
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manufacture of the product, or once it has entered the biddye considera simple
tablet, the main components are typically: API, disinte§réiot ensuring the break
up of the tablet), bind&¢for holding powders together), diluéh¢for bulking the final
product to allow adequate patient handling), lubritafio reduce friction between
surfaces of manufacturing equipment) and glifa@ibricants which enhance the
powder flow properties of the pharmaceutical blend prior to manufactuddl).of
these different amponentsiltimatelygovern how a tablet behaves, and twealkimey
compositionslightly can potentialy alter theoverall manufacturingpr behaviour
within the body.

Oral dosage forms also benefit from the ability to tailor the release mechanism of the

APl once it has entered the bodyTheserelease mechanisms vary between either
immediaterelease, which is defined as releasing 80% of the API within a specified

time (typically 45 minutes)? sustainedeleasewhich releases API consistently over

a periodof time 2 or delayed release, which has an initial delay before releasing the
APL* Thereisalsoanothere | e as e mec h awli sant iclisedinedewh iash
as the o6rapid and transient r withieasboet of a
time-period immediately after a predeterminediofe | eas é® peri od. 0

1.3 Current Manufacturing of Oral Doses

Oral doses can be manufactured in many different forms, hoasweentioned above,
these generally fall into two main categoriesquid oral doses ahsolid oral doses.
Liquid doses argenerallymanufactured as antsions, gels, mixturesolutionsand
suspensionand areesasily scaled to individual patients by administerinth the use
of measuring cups and spogps even withconvenientdosing syinges in the case of
paediatric Calpa.*®

Solid oral doses are typically manufactured in the form of capsules, tablets or, pellets
with tablets produced viavet granulations andlirect compression of APl and
excipients being the most common method of pation and distributioft! Despite

this popularity, there are still a number of shortcomings associated with the technique,
namely: the imited tablet geometrieavailable for production, with most tablets

produced as circular solid cylinders with flatonvex faces'® thesensitivity of some
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APIs to humidity encountered during wet granulation and direct compreSsium,
forceful nature of the tablieig techniquecausing polymorphic changés the API2°
and the inherent large supply chain of the martufargy technique as production is
carried out in large batches licensed facilitieswhich are often far away from the
required point of care of the patiet.

These limitations, coupled with the general shift in the pharmaceutical industry
towards a mor@ersonalised manufacturing approd¢mean that alternatives to this
traditional manufacturing model must be investigakeakling tothe overall focus for

this research.

1.4 Personalised Medicine

Personalised edicinei s a 6 cat ch al | émber efdifferentideas r e f ¢
and approaches within the overall healthcare sector, not limited purely to

manufacturing, but hat does it actually mean?

frhe core definition of personalised me:«
biological characteristics tdailor therapies to that person, including drugs, drug

dosage and other remedées M. Sw&n, 20009.

So why is this important to us? patient population can vary widely with regards to
how each individual reacts to different drugs Figure 1 provides a visual
representation of this ardghlights the diférent responses which may occur.

th e

Drug toxic but Drug toxic but

beneficial i A NOT beneficial
f
I / ! " &
&:{3 Same diagnosis, Pk
Drua NOT toxic and same prescription ‘v
rug oxic an D NOT i
NOT beneficial rug NOT toxic

and beneficial

Figure 1 - Different outcomes of treatment within the same patient populétion.

3
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There are many factorghich have the potential to influence individual patient
response to a drug, such as: age, gender, multiple drugs, disease state, past history of
any adverse reactions/allergy, genetic factors, large dos€sRrecsonalised medicine

has the ability to dér the right drug for the right disease at the right time and with the
right dosage but this is nota new conceptespecially when you consider that
historically it was common for pharmacists to prepare individual, paseetific

medications on site faheir patients®®

The currenttraditional business model, within the pharmaceutical industry, is based
around the discovery and devgh me nt of 6 Bl % lnowdvar the recent Dr u g <
expiration of patents on a number of these drugs, combined with sedr&&D

productivity means that a change in strategy is requik¥dh the emergence of drugs

such as trastumab and gefitinib, which targeery specific patient groug8 perhaps

industrial focucould also includa morepersonalisedpproactiowardsdevelopment

and manufacture, going forward.

Aside from manufacturing approaches, which is the main focus of this research,
personalised medicine is already being investigated/applied in other areas, a few of
which are discussed below.

1.4.1 Methods of Applying Personalised Medicine

1.4.1.1 Pharmacokinetic Approaches

Levofloxacin is an example of a broad spectrum antibiotic which is prescribed to a
highly varied patient populatioil. The number of factors to be considered include:
obese vs normaleight cystic fibrosis 8 noncystic fibrosis, nale vs femalgchildren

vs adults elderly patients vs younger patients, intensive care patients and patients with
a creatinine clearance level less than 50 mL per minute. If we take a couple of these
factors as examples, it is ggble to see how clinicians can adjust their prescriptions

to provide personalised care.

It was found that obese patients with normal kidney function may actuaby cle
levofloxacin more efficiently than patients who fall into a normal weight ranges It
important for healthcare workers to take this into account and adjust the girescri

4
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to avoid under dosing, or to usa alternative therapysuch asthe antibiotic
moxifloxacin instead as the pharmacokinetics are not significantly affected by

obesity.*°

When invesigating the paediatric use aévofloxacin, Chieret al discovered that
children under the age of 5 cleared the drug nearly twice as fast as’adsltsresult,
they recommended that children above the age of 5 receive a dosengfktaily

andchildrenbetween the ages 6fmonthsand5 yearsreceive 10mg/kg twice daily

(every 12 hours).
1.4.1.2 Pharmacogenetic Approaches

Tailoring medicine to treat patients with specific gene mutatitmieugh the
application of pharmacogenetidés another mathod of providing individualised
healthcare. Vertex, a small pharmaceutical company based in Massachusetts, released
their drugKalydeco (vacaftor) for the treatment of a specific populationcystic

fibrosis patients®? The drug is only used in patiesnabove the age of 6 and who have

a particular mutation ia specific gene related to cystic fibrosighis mutation only

occurs in 4% of the population of cystic fibrosis sufferers, but there is the potential for
Kalydeco to be used for patients witther mutations, widening the pool to 10% of

the cystic fibrosis populatioff.Even though this treatment only targets such a small
percentage of patients, those patients benefit from a better quality of life and highlights

the importance of personalised raae.
1.4.1.3 Digital Approaches

Another point to consider when looking into personalised medicine is the ease with
which an accurate dose can be determinalarfarin is anotherexample of a
commonly prescribed drug that is required in many different dosesas la small
therapeutic index and the correct dose sagreatly from person to person with factors
such asage, diet, gender, other medicatioosmorbidities(such as diabetes, cancer,
renal or liver disea3eand even genetic variation playing a partthe quantity
prescribed for individual patienté In order to help prescribe doses offarin
quickly and effectively, Zhaetal. have developed a portable tool known as



Introduction

SmartWarf, which uses an algorithm to calculate a dosing regimen for the patient
SmartWarf can be installed in a personal digital assistant (PDA) allowing a doctor to
have access to the information anywhere, which is beneficial in terms of time and ease
of dosing howeverissues would still remain if the required dose was not oateish
currently manufactured. Studies have shown that patient compliance decreases if
tablets are required to be split for the correct dose to be aclifes@chre would need

to be taken to ensure no under or overdosing occurs.

Another method of persolising care is through the use of an Internet Web
application. A recent pilot study was carried out on a group of lung cancer patients
with a view to earlier detection of disease relajfSEnese patients were required to

fill in an online form with detds of 11 selfassessed symptoms, which was then sent

to an oncologist for review. If any of the symptoms matched some predefined criteria,
this resulted in an alert email being sent to an oncologist who then phoned the patient
to confirm the symptoms aradrange immediate followp. It was possible to detect
relapses an average of 5 weeks earlier than with planned visits alone and patients also
reported feeling less stressed in the lead up to a planned visit by using this system.
Although further resarch is required, with high patient compliance it is likely that this
method could lead to more effective treatment. Attention is directed where there is a

need, allowing for better distribution of resources.

While all of these examples demonstrate avelasre personalised medicine is being
investigatedthe fact remains thah order to be able to supply a patient with a dose
tailored specifically for their own needs, it is essential that there is a viable method of
manufacturing the required dedbatare called for using these techniques. With the
popularityof oral dosing, scaling of oral dose formulations is discussed in more detail
below.

1.5 Scaling Doses Based on Current Manufacturing Techniques

While oral dosing is the preferred method of adminiistean API to the vast majority
of the population, across various ages, sigtes,care must still be taken to ensure no
under or overdosing. This highlights the need for any dosing regime to be easily

scaled to mirror individual patient needs.
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Scalirg of liquid dosess, in theory,relatively easy and is achieveds mentioned
above by the use of measuring spoons, or syringasquid doses are also ideal for
the treatment of young children or the eldewio may have lost the ability to swallow
large solidmaterial®® Despite this ease of scaling, there is also the potential for
mesuement errors to aris&€?® especially as the dosing is usually being carrigtcoy
individuals with little or no medical training. Despite this, therare also many

substances which are unsuitablerfanufacture aquid oral dosage form®

With regards to scaling solid dosdse tturrent method employed is the production of
varying strengths of tablets and capsules, in the hope that a combination of different
tablets will produce the required dose for individual patierBenetimes plitting of
tabletsis employed as a further method of varying the dose, but this only psowide
small number of additionaloses and also leads to unacceptable weight differences,
and therefore doses, in the fragmentShere is some increased flexibility when using
pellets, which can be divided into varying quantities using similar methodsutd |

dosing, but this can also introduce the errors which are associated with liquid dosing

Ideally, finding a method of producing solid oral dosewarious strengthsyith no
additional cost or associated errand with a relatively simple means oanufacture,
could help ensure that patients are more easily prescribed the correct dose for their

individual needs.

1.6 Initial Att empts at Altering Manufacture

1.6.1 Tablets Manufactured with a Drug Free Splittable Layer

One way of providing personalised doses hasn proposed by Greet al and
Solomon and Kapla(Figure2).#24344\While this method does not increase the number

of possible doses over conventional scored tablets (which can normally be halved or
quartered), it is possible tovercomethe dse variationassociated with splitting

tablets
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AP| \/ AP| \/ AP| \/ AP| \
apl | dve [ apy /
free

‘\ drug free )

Figure 2 - Tablets manufactured with 'drug free' lay&r$:44

This method involves manufacturing tabl e
through which tablet splitting will occurThis means that accurate splitting of a tablet

can be achieved not just by a pharmacist, but by patients themsdlhedallets can

be taken whole, or subdivided to provide a select number of varying déseeugh

this method provides a relatively easy way to ensure patients angngdke correct

dose, there argtill only asmallnumber of different dses which can bedministered

with amaximumof four separateegment$rom the proposed designs.

Another method for providing greater dose variation has been proposed by Remon and
co-workers Figure3).*® Although tablet splitting does notocdurh r ough a o6dr u (
layer, allowing for possible variation in the administered dose, the number of doses

has been increased. This allows for greater flexibility of dose, one of the main goals

associated with the manufacture of personalised medicine.

Figure 3 - Tablet(22.4mm long/11.2mm widgroduced to enable splitting into eight segménts.

Remon and cavorkers used idovudine (AZT) and kmivudine (3TC), both
Nucleoside Transcripse Reverse Inhibitei(NRTIs) for the treatment of HIV, as

model compounds in their research. There is a great demand for flexibility in dosing
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of these types of drug, as a large population of patients are children. By producing a
tablet that can bgplit into a larger number of sections, it is possible to more accurately
dose paediatric patients according to their weight, thus avoiding occurrences of
toxicity or resistance. Each tablet contained 300 mg AZT and 160 mg 3TC and each
segment correspoado a dose equivalent to 5 kg body weight. This means that the
dose is suitable for use in very young children (approx. 1 month) up to adults, where
the recommended dose is one tablet (300 mg AZT, 150 mg 3TC) twicéYaily.

1.6.2 Tablet-Like SlicesProducedwith a Novel Cutting Tool

Weninget al*® have demonstrated the use of a taimew extruder, equipped with a
cutting tool, in the production of varying sustainecasle doses of their model drug,
carvedilol Different diameters of extrudate with varying drug loading could be
produced, which were then cut inf@abletlike6slicesof varying diameter.Figure4
shows the cutting tool used to slice the extrudateFagidre 5 shows the cylindrical

extrudate and tabldike slices.

Feeder mechanism Drug loaded rod Cutting mechanism

7

" —

Adjusting screw Sample outlet Sealing cap
-— —— e = = q-_‘ q

) & ,;‘, .

Figure 4 - Novel cutting tool used by Wenireg al*°(Total length 16.5 cin
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Figure 5 - Extrudate prior to (left) and after (right) cuttif¢Extrudates had length of 10 cm and
diameters of 4.53.5and 2.7 mm from top to bottom and were cut into segments of 2 mm in height.

The ability to vary bdt the diameters of the extrudate and the drug loading of the
formulation allow for solid doses to be manufactunetiich could potentiallyallow

for greater vaation and accuracy with dosinghencompared with splittabl&blets.
Although this suggesthat dose alteration can only occur at the factory, it is possible
to store the drug |l oaded 6éextrudat,e rods
which means that specific doses can be selected directly by the doctor and
administered immediatelyather than waiting for manufactureThe cutting device
canalsoeven be operated by the patients themselves as only forces of approximately
10-15 N are required for slicing the extrudat&his is less than the force required to
operate insulin pens dmMmeans that even elderly patients should be able to operate the
device although if dosing is being determined by any patient (elderly or otherwise),
cognitive function would still need to be assessed.

1.6.3 Inkjet Printing of Oral Dosage Forms

Inkjet printinghas also beemvestigatedas a potential method for accurately scaling
doses with the final dosage form being administered as an orodispersible film, or
rolled and encapsulatted within a gelatin cap$llSeveral methods have been

investigated, examplex which are discussed below:
1.6.3.1 Electrohydrodynamic Drop-on-Demand Printing

Elele et al. have highlighted the delicate nature of pharmaceutical products and the
requirement for themto be greect ed f r om e n\hemical ohargest s wh
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exessive heatingnd shear stss could occut® As inkjet printing could typically
expose the active pharmaceutical ingredient (API) to these conditionsgEdéleave
described a technique which overcomes these probleéfhey have demonstrated a
method of producingarying pharmaceutical doses using electrohydrodynamic drop
ondemand (EHD DODJrinting of drugs, first using fenofibrate, aceclofenac and
ibuprofen*® then continuig their research onbuprofen and also ihading
griseofulvin®® A method was developed to enable the printing obléts of solutions,
containing ibuprofen orrgeofulvin onto freezelried porous polymer films The

dose can be tailored to individual patient needs by cutting or scoring, alowin
flexibility in the dose, and can be administered in capsules or by folding the film and

sealing it together The printing method is shown schematicallyrigure6:

i

O‘ 5 0.0 >
_:.Dfo..‘..‘&f :3 Q. ...‘0'0' M TR R .0.

e%e S — [ )
: MLl TS EESIIIN P IUBERIINN
a b c d

Figure 6 - Electrohydodynamic dropon-demand encapsulation procés.

The process starts with the polymer film, a, and is then printed with a solution of the
desired API in a specific pattern, bThis is then covered with a ngoorous barrier

film to produce the dosage unit, c andld their results, Elelet al. have demonstrated

that this method provides a novel way of producing varying doses of a drug using a
modified method similar to inkjet printing Conventional inket printers crei@ an
environment of high temperature and high shear, however this method overcomes the
incompatibility and allows for the printing of solutions of poorly water soluble drugs

that exceed the normal viscosity range of conventional inkjet print heads.
1.6.3.2 Thermal Inkjet Printing

Unlike the previous example, Sandétral make use of a conventional inkjet printer
for thermal inkjet printing (TIJ) of dosage forms on porous substrates such as paper
(Figure7).*°

11
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Figure 7 - Conventional inkjet printing for oral dosage forffis.

The diagram shows an inkjet printer (a), accurate doses of drug substance exiting the
nozzle of an inkjet printer (b), precise doses of drug printegaper (c) and these
doses being inserted into capsules as one method of fabricating the final dosage form

(d).

Despite concerns being raised by Eleteal over the operating conditions of inkjet
printers?®49 it was reasoned that APIs could be ideal candidates for printing due to
their structural similarity to the colorants used in ifk$1J has also been used in the
aerosolisation of proteir®é, which are kown to denature at high temperatures
Analysis of a sample of protein before and after TIJ showed no significant changes,
demonstrating that the high temperatures involved in TIJ have no detrimental effect
on the protein

In order to use an unmodifiedkjet printer, it is essential that the drug solution has
suitable properties (viscosity and surface tension)he viscosity cannot exceed
20mPa ¢ and the surface tension should be in the range ef52BIN mt for
successful printing to occur Sardler et al®® used a propylesglycol (PG)water
(30:70vol%) solution, which had a viscosity value of 3.1 mPR&, $0 produce

formulations with optimal viscosity An average surface tension for these solutions

12
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was calculated as 52.0 + 0.4 mN-phowever printing was still successful despite this

value being out with the desired operating conditions.

The aim of this piece of work was to demonstrate the printing of dosage forms onto
porous substratesThree diferent kinds of substrate were used: pigrresdted paper
(porous substrate with low permeability), uncoated copy paper (porous substrate with
high permeability) and polyethylene terephthalate (PET) film (nonporous substrate)
Sandleret al found thatcrystallisation behaviour of the drugs could be altered
depending on the porosity of the substrate, meaning that the technique of thermal inkjet
printing could provide better control over crystal growtkhis could, in turn, lead to

enhanced solubilityf@oorly soluble drugs and better design of drug delivery systems.

T1J has also successfully been used by Gaisfordceswdorkers for the printing of
salbutamol slphate onto an oral film made of potato stattfhis drug was chosen

by the group asitisrpe s cr i bed for children under two
body weight As this could result in a child taking multiple tablets for the correct dose

(not ideal for such a young person) this highlights the benefits of being able to develop

a methodf accurately scaling the dose of salbutanufpisate.

As with Sandler and eworkers, Gaisfordet al adjusted their drug solutions to
achieve optimum viscosity and surface tension for printi@lycerine was added, in
varying concentr@gons, to aqueasisolutions of salbutamolfphate in order to adjust
the viscosity to an optimum value This was acieved with concentrations of
10-20%v/v.

Salbutamol slphate was thesuccessfully printed onto a potato starch substrate in
preci se do s2e s oraefto a@lBevesthg required dose for treatment either
the printed area would need to be increased or multiple deposition on a smaller area
would need to occur As increased areas could be difficult to incorporate into dosage
forms, investigation into dosage after multiple deposition was carried dtutvas

found that after one pass under the print head, the dosage obtained was within + 5% of
the theoretical doséut multiple passes always resulted in lower doses that were out
with the £ 5% range obtained after one patisvas hypothesised that the lower dose

was due to shearing forces eroding the dose already deposited on the substrate during
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paper uptake by thprinter Despite these losses occurring, it was always predictable
and variation of dose was always less than 5%urther investigation into using a
printer that operates slightly differently, to avoid shearing forces, along with more in
depth analyis of the drug product deposited on the substrate will lead to increased
knowledge of this technique.

1.6.3.3 Piezoelectric Inkjet Printing

While thermal inkjet printing can be simple and relatively cheap to employ in the
fabrication of dosage forms, piezoelecingjet printing can handle a wider range of
liquids®* Geninaet al have used piezoelect(BE) inkjet printingto investigate the
prodiction of personalised doses afpkeramide, a low dose antidiarrheal drug with
varying doss for adults and childremnd @ffeine® Three different substrates were
also investigated: a PET film, a hydroxypropylcellulose (HPC) film and a
commercially available edibleing sheet The composition of this icing sheet was as
follows: corn starch, corn syrup (maltose anidasaccharides), corn syrup solids
(dextrose), cellulose, glycerine, sugar, vegetable oil, gum arabigsguoharides),
polysorbate 80 (@yoxyethylene (20) sorbitan monooleate), vanilla (vanillin,
piperonal), titanium dioxide and citric acid.

Preparatia of flexible doses was carried out in two different ways, either by varying
the drop spacing between printed droplets, or by varying the printing area of the dosage

form. Figure 8 and Figure 9 show the dop spacing being varied for both model

compounds in this piece of work.

Figure 8 - Optical microscopy ofdperamide drug solution printed on PET fitfn.
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Figure 9 - Optical microscopy of affeine drug solution printed on PET filth.

As the drop spacing decreased, the content of drug indrease power function for

both loperamide andaffeine No crystallisationoccurrel with the printed solution

of loperamide, instead the drops coalesced and solidified in the shape of droplets on
the surface of the PET film This is likely due to the high content of PG in the ink
formulation, which is known to inhibit the gwth of crystals’® although this was not
observed with affeine. As the drop spacing decreaseith the affeine ink solution

the drops began to overlap more and recrystallisation was observed in the overlapping
droplets Figure9). Decreasing the printed area would be expected to decrease the
dose obtained in a linear fashion, although some deviation was ohsefvas has

been attributed to either clogging of the nozzle or human factors during priQimg

the PET film wa investigated as a substrate for the preparation of flexible.dd$es

is due to the other two substrates absorbing the inks, which would make analysis of

the different factors being tested more difficult.

In summary, adjusting the doses of printedgdrwas easily carried out by adjusting

the distance between printed droplets, allowing for the production of flexible.doses
Changing the area to be printed was deemed a less promising approach for tailoring
the dose, presumably due to the possible ymtion of very large oral doses which

may cause difficulty for administration of the drug in the patieAtthough flexible

doses were not investigated on the edible substrates, it is envisioned that absorption of
the inks would be beneficial as it minies losses of the API during subsequent

transport steps during manufacturing.
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1.6.3.4 Aerosol Jet Printing

As an additional method of inkjet printing, aerosol jet printing has been applied to the
production of dosage forms which require the product to be amasdhbo solubility

enhancement. A schematic of the equipment is showrFigure10;

=

Figure 10 - Aerosol Jet Printing of Pharmaceutical Dosage F&fms.

Dosesof the model drug fenofibrate could be printed, in multiple lageis patterns,
and scaled sufficiently without the neecttmngethe starting informulation. Nozzle
sizeof the final print head was also investigated as a means of scaling the tesultan

dosage formbut this was limited to a choice of four different nozzles.

While the aerosol jet printing technique itself is not sufficient to enhance the solubility
of fenofibrate, as evidenced by thenping of fenofibratealone resulting in a fully
crystalline product, the addition of a polymer to the formulation alters the solid state
considerably. On addition of polyvinylpyrrolidone PVP) the crystallinity of
fenofibrate was gradually reduced witincreasingpolymer content until a fully

amorphais product was formed at 75P8/P or higher. This greatly increased the
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dissolution properties of the API, resulting in a metlodgbroducing dosage forms

with improved bioavailability over conventional dosage forms.

1.6.4 Flexographic Printing

While inkjet printing has been shown to be a useful technique for sealaigloses in

the production of personalised medicine, there is often the requirement of another
processing step, such as encapsulation, prior to administering to the patient.
Geninaetal. haveaddressed this extra processing step inghiting of controlled
release oral dosage forms by combining both inkjet and flexographic prifithag.
schematic drawing of the equipment is showRigurell.

Inkjet printer Air dryer Flexographic printer Air dryer Cutter The unused substrate

U 1®

- Solid dosage forms
. Collector
N

Direction of the moving substrate

Drug containing Modified-release
/ solution coating solution

|

W=

Substrate supply

Figure 11 - Schematic drawing of the combination of inkjet and flexographic prifiting.

Flexographic printing is a rotary technique which allows for different inks to be printed
on almost any substrateAlthough it is not a very precise technique and cannot be
used alone in the fabrication of dosage forms, the printing of highly viscous fluids is
possible Hence, the combination of both inkjet and flexographic printing allows the
fabrication of precise dosdwith inkjet printing) which can then be coated with a

polymer (ethylcellulose (EC)) to tailor the release of the drug within the body.

Propranolol hydrochloride andboflavin sodium phosphate wesmployed in this
researchand loth of these drugs wedeposited onto tiee different types of substrate
prior to beingcoated in EC polymer by flexographic printingThe three different

paper substrates used werei Alkyl ketene dimesized uncoated wood free paper,
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B i triple-coated inkjet paper, Cdouble-coated sheet fed offset (SFO) pap&rPET

film was also used as a reference substrate.

The results from this research showed that a combination of both inkjet and
flexographic printing was successful in producing controlled release dosage forms
only if a porous substrate is used for printingVhen the nosporous PET substrate
was used, flexographic coating removed part of the API solution due to the solution
remaining on top of the substrat®Vith porous materials, the API solution is partially

absorbed which ensures successful flexographic coating.

Successful application of thtschnique further enhances the possibiliaesievable
through manufacture of personalised medicind$ot only could controlled release
dosage forms be created, butigat compliance could be increased by the polymeric

coating masking the foul taste of some APIs.

While all the different techniques discussed up to now attempt to solve the issues
associated with personalised dose manufacture, there is still some edtied to
create the final dosage forime.g. dividing extrudate into segments, or cutting out a
printed dot and placing inside a capsulkdditive manufacturingnas the potential to
eliminate this extra step, producing the final dosage form as a tihdge.

1.7 Additive Manufacturing and 3-Dimensional Printing (3DP)

Additive manufacturing was not initially designed with the pharmaceutical industry in
mind, instead its origins can be found in the 1980s as a rapid prototyping tool for the
production of modls and prototype part8. Since then, the research area has grown
enormously and covers a wide range of techniques suchsedsctive laser
sintering® (SLS), stereolithographfy} (STL), fused deposition modellifig(FDM) and

inkjet binderprinting®® A schematic of these processes can be se€igime12:
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Figure 12 - Variation in Additive Manufacturing (a) fused deposition modellingiifkjet binder
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Regardless of the technique uséu principle of additive manufacturing as a whole

is that the final product is made by the addition of successive layers, with each layer
being a very thin crossection taken fromraoriginal 3D computeraided dsign

(CAD) created in compatible software Each of these layers will have a certain
thickness (a property of the individual process being used) and therefore the finished
product is only an approximation of the original degigigure13), with thinner layers

resulting in a more accurate representation.

Different manufacturing techniquésve the potential to improve this resolution by
altering how the layers are created adonded to each other, but not all techniques are
suitable for every imagined creation, therefore careful consideration is required before

adressing any 3D printing dilemma.
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Figure 13- Top - CAD drawing of a teacupottom - images showing printed teacup with differing

layer thickress®

Since the development of additive manufacturing and 3D printing technologies, a
number of different industires now benefit from the implementation of these

techniques. A selection of examples are disedsn the following sections.

1.7.1 Metals

Three dimensional printing (3DP) has beksucussed and utilised in the production

of metal and metal/ceramic composite parts as far back as the early nffeties.
Originally, with regards to metals, this was in the stauction of malds that were

later used for casting, but technologgs improved such that metalli@arts can be
produced by direct metal laser sintering (DMLS) from a metaldes feedstock’

This process is essentially identicalthe aforementione&LS technique, with the

only difference being a change to the feedstock material. Directed energy deposition
(DED) is another additive manufacturing technique applied to the metal industry and
involves melting wires or powder feedstock and building acstre layer by layer,

although this is a less widespread technique due to inaccuracies and further post

20



Introduction

processing® Metal parts made using this technology are of particular use to the

aerospace, oil and gas, marine audomobileindustries®

1.7.2 Food

This area has gained a lot of interest @ige in areas such as military asplace
missionsglderly food and the confectionery industPyyith some drivers in th field
including production of food which is shapstable throughout the cooking process,
customisation of flavour and nutrition and the development of interesting and unique
textures’C It is possible to build up different layers of ingredients on the same shape,
as demonstrated with 3D printed pizEag(re14).
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Figure 14 - Pizza 3D printed from (a) dough, (b) sauce and (c) chi@ese.

This demonstrates how well shape can be controlled during the printing Qroces
allowing for intricate designs to be created.

Cookies have also been printed and are ablg¢o demonstrate the importance of
ingredient ratiogspecifically butter and yolkdn the stability of the final structure
(Figure15).”° Increasing the butter concentration increases the ease of extrusion of
the mixture, but results in lowered shape stability. Increasing the yolk concentration
results in increased shape stability, however, h@h a concentration results in
restricting the height of the cookies. This demonstrates a narrow operating range for

manufacture of acceptable product.
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(b)
(c)

Figure 15- 3D printed cookies, (b) and (c) demonstrate how shape cgmitéringredient

(a)

concentratiori®

1.7.3 Medical Applications

3D Printing has also been utilisedtime medical and pharmaceutical industriesich
benefit fromthe unique anthnovative designs whictan be achieved McAlpine et
al. have reported the 3D printing of a bionic €&ig(re16).”

Figure 16 - 3D printed bionic eaf!

The complex structure of the human eadifficult to construct via traditional tissue
engineering approaches, therefore this presents a novel solution to the problem.
Research, such as this, is of huge benefit in medicine, as it paves the way for
manufacture of replacement body parts and @galiowing for an alternative to

waiting on the organ donation list for some patients.
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3D printing is also utilised in the pharmaceutical industry for the production of drug
eluting implants which inhibit bacterial growth in order to prevent infecé@andler

et al used hoimelt extrusion to produce a drug loaded strand that was then used as the
feedstock for a 3D printer. Their model drug wésofurantoin which they extruded

along with poly(l-Lactic Acid) (PLA) in order to produce a suitable drimpded

filament for the 3D printer. This successfully inhibited the growth of bacteria and
provides a Oproof of conceptdé study to

devices.

1.8 3D Printing of Solid Oral Dosage forms

With regards to dosage form prodoct, this has successfully been achieved with the
aforementioned inkjet binder printing, stereolithograpfiaged deposition modelling
(also referred to as fused filament fabrication (FFF) in this context) and a furtner
temperaturgoasteextrusion method, which is similar to FDM. Each are discussed

separately in the numbered sections below:

1.8.1 Inkjet Binder 3D Printing of Dosage Forms

Katstraet al. have employed thiakjet binder3D printing technique for the fabrication

of oral dosage form& A scheméc of the 3DPprocesss shown inFigure17.

?‘X-Y motion ?4 ?‘.

t Bissodl Spreading [ L‘Printhead Binder b
owder p
@/ a(f;\ :\2- droplets-. _

7}

s

Stage 1 Stage 2 Stage 3  Final Product

Figure 17 - 3DP proces$

The process begins by a thin layer of powder being spread over a stage. Binder
soluion is then deposited from an inkjéte nozzle which can move in the X plane
as shown in the diagram. This binder solution causes the powder to stick together

wherever it is depositied to form a two dimentional pattern. The stage is then lowered
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in the Z direction, as shown in the diagram, and more powder is spread across the top
of the printed pattern. Binder solution is then again applied to the powder, allowing
multiple layers to be constructed-or this researctvicel® PH301 was used aseh
pharmaceutical grade cellulose powddich was spread over the stage. Tablets that
demonstrate either erosion or diffusion release mechanisms could be constructed with

either Eudrag® E-100 or Eudrag® RLPO binder solutions respectively.

A further gudy by Roweet al has demonstrated the level of sophistication that can be
employed using this techniqii®Oral doses such as: immediaetended, breakaway,
enteric dual pulsatory and dual pulsatory can be fabricated by 3DP. Multiple sections
can be agineered within the same tablet by using different binder solutions allowing
for very complex release profiles to be achiewdich would be otherwise difficult to

obtain througtconventional tablet manufacture.

Recently, this powder 3D printing technigweas also utilised in the production of the

first Food and Drug Administration (FDA) approved 3D printed tablet from
pharmaceutical manufacturers, ApreGiaSpritan® (levetiracetam) used for the
treatment of seizuress available in four different dosérengths (250 mg, 500 mg,

750 mg and 1000 mg) andilises the patented ZipDa®dechnology, developed first

by the Massachusetts Institute of Technology (Mdmil further enhanced by Aprecia

in order to deliver high dose pharmaceuticals to a wide rahgatients. Using the
powder based approach to 3D printing, products are designed to rapidly disintegrate
on contact with a liquid and also have the ability to effectively taste thas¥Pls.’®
Despite Spritam® still being the only drug on the markeutibise 3D printing
technology, it provides a 6proof of conc:
and could hopefully help to demonstréte viability of this technique ahead of any

future drug approvals.

While the inkjet binder 3D printing tdmique has been successfully used for the
manufacture of commercial dosage forms, it is not without its limitatidrie nature

of the printing process lends itself to the production of tablets with low mechanical
strength, which may be more friable thtaaditional tablets. The additional removal

of any unbound powder matet at the end of the process can also lead to a more
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lengthy manufacturing time when compared traditional tablet manufacture, or even

other 3D pritning techniques.

1.8.2 Stereolithography (STL) Fabrication of Dosage Forms

Martinezet al. have successfully employed the stereolithography technique to produce
drug loaded hydrogels with varying water content, which allowed for the tailoring of
drug release from the final dosage forfhs.Polyethylene glycol based resins were
used along with the netoxic photeinitiator, riboflavin, which catalysed the
polymerisation of the resin, but still allowed the formulation to be pharmaceutically

compatible. Ibuprofen was the druigstedand the resting dosage forms are shown

in Figure18:
0% Water 10% Water
it .
20% Water 30% Water
e ey

Figure 18 - Dosage forms produced by stereolithography.

While control over size and shape of printed tablets whgeaed, variations in the
mass increased with increasing water content. This was thought to be as a eesult of
decrease in the viscosity of the formulation prior to the printing process. Despite this,
drug release profiles of the formulations indichtbat the tablets exhibit delayed

release, with the rate increasing as the water content of the dosage forms increased.

Similarly toinkjet binder 3D printing, the pogirint removal of any unused resin can
increase the manufacturing tipteut care mustiso be taken to ensure the removal of
any toxic compontents.  Most examples of STL involve the use of expensive

photoinitiators which are converted to reactive radicals during the printing process and
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are only partially consumed, leading to relativelyhhligvels being present in the final

product’®

1.8.3 Room Temperature Paste Extrusion 3D Printingof Dosage Forms

Robertset al have demonstrated th#te room temperature paste extrusion 3DP
techniquepresents a novel, inexpensive method of formulation fotroled release
bilayer tablets® A feedstock paste is prepared, containing all the required excipients,
which is then transferred to a syringe on the printer. The paste is then extruded onto
a movable stage to build up multiple layers of a tabletagoimg a specified dose of

the required drug. Figure 19 shows a schematic diagram and a photograph of the

printer used in this research

Printer head ¢——p

Figure 19 - The 3D printer used by Robertal™

Guaifenesirwas used as a model compoundhis research and printed as a bilayer
formulation in order to compare the release withmmercially availablguaifenesin
bilayer tablets While tablets produced by new additir@nufacturing technologies

are unlikely to satisfy current pharmacopoeial tests (due to extreme differences in the
manufacturing process as a whole)altllets producedy this methodvere tested for
uniformity of weight, thickness, hardness and friépiland all satisfied the
specifications listed in the U.S. Pharmacopoeia XXIVhe results obtained from this
work showed that the printe@dbletswere comparable to commercially available
guaifenesin bilayer tabletad highlights the benefits assoe@twith optimisation of

this technology althoughthe ability to vary the final dose of APl was not fully

investigated in terms of personalised medicine.
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1.8.4 Fused Filament Fabricationof Dosage Forms

Fused filament fabrication (FFF) presents another poteated for manufacture,
where the dose, in theory, can be easily scaMthile this method has the advantage
of not requiring any lengthy pegrocessing treatments or cleap, providing that the
tablet design has not required any support matenahufcturing is often limited to
thermally stable APIs. The feedstock is a polymer filament, which is heated up and
extruded through the printer nozzle in successive layers to produce a 3D dbjext.
feedstock is produced via either a solution loadingxdrusion loading method, as
discussed below:

1.8.4.1 Solution Loading Process

Both Gaisfor8® and Alhnaf! have successfully produced tablets using the FFF
technique with polyvinyl alcohol (PVA), resulting in extended release tablets.
Gaisford usedluoresceinas the model drug and prepared the 3D printer feedstock by
submerging filaments of PVA in an ethanolic solution of fluorescein for 24 hours.
They used a MakerBot Replicator 2x DeskB@p printerin order to print tablets of 10

mm diameter, with infill pezentages of 0%, 10%, 25%, 50%, 90% and 100%, thus

varying the dose.

10% Infill 50% Infill

|

Figure 20 - Printed tablets with a view of crosection®®

With varying the percentage infill of these tabletsyirag the dissolution rate was also
achieved. The drug was released much quicker with the 10% infill tablet, taking 6
hours for complete release, compared to the 50% and 90% infill tablets, which showed

complete release after 15 and 20 hours respectively.
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Alhnanand ceworkersalso prepared their drug loaded PVA filaments by submerging
them in a saturated solution of their model drug for 24 hours. The drug chosen was
prednisolone and the saturated solution was prepared in methanol. Allataaiso

used aMakerBot Replicator 2x Desktop 3D printent, instead of varying the infill,

they varied the size of printed tablet in order to demonstrate the feasibility of

personalised dosindrigure2l).

Figure 21 - Alhnanet al tablet desigfit

The precision of dosing ranged between 88.7% and 107%, demonsmatiaglegree
of control ovethe manufacturig process.X-Ray and thermal analysis also suggested
thatprednisolone remained in an amorphous state after printing, which could be highly

beneficial when applied to poorly water soluble drugs.

While both of these methods achieve scalalsing intablets, the downfhirises
when considering the maximum driloading achieved in the filament feedstdck
Gaisford achieved a final drug loading of 0.29% w/w and Alhnan a final drug loading
of 1.9% w/w. This is very low and, while this could be a viable manufacturing route
for a variety of low dose drugs, extros of the polymer feedstock in combination
with API prior to printing could provide greater variation in drug loading and hence,

scalability.

28



Introduction

1.8.4.2 Extrusion Loading

Pietrzaket al used both methacrylic based polymers (EudgaBiL, RS and E) along

with one cdulose based polymer (hydroxypropyl cellulose, HPC SSL) in order to
extrude a 3D printer feedstock filament containing their model drug, theophylline, as
shown inFigure22.82

(A) (B) (€)

Drug-loaded Eudragit filament v
Software design

(E) (D)

Drug-loaded
Eudragit filament

Fused Deposition Modelling
3D printing

Cross-section Outer surface

Figure 22 - Schematic lllugation of the HME/FFF Proce$§%

As with their previous investigation into varying the size of prednisolone tablets,
produced from solution loading of PVA, size was again the method of dosatyel

for this piece of work, with Eudrag® RL being used as the carrier polymek dose
accuracy between 96% was achievedor tabletsbased on the desired dose and
design which was input into the computer softwak¥hen using Eudrag# RL, this
resulted in tabletswhich displayed suained release characteristics, however
substitutingwith Eudragi® E or HPC SSlallowed for tailoringtowards immediate
releasdablets although theseeleased the API at a slower rate, compared to filament
alone, presumably due tos® of surface area of the filament after fusion during

manufacturing of the printed tablets.
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Goyaneset al have also utilised HME in the production of budesonide loaded 3D
printed PVA tabletsRigure23).83 They also employed aating technique in order
to compare the release of API from their formulation with two commercial budesonide

products already on the markeZortimen® and Entocom®.

Figure 23 - Images showing an uncoated, coated and crosisiset coated tablet at the top,

followed by SEM images of the cross section of coated tahl&otton??

Although production of tablets was successful, it was noted that the planned drug
loading of 5% w/w wagot achieved, with 4.14% w/w instead being the loading found

in the filaments. Once dissolution analysis had been carried out on the 3D printed
tablets and the commercially available products, a release profile with characteristics
of both commercial mducts was demonstrated This highlights the benefit for
integration of 3D printing within traditimal manufacture of dosage forms, although
the speed of the process as a whole is unlikely to be able to compare with traditional

manufacturing methods.

With these two examples of combining HME and 3D printing, manufacturing
temperatures are in the range of approximately 200°C, which can be unfavourable with
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some systems. Okwuostal. have demonstrated the production of immediate release
tablets manufacted at temperatures as low as 110°C, using polyvinylpyrrolidone
(PVP) as the carrier polymeFigure24).84

Dipyridamole p Theophylline
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Figure 24 - Tablets of dipyridamole and theophylline and their corresponding dissolution pfbfiles

The model drugs under investigatiomipyridamole and theophylline were
successfully formulated with the PVP carrier polymer, producing tablets with a
disintegration time of less than 15 minutes. As carséen from the dissolution
profiles, more than 85% of the API was released within the first 30 minutes of analysis
for both model drugs under investigation, which is in contrast with the release observed
in the previous examplé$® This highlights the flexibility possible with the
combination of both HME and 3D printing in tailoring the release profiles of dosage

forms.

1.9 The Current Study

Although thetechniques dsussedso far demonstrate novel ways witlvhich to

address the scalability of dosage form manufagctheeoverall research area is still in
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its infancyand there is a need for further investigation into its overall vialiiithe
pharmaceutical industry There are still plenty of regulatory and quality control
challenges to be overcome before adopting 3D printing as an alternative manufacturing
techniqueand there is currently no universal set of guidelines to cover this, especially
due to the numberfdifferent 3D printing techniques which can be applicable to
manufacture of dosage forfs. While traditional pharmaceutical manufacturing is
limited in many cases, there is still not enough evidence to encourage a complete shift
towards a more modern éiscalable method of producing dosage forms. ré&bent
approval ofSpritam®from Aprecia® has highlighted that additive manufacturing is a
viable direction for this production shift, but other researcmgdes are limited to a
select number of APJswith no real attemptio fully explore the design space and its

limits within these techniques.

The current study aims to addressme ofthese limitations and providefurther
evidence that printing technologiere a viable method f@caleabledosage form
manufacture. As these technologies relativelyeasyto use futurechangesould
potentiallysee them beingnstalled within hospitaf and pharmaciegroviding the
relevant approval has been grantedsiach a venturgndallowa mor e O poi nt

approach tananufacture of personalised medicind@althcaresettings.

1.9.1 Method Selection

After careful consideration of the numerous different additive manufacturing
techniques discussed previously, FDMsaselected as a potential area for further
investigation due teéhe opportunities available for scaling the dose of the resulting
tablet. On top of the variation in size or shape of the tablet, which is possible with
any CAD compatible technologwfill of the tabletcan also be varied, allowing for
further investigation into scalability of the process.

Coupling this technique with either solution loading of existing filament feedstock, or
extrusion of new feedstock with varying APl/excipient composgiallows for a more
comprehensive understanding of the technaphow different formulations may be
applicableto this method of manufacture.
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1.9.1.1 Printer Selection

While the variety and complexity of printers utilising FFF technology expanded
rapidly throwghout the duration of this research, there were only two potential
candidates with which tanitially investigate manufacture due to cost limitations.
These two printers were either thiakerBot Replicator 2X or the Leapfrog Creatr HS
(Figure25):

Figure 25- MakerBot Replicator 2X (left) and Leapfrog Creatr HS (right)

Features and overall cost were comparable for both of these printers, but the Creatr HS
presented easier access to gears and filamedihfig mechanismsThis was deemed
a benefit for investigation into new filamepntghich arenot typicaly used with these

machines.

1.9.2 Polymer Selection

For solution loading experiments, the polymer feedstock was limited textmaded
Polyvinyl alcohol (R/A) as this was the only water soluble, biocompatible,

comercially available filament that existed for use with the printer.

For extrusion loading experiments, there were theoretically many palyeners
which could be investigatedut these were limitetly lab availability and online

availability at thebeginningof experimentation. There was also very limited success
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reported in the literature for transfer of extruded polymer filaments to a printer, so
polymer selection was also influenced by succebgeaed by other colleagues within
the department. For extrusion experiments to be comparable with solution loading
experimentsPVA was selected as an initial polymer with whiclbegin investigation.

This was followed up with investigation into theitability of AffinisolE L Vds@n

alternative carrier polymdrased on experiments carried out by colleadles

1.9.3 API Selection

After looking through all the entries of drugs available in the British National
Formulary (BNF)® a list of possible candidatesas compiled and is presented in
Tahbe 1.

In order to initiallynarrow down possibilities and highlight where there may be a need
for personalised medicine, the drugs were chosen based on there being more than four
different doseswvailable. For ease of operation when attempting to formulate these
drugs, doses of less than 0.5 mg or more than 100 mg were also excluded due to the
potential for inhomogeneity in the final dosage fdrmery low dose drugs may be
difficult to detect therefore difficult to prove homogeneous distributiosing the
analytical techniques on offer, whereas high dose drugs may present diffiaitties

initial mixing of thedrug andcarrier polymer prior to extrusion

Other factors mustso be taken intoonsideration the melting point othe APImust

be low enough to provide adequate miscibility within a chasener polymerand

also avoid any thermal degradation which may be experienced at higher processing
temperature®’ Itis also important toansider the safety of pelgpworking with these
compounds while some of these APIs are not considered to be hazardous substances,
others can cause very serious health problems if the worker is exposed to them, even

in small quantities e.g. warfarin.
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Table 1 - Possible Candidate Drugs
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Drug

Current Melting Point BCS
Doses Classification

Hazard Information

Bisoprolol
Fumarate

Carvedilol

Prazosin

Cilazapril

Enalapril

Maleate

Lisinopril

Quinapril

Ramipril

1.25 mg 100eC T
2.5mg
3.75 mg
5mg
7.5mg
10 mg
3125mg 113117 e ¢ I
6.25 mg
12.5 ny
25 mg
0.5 mg 278280 e ( |
1 mg
2 mg
5 mg
0.5 mg 959 7¢eC I
1 mg
2.5 mg
5mg
2.5mg 1431 4 4 e ( |
5mg
10 mg
20 mg
2.5mg 148e¢C i
5 mg
10 mg
20 mg
5mg 1201 3 0 e ( Il
10 mg
20 mg
40 mg
1.25 mg 109eC |
2.5mg
5 mg
10 mg

Harmful if swallowed

Toxic to aquatic life

Toxic

Not Hazardous

Not Hazardous

Not Hazardous

Not Hazardous
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Trandolapril

Warfarin

Sodium

Atorvastatin

Rosuvastatin

Simvastatin

Haloperidol

Aripiprazole

Olanzapine

Risperidone

0.5mg
1mg
2 mg
4 mg
0.5 mg
1mg
3 mg
5mg
10 mg
20 mg
40 mg
80 mg
5 mg
10 mg
20 mg
40 mg
10 mg
20 mg
40 mg
80 mg
0.5 mg
1.5mg
5mg
10 mg
20 mg
5 mg
10 mg
15 mg
30 mg
2.5 mg
5mg
7.5 mg
10 mg
15 mg
20 mg
0.5 mg
1 mg

1191 2 3 e ¢

167-1 6 8 e ¢

159.21 6 0. °

122e¢eC

1351 3 8 e ¢

147eC

139139 . 5

195eC

170eC

Introduction

Not Hazardous

Toxic tohumans and

aquatic organisms

Not Hazardous

Not Hazardous

Toxic

Not Hazardous

Irritant and toxic to
aquatic life

Toxic if swallowed
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Atomoxetne

Oxycodone
Hydrochloride
(OxyContin)

Rivastigmine

Tadalafil

Glimepiride

Lenalidomide

2 mg
3mg
4 mg
6 mg
10 mg
18 mg
25 mg
40 mg
60 mg
80 mg
5mg
10 mg
15 mg
20 mg
30 mg
40 mg
60 mg
80 mg
120 mg
1.5mg
3 mg
4.5 mg
6 mg
2.5 mg
5 mg
10 mg
20 mg
1 mg
2 mg
3 mg
4 mg
5mg
10 mg
15 mg
20 mg

167-1 6 9 e ¢

219eC

1231 2 5 ¢ ¢

301302 ¢ (

207eC

2692 7 1 e (

v

Introduction

Not Hazardous

Not Hazardous
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Careful consideratiowasgiven to all of these APIs through examination of the pros
and cons associated with using them for laboyateseach. Although not a desirable
criteria, cost also had to be examined as a factor when choosing a suitglids el
infancy of the overall 3D printing technique, combined with the univef&tp
budget, limited the ability to test any expensivel&within the scope of this research.

From the list of APIs iTabe 1, carvedilolwas selected for its relatively low melting
point(compared to the otheiSigure26), its low human toxicity and the eamsed cost

with which it could be sourced from supplier€arvedilolisanors e | e cblockere b
used to treatdults with heart failure, buiherehasalsobeen investigation intds
paediatric us@€®®! althoughthere is currently no suitable dose tre market for
children. Paediatric doses are often based on weagid given the earlier discussion
surrounding the use of 3D printing as a technique for dose sdhlimghoice presents

an ideal candidate to begin mdacturing varying doses ofdaug

u}

.____,.p-"'

H

DWHWD

1] fm]

HH

Figure 26 - Carvedilol

Carvedilol isa basic, hydrophobic compound andlso categorised as a Class Il drug

in the biopharmaceutical classification system (BCS) meaning that it has poor
solubility, but high intestinal permeiiby. °> While this is not the area of primary focus

for this research, hahelt extrusion has been known to aid in the solubilisation of BCS
class 1l drugs®%4therefore its use as the primary step in the manufacture of scaleable

doses could have wider gottial than purely a personalised medicine perspective.
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1.10Aims and Objectives

The main aim of this project is to develop a methodrfanufacturing solid oral dosage
forms that allows for the potential to scale the dose and demonstrate an applicability

for the use in personalised medicine.

An initial aim is to first prepare a drug loaded polymer feedstock that is suitable for
transfer to a 3D printer. As mentioned in examples throughout this introduction
section, this can be done either by loading aepteuded filament with API via a
solution,or by extruding a combination of polymer and API, with the use of a hot melt
extruder, to produce a filament with compatible size and mechanical properties for use
with a 3D printe®® Drug loading of the extrudatan be increased or decreassd,

either of these methodallowing for dose variationtaan early stage in formulation

and linking back to the main aim of demonstrating applicability to personalised

medicine.

A further aim of this research is the primgi of tablets using drug loaded filaments
prepared by the aforementioned loading techniques. Adjugimglose ofthese
tables should beachievableby eithervarying the size and/or shape of the printed
tablet, or by varying the percentage of the tathlat is filled in during printingwhich

again links back to the applicability of this technique in the field of personalised
medicine. Altering the size or shape of a tablet is easily achieved by selecting a
different tablet design, from a library oésigns, drawn using compatible software
Varying the percentage of filled volume of the printed design is also a freely selectable
parameter ithe software of the 3D printer and the eaghigfselection process means
that different designs can be pumed quickly and without the need for a specialist to
operate the machinery

A final overall aim of this research is to investigate the release of APl from these 3D
printed dosage fornend attempt to match the doses currently available on the market.
Cavedilol is available as an immediate release formulation with a dose range of
3.12525mg and a controlled release formulation with a dose range-801fig,

therefore being able to cover these ranges will allow for further applicability in the

field of personalised medicine.
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2 Materials and Methods

2.1 Introduction

This thesis aims to investigate scalable oral dose manufacture across three distinct
chapters, the overall use of equipment and various techniques are very sirhgge
materials and methods ateerefore collected within thistandalonechapter in order

to provide a more cohesive explanation of the experimental techniques used
throughout the research.

2.2 Materials

Polyvinyl alcohol (PVA) was obtainedither as an extruded filament (1.748m
diamegr) from RoboSavvy (London, UKpr as a white powder in two different
molecular weight ranges (130ZB000 and 890008000) from Sigmaldrich
(Dorset, UK). Carvedilol was obtained as a white powfitem Molekula (Newcastle,
UK.). Af fi ni s ol Ebtainsddla$an woiihite powder from Dow Chemicals
(Michigan, USA). The following additives to the formulations were obtained from
differert companies as follows: sodium chloride, glycine arahnitol fom Sigma
Aldrich (Dorset, UK), ellulose from Acros Organics (Geel, Belgium),
hydroxypropylcelluloseKlucel ELF and Klucel HXFfrom Ashland (Bradford, UK),
erythritol and polyethylenelgcol MWt 1000 (PEG 1000fyom Alfa Aesar (Heysham,
UK), polyethylene tycol MWt 4600 (PEG 4600) from Union Carbide Cheaisand
Plastics (Houston, USA), sodium starch glycol@&plotal® and VivaSta®) and
crosscarmellose sodiumVigaSol®) from JRS Pharma (Cedar Rapids, USA).
Solvents (1-butanol, pentanol, ipropanol, 2butanol, 2butanone, Znethyll-
propanol, Zpropanol, 3methytl-butanol, methyl isobutyl ketone (MIBK), acetone,
anisole, butyl acetate, dimethyl sulfoxide (DMSO), methanol, ethanol, heptane,
isobutyl acetate and pentanesed were of analytical graded purchased from either
SigmaAldrich (Dorset, UR or VWR International Ltd (UK). Sodium chloride
(NaCl) and hydrochloric acid (HCI) for dissolution media were purchased from Sigma
Aldrich (Dorset, UK) and VWR International Ltd (UK) respectively.
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2.3 Manufacture of 3D Printed Tablets

Tablets were producadlsi ng a Leapfrog Creatr HS des|
3D Printers, The Netherlands) The tablets were desigd using Auto CAD 2015

software and further manipulated using Simplify3D software (v 3.6rla Dell laptop

with an Intel(R) Core(TM) i54300U CPU @ 1.90GHz 2.50GHz processor and a

64-bit operating system The selected tablet design was cylindrical, with dimensions

of x =10 mm, y =10 mm, z =4 mm, and the edges were rounded for 1 mm tihem ei

face, to avoid sharp edges ($egure27).

Figure 27 - CAD Drawing of 3D Printed Tablet

For printing, the oO6rectilineard infildl d
accordigy t o experi mehtwdres iigmc | toibendifondhe san o f

tablet but the O6raftdéd opti.on was not includ

For experiments with PVA emperature settings df 9 0 frCprinting, with a bed

t emper at ur eusedfandsdinbirted widadefaut print speed of 200 mm/s
Optimisation of print settingsvh e n  u s i n g is Aigchissed in snoré &etail

within therelevantresults section, but generally, a prin t e mper at urae of 1
bed temperature of 50eC, were foagamd t o b

with a default print speed of 200 mm/s
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Two outer shells were included in thent design, along with three solid layerstbe
top and bottm of each tablet Each tablet was printed with a standanfill of 30%,

unless otherwise stated.

2.4 Extrusion of Polymer Filaments

All extrusion experiments were carried out using a process llstwaw extruder
(Thermo Fisher Scientific, Karlsruhe, GemyaFigure 28). For the specific screw
configuartion used in all extrusion experiments, see Appendix The screw speed

and die size were 60 rpm and 1.5 mm respectively unless otherwise stated.

Figure 28 - Process 11 Twitscrew Extrude¥

The extruder wa equipped witteight different indepenaly controlled temperature
zones, which wereset prior to commncement of extrusion and coute easily
adjustedduring the process required. Materials were fed into an open barrel port
using a small, single screw volumetric feeder equipped with a variable speed drive
The speedould be changed usimgbitrary numbers on the feeder control panel, where
settingancreasedrom 1. For the purposes of this reseach, a setting of 5 walsfose

all extrusion experiments, unless otherwise statedSee Appendix7.2 for
corresponding feed rates in kg/h.

The required components for each formulation wemividually weighed and
combinedin 40 g batchesefore being blended to ensure homogeneity prior to
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extrusion. Each formulation(which contained more than just pure polymegs
blended for 15 minutes using a Bin Blender (PharmaTeckOR® Coleshill, UK

with the blender rotating at 3pm, and an internal agitator speed of 4.

Eachof the formulations from a specific batch of experimevege extruded one after
another, discarding the initial material from each mrorder to minimise cross
contamination. Processingime wasnotedfor each experimental battly measuring

the time taken from the first material entering the barrel at the feed port, to the

emergence of materialdm the die block at the end.

2.5 Techniques Specific tadChapter 3 and Solution Loading of PVA

Filaments

2.5.1 Preparation of Drug Loaded Filaments

Regardless of specific experimental condition under investigation, the process for
loading the filaments with API is similar, with any changes discussed in the relevant
section. The ksic solution loading process, adapted from a literature métibi,

as follows:

PVA filamentwasprad r i e d (1@8Hows), thénammmersed in the drug solution
in a sealed vessel at room temperature2brhours in a fume cupboard.Post
treatmentt he f i | ament fava durthdrr24 bodijsagdLudteds of
approximately50 mg takenadded to a volumetric flask and dissolved in wber

HPLC analysigsee Sectio2.8.]) to determine drug content

2.5.2 Solvent Screening

For testing the solubility of PVA in a solvent screen, the most suitable metmtbw

cut a piece of filament, submerge in the selected solvent and leave for 24 hours,
measuring the difference in weight before and after submersidhdifferent 2 cm
pieces of PVA filament (one for each solvent under investigation) were cut add drie
according to the generic solution loading method, before veénghed and added to

a glass vial containing 10 mL of the seled solvent. These vials were then treated
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as per the above method, before weighing and recording any observed difference in

mass at the end of the experiment.
2.5.2.1 Carvedilol Solubility Analysis

The solubility of carvedilol was also screenefteraexcluding unsuitable solvents
which either dissolved or partiallyissolved WA, as detailed in the results section.
This was achievelly adding a few milligrams of API tibe vials that had already been
used for PVAsolubility screening and shaking briefly before observing if any material

remained.

2.5.3 Varying the Loading with Solvent Evaporation Rate

Three different sizes of vessels wehmsen in order to vary the surface area of the
solvent: 100 mL, 500 mL and 1 L The surface areanieach of these vessels was
17cm?, 44 cn?, and 64cn? respectively These eitheremained sealed for the
duration of the experiment, or open to the atphese, allowing for evaporation of
solvent. A segment &®VA filamentof approximately 3 cnin length, and weighing
0.10 g, was added to each vessel along BitinL of a 10 mg/mL carvedilol solution
in ethanol This was therstoredand subsequently idd according to the generic
loading method.

2.5.4 Varying Concentration of Loading Solution

Filaments were treated as per the generic solution loading method mentioned above,
with the only change being the concentration of loading soluitieither 10 mg/mL,
15mg/mL or 20 mg/mL carvedilol in methanol.

2.5.5 Varying Loading of Filaments With Time

Different loading times were selected todéstigate loading efficiency: 1, 2, 8, 24
and 48 hours 18 different 2 cm samples of PVA filament (3 per sample tiwere
treated as per the generic solution loading method, using a 20 mg/mL solution of
carvedilolin methanal Three of these samples were remof@danalysis by HPLC
(See Sectio2.8.1) and TOFSIMS (See Sectio2.8.3.) at each sample time point.
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2.5.6 Varying Loading of Filamentswith Varying Pressure

Three segments of PVA filament were selected as control samples and three were
selected for high pressure analysi$or high pressure analysis, the segmentewer
transferred t@ PTFEloading tube, submerged imaethanolic solution of carvedilol
(10mg/ml) andsealed at both ends of this tube before bkiaded into a large volume
press a schematic drawing of which is showrFigure29.%” The intenal bore of the
loading cell isLO mm in diameter and the pressure is applied to the cell via the use of
a hydraulic press. The pressure is measured via an external gauge and, once the
desired pressure is achievedietaining nut is rotatketo lock the pressure within the
loading cell. Once this is locked, the hydraulic press is released and the cell left for a
desired length of time before checking the contents of the éait. this experiment,

an external presure &kbar (7 metricannes) was applied to theading tubewithin

the cell and the equipment left at room temperature for 24 holinge control samples

of the experimentvere also held in  TFE loading tube submerged in methanolic

drug solutionputthese remained at amebt temperture and pressure for 24 hours.

Pusher
— Retaiming Nut

Spacer

Lot Cell Body

a2t Piston

Seal

Capsule

56

Sample

Seal

— Bottom Nut

SECTION A-A

Figure 29 - Schematic of Large Volume Press (measurements are in millimetres)
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2.6 Techniques Specific taChapter 4 andExtrusion Loading of PVA
or AffinisolE

2.6.1 Milling of PVA Filament

PVA filament was first pelletised using anrhin hotmelt extruder strand pelletiser
(Thermo Fisher Scientific, Karlsruhe, Germahyin order to obtain pellets
approximately 2 mm in length. Ritz-Quadro Hammer and Knife mi{Ontario,
Canadajvasthen used to ith the pellets and wagperated in the knife bladermation

at 4500rpm, with various gratings investigated?owdered material was collected in

a clear plastic bag rather than a metal collection vessel in order to observe the process

while the mill wasn operation.

2.6.2 Extrusion of PVA

Pelletised PVA filament was trialledithin the extruder, in the absence of API, to
demonstratexperimental conditions suitable for PVA alonés this filament was
originally intended for use in a 3D printer, extrusiomperature was based on the
upper limit of the processing range when applied to 3D prifffirkhe extrusion

settingsare listed inTable2:

Table 2 - Extrusion Settings foPelletisedPVA Filament

Trial Barrel Temperature  Screw Speed Feeder

(°C) (rpm) Speed

1 50°Cat feed port 100 2
200°C rest of barrel

2 50°C at feed port 100 2
200°C rest of barrel

3 50°C at feed port 100 2
200°C rest of barrel

4 50°C at feed port 100 2
200°C rest of barrel

5 50°C atfeed port 120 2
200°C rest of barrel

6 50°C at feed port 120 3

200°C rest of barrel
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Investigation into the extrusion of powdered PVA was also carried out, again with no

drug present. Settings used forigh molecular weight PVA (89@98000 MWt)are
shownin Table3:

Table 3 - Extrusion Parameters for Powdered PVA (8988000 MWt)

Trial Barrel Temperature  Screw Speed Feeder

(°C) (rpm) Speed
1 50°Cat feed port 100 3
190°C rest of barrel
2 50°C at feed port 50 3
190°C rest of barrel
3 50°C at feed port 30 3

190°C rest of barrel

When testing the extrusion of low molecular wei§MA (1300623000 MWt),the
die size also had to be varied according the the settings displayedla®:

Table 4 - Extrusion Parameters for Powdered PVA (1323000 MWt)

Trial  Die Size (mm) Barrel Temperature  Screw Speed Feeder

(°C) (rpm) Speed
1 2 50°C at feed port 50 3
220°C rest of barrel
2 2 50°C at feed port 20 3
220°Crest of barrel
3 No Die 50°C at feed port 300 3

170°C rest of barrel

263 DoE Approach to Extrusion ofusigf fi ni s
MODDE Statistical Analysis

Af finisol E was selected as an alternati)
carvediol and a number of different disintegrantsor eacldisintegrant formulation

included in theDesign of ExperimentdDOE) approachMODDE software(version

11, Umetrics, Swedemyas used in order to determitienumber of experiments and
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levels of compnents which would give an overall idea of the experimental space

under invetigation.
Three factors were used for the design of experiments as follows:

1. API concentration (1%w/w, 10.5%w/w and 20%w/w corresponding to 'low’,
'medium’ and 'high’)

2. Digntegrating agent (0%/w, 5%w/w and 10%w/w corresponding again to ‘low',
'medium’ and 'high’)

3. Type of disintegrating agergalt (NaCl), small natural(glycine), large natural
(cellulose) small syntheti¢Klucel ELF)and large syntheti@lucel HXF)for the first
DoE anda selection of small natural moleculesythritol, mannitol, PEG 100 and
PEG 4600 for the second DoE

The response factor was calculated as the percentage of flament remainingefter
hour submerged and agitated in simulatedrgafiuid (SGF) usinga Charles Ischi
AG disintegration bath (ED v.2. Zuchwil, Switzerland) full factorial experimental
design, withten centre points for the first DoE arfidur centre point$or the second

DoE, wascarried out and various plots pdated in order to show the results.
2631 Extrusion of AffinisolE with Carvedil

For the purpose of fully investigating how each disintegrant affects a formulation
containing carvedil ol and AffinisodE, a
used, withan initial setup of six different formulations investigated per disintegrant.

These were carried out in order according to the followialgle5:
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Table 5 - Formulation Design for Disintegnt DoE

Formulation APl (% w/w) Disintegrant (% w/w)  Polymer (% w/w)

1 1 0 99
2 20 0 80
3 1 10 89
4 20 10 70
5 10.5 5 84.5
6 10.5 5 84.5

These formulations werepplied to the investigation of sodiunmhloride (NacCl),
glycine, @llulose, Klucel ELF, Klucel HXF, erythritol, mannitol, PEG 1000 and PEG
4600. The individual powder blendfr each formulationvere made up in 40 g
batches and the extrusion experiments were run as pidltdwing settings die size
of 1.5 mm, barrel temperature of 504Cfeed port and70°C for the rest of the barrel,
screw speed of 60 rpm and a feespeedf 5. A processindime of 7 minutes was

recorded.

After an initial investigation into how farulations containing NaClglycine,
cellulose, Klucel ELF and KluceHXF extruded formulation 6 was omitted from
experiments containing erythritol, mannitol, PE@O0 and PEG 4600 as results were

only intended to be for screening purposes.

264 Extrusi on of Af finisolE wi t h Car vedi
PEG 4600

For the pupose of investigating whether increasing the disintegrant concentnation
any effect on the drug release from individual formulations, both mannitol and
PEG4600 were selected for further investigation. Again, six different formulations
were investigeed per disintegrant, along with a blank formulation containing no
disintegrant, and were made up accordingable6:
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Table 6 - Formulations for Further Investigation of Mannitol and PEG 4600 as Disarttyg

Formulation API (%) Disintegrant (%) Polymer (%)

Blank 10.5 0 89.5
1 10.5 5 84.5
2 10.5 10 79.5
3 10.5 15 74.5
4 10.5 20 69.5
5 10.5 30 59.5
6 10.5 40 49.5

Each batch of extrusion experiments for the different disintegrants investigated were

run as follows
2.6.4.1 Extrusion of Mannitol Formulations

The individual powder blends for each formulation were made up in 40 g batches and
the extrusion experiménwere run as per the followirsgttings: die size of 1.5 mm,
barrel temperature of 50°C at fepdrt and 170°C for the rest of the barrel, screw
speed of 60 rpm and a feeder speed ofS.the mannitol content increased, filament
exiting the die became very soft, therefore the barrel temperature for formulations 5
and 6 was lowered to 165°C and 160espectively. A processindgime of 7 minutes

was recorded.
2.6.4.2 Extrusion of PEG 4600 Formulations

Again, the individual powder blends for each formulation were made up in 40 g
batches and the extrusion experiments were run as per the following seigrgjzed

of 1.5 mm, barrel temperature of 50°C at feed port and 170°C for the rest of the barrel,
screw speed A0 rpm and a feeder speed of B processindime of 7 minutes was

recorded.

As observed with increasinghannitol contentincreasing PEG 4600ontent also
resulted in very soft filamergxiting the die This time,the barrel temperature for
formulations4, 5 and 6 was lowered to Q8C, 145°C and 1@°C respectively.
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265 Extrusion of AffinisolE with Carvedil

For the purposef testing a selection of superdisintegraintexplotab®, VivaStar®

and VivaSol®i a range of different formulations were investigated. These were
carried out with or without the inclusion of a constant concentration of mannitol in
order to determine ithere is any difference in the release of carvedilol from these

formulations. These formulations were made up accordimghée7:

Table 7 - Formulation Design for Superdisintegrant Investigation

Formulation API (%) Superdisintegrant (%) Mannitol (%) Polymer (%)

1 10.5 1 0 88.5
2 10.5 2 0 87.5
3 10.5 3 0 86.5
4 10.5 4 0 85.5
5 1 10 0 89
6 20 10 0 70
7 10.5 5 0 84.5
Man 1 10.5 1 5 83.5
Man 2 10.5 2 5 82.5
Man 3 10.5 3 5 81.5
Man 4 10.5 4 5 80.5
Man 5 10.5 5 5 79.5
Man 6 10.5 10 5 74.5

The individual powder blends were made up in 40 g batches arekpleeimental
conditionswere kept constant for each formulation angh as per theptimised
settingsfrom previous extrusion experimentie size of 1.5 mm, barrel temperature

of 50°C for zone 2, 170°C for the rest of the barrel, screw speedrpfro@nd a feed

rate of 5. Processing times varied across the different formulations and are discussed
further in Sectior.3.3.4

2.6.6 Disintegration of Affinisol E /Carvedilol/Disintegrant Filaments

Disintegration was carried ousimg a Charles Ischi A@isintegration bathED v.2.

Zuchwil, Switzerland) Six samples wre analysed simultaneoustybmergedn 1L
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of simulated gasic fluid (SGF) and initially agitated for 15 minutes As this
apparatus is designed to handle tablets, the filaments weigeadly suited for this
methodand a further 45 minutes were added to the analysis time in order to get a better
understandingdf how each disintegrant affects the formulationsSSamples were
weighed before andfter disintegration, and the percentagess remaining calculated

as a measure of the disintegrant's capabiliti@hotgraphswere also taken of the
samples, podtisintegration, in order to see how the filaments changed throughout the

experiment

2.7 Techniques Specific toChapter 5 and the Population of a

Ternary Phase Dagram

2.7.1 Population of a Ternary Phase Diagram

Based on experimental results gained from Chapteonstruction of a ternary phase
diagramwhi ch i ncluded car ved.i fommeédthe besisfori t o |

experiments carried out in ChapgefFigure30).

100

50 75 100
Additive (%)

Figure 30- Ternary phase diagram for experiments containing carvedilol, mannitol and Affinisol
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Population of this space allowed for easier visualisation of the boundaries for 3D

printing and &periments were planneaccording tothe black dés visible onthis

diagram The area surrounding large percentages of additive was excluded from

investigations as it would limit the range of API doses possible, while still maintaining
a level of polymer necessary for the extrusion process.
containing high percentages of APl were excludieel to the potential lack of stability

Similargulations

within the extruder at lower polymer content. Therefaemiilations containing less

t han 50% Aérdinitially excllidéd from this investigatn, with three

formul ati ons

the space for printable formulations.

at

45 %

Af f i

2.7.2 Extrusion of Formulations with 1% Carvedilol

ni sol

E

ater

The individual powder blends were made up in 40 g batches and theldbans

designed according fbable8:

Table 81 Design of Formulations Containing 1% API

Formulation API (%) Mannitol (%) Polymer (%)
1 1 20 79
2 1 30 69
3 1 40 59
4 1 45 54

For formulations containg 1% APl 0% mannitol and 1% API 10% mannitol, please

refer to sectior2.6.3.1for the extrusion conditions as these experiments were not

add e

repeated for this section of work due to material already being available from previous

experiments. Extrusion conditions remained constant, as per previous experiments,

are are detailed as follows: die size of 1.5 mm, barrel temperature of 50°C for the feed

port and 170°C for the rest of the barrel, screw speed of 60 rpm and a feed>ate of

A processindime of 4 minutes 30 seconds was recorded.
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The individualpowder blends were made up in gatches and thimrmulations

designed according fbable9:

Table 97 Designof Formulations Containing% API

Formulation API (%)

Mannitol (%)

Polymer (%)

1 5
2 5
3 5
4 5
5 5
6 5

5
10
15
20
30
40

90
85
80
75
65
55

These powder blends were then extruded accorditing tprevious settings alie size

of 1.5 mm, barrel temperature of 50°C for the feed port and 170°C for the rest of the

barrel, screw speed of 60 rpm and a feed rate d& processindgime of 4minutes30

secondsvas recorded.

2.7.4 Extrusion of Formulations with 10.5% Carvedilol

For formdation design and extrusion parameters, please refer to s@c@ighand

section2.6.4.1 These experiments were not repeated for this section of work as

material was already available from presaxperiments.

2.7.5 Extrusion of Formulations with 20% Carvedilol

The individualpowder blends were made up in gbatches and thimrmulations

designed according fbable10:
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Table 107 Designof Formulatios Containing 2% API

Formulation API (%) Mannitol (%) Polymer (%)
1 20 5 75
2 20 10 70
3 20 15 65
4 20 20 60
5 20 30 50

For formulatons containing 20% API 0% annitol, please refer to secti@r6.3.1for
the extrusion onditions, as this composition had already been prepared in previous

experiments.

These powder blends weatsoextruded according to the previous settings of: die size
of 1.5 mm, barrel temperature of 50°C for the feed port and 170°C for the rest of the
barrel, screw speed of 60 rpm and a feed rate ofASprocessingime of 6 minutes

was recorded.

2.7.6 Extrusion of Formulations with 30% Carvedilol

The individualpowder blends were made up in gatches and thimrmulations

designed according fbable11:

Table 117 Designof Formulations Containing 30 API

Formulation API (%) Mannitol (%) Polymer (%)
1 30 0 70
2 30 5 65
3 30 10 60
4 30 15 55
5 30 20 50

While theprevious settings of: die size of 1.5 mibarrel temperature of 50°C for the
feed port and 170°C for the rest of the barrel, screw spieg@ rpm and a feed rate of
5, were applied to formulation 1, the barrel temperature was lowered for subsequent
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formulations to accomodate the softer filansegtting the die. Aprocessingime of

7 minutesb0 secondsvas recorded.

As the API content of the formulations increased, there were also problems

encountered with flow of the powder blends into the feed pé. such, the feeder

speed was increagén order to combat thig able12):

Table 12 - Extrusion Conditias for Formulations Containing 39API

Formulation Die Size (mm) Barrel Temperature  Screw Speed Feed Rate
C) (rpm)

1 15 50°C zone 2, 60 5
170C°C rest of barrel

2 1.5 50°C zone 2, 60 5
160°C rest of barrel

3 1.5 50°C zone 2, 60 15
160°C rest of barrel

4 1.5 50°C zone 2, 60 15
150°C rest of barrel

5 15 50°C zone 2, 60 15

150°C rest of barrel

2.7.7 Extrusion of Formulations with 40-50% Carvedilol

The individualpowder blends were made up in gbatches and thimrmulations

designed according fbable13:

Table 137 Designof Formulations Containing 480% API

Formulation API (%) Mannitol (%) Polymer (%)
1 40 0 60
2 40 5 55
3 40 10 50
4 50 0 50

Based on observations of softer filaments and poor powder flow with increasing API

content, hese powder blends were then extruded according to the foll@ettiggs:
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die size of 1.5 mm, barrel tematureof 50°C for the feed port and Q&C for the rest
of the barrel, screw speef 60 rpm and a feed rate of 10A processingime of 8

minutes was recorded.

2.7.8 Extrusion of Formulations with 45% Affinisol E

Dueto printing being successfuith 20% APland 30% rannitol, further extrusion
experiments were required in order to reveal where the boundapyiribfailure of
theseformulationscould beestablished. Three formulations were extruddsich
looked at varying the concentration of carvedilol andnnitol, while keeping the
AffinisolE concentration the same at 45% of the overall compositibinis allowed
for three points surrounding the 20% CARY%3 mannitol formulation to be
investigated furthefTable14):

Table 14- Design of Formulations Containing 45% Affinigol

Formulation API (%) Mannitol (%) Polymer (%)
1 10 45 45
2 20 35 45
3 30 25 45

With the reduction in polymer content, similar problems with powder flow were
encounteed and the feedespeed was adjusted to 8 accordingie size and screw
speed were maintained at 1.5 mm and 60 rpm respectively, but the temperature of the
barrel was lowered from 170°C to 165°C for formulation 3 on account of the higher

drug content. A processingime of 8minutes was recorded.

279 Direct Compression of AffinisolE/ Carv

In order to make aomparison with traditional tablet manufactiaed hotmelt
extrusion coupled with 3D printing, direct compression was selected as actaaiyto
out this comparison. This was carried out in order to detemnvhieéher extrusion and

subsequent printing provide any benefits over current manufacturing processes.
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The following formulations were selected for investigatiofhese were made up i
5009 batchesccording torable15:

Table 15 - Formulation Design for Direct Compression Experiments

Formulation API (%) Mannitol (%) Polymer (%)
1 10.5 10 79.5
2 20 10 70
3 30 10 60

Similar to the peparation for extrusion experimentach formulation was blended for

15 minutes using a Bin Blend@harmaTech AB15, Coleshill, UK with the blender
rotating at 3@pm, and an internal agitator speed of 4@®. Each of the formulations
were then faher blended with 0.5 %w/w magnesium stearate (Parteck LUB MST,
Merck Millipore, Merck Group, Massachusetts, USA) at 20 rpm for 60 seconds, to
gently lubricate the blend Each blend was then transferred to the hopper of a single
punch tablet press (Kais XP1, Korsch AG, Berlin, Germany) to produce-feted
round tablets with a 0.80 mbevel edge in a die with arBm diameter at a rate of 10
per minute The tablet press was calibrated for each experimental condition to
produce tablets with differemarget weights in order to compare with the 3D printed

tablets already produced.

Carvedilolis described in the literature as having poor flowability propéftté&and
difficulty with filling the cavity of the tablet press was encountered at 20% and 30%
drug loadings As a result, individual tablets from each of the different formulations
were manually filled into the press to produce tablets of approximateipg@geight

This was the maximum weight whiaekas producedas it was again difficult when

atempting to manually fill the cavity for any higher tablet weights.

Tablets obtained from each d&fetformulations aras follows:

58



Materials and Methods

10.5% Carvedilol

Approx. 30 tablets at ~20@ig (automated tablet pres8pprox. 30 tablets at ~30@g
(automated tablet pss) Approx. 30 tablets at ~480Dg (automated tablet press)d
5 tablets at ~30fhg (manual filling of tablet punch)

20% Carvedilol

Approx. 30 tablets at ~306g (automated tablet presahd5 tablets at ~30@ng

(manual filling of tablet punch)

30% Carvedilol

3 tablets at ~18fhg (automated tablet press)d5 tablets at ~30fhg (manual filling
of tablet punch)

2.8 Analytical Techniques

2.8.1 Determination of Carvedilol Concentration

A known weight of filament or tablet was placed in a volumetric flask, disdatve

distilled water(for samples containing PVA) or acetonitrile (for samples containing

Af f i n iwshdhe &d of sonication, made to volume and an aliquot trandfesre

HPLC vials for analysis. fe concentration of drugyas determined with HPLC

(Agilent 1290 UPLC, Agilent Technologies, UKising a method from literatut&*

The HPLC assay involved injecting 10 gL ¢
consisting of 10 mM ammonium formate in® (mobile phase A, pH 3) and 10 mM
ammonium formate iIACN/H20 (9:1 v/v, mobile phase B, pH 3) in varying amounts
according to the following gradient method: 0 mintit&9% B, 3 minute$ 100% B,

4 minutesi 100% B, 4.5 minutes30% B Thi s was pumped throug
C18 column, 150 x 4.6 mm, 100 Ai@omenex, UK) maintained at 60°C and at a

flow rate of 1.5 mL/min The sample was monitored using a DAD at wavelengths of

214, 254 and 291 nm, with 254 nm being selected as the most suitable for
guantification  Carvedilol eluted at approximately 2.5notes and an example

chromatogram is shown Figure31:
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x102 |DAD1 - B:Sig=2540,16.0 Ref-360.0,100.0 Standard d
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Response Units vs. Acquisition Time (min)

Figure 31- Carvedilol Peak at 2.5 minutes measured at 254 nm

Regular calibrations were carried out, with standard concentrations as follows:
0.0078125mg/mL,0.015625mg/mL, 0.03125ng/mL,0.0625mg/mL, 0.25mg/mL,
0.25mg/mL and 0.5ng/mL  All thesecalibrationstandards were made up from an
initial stock solution of 0.5mg/mL and diluted by half each timeroducing a
calibration plot, similato the following, whenever the system wasadibrated:

Calibration at 254 nm

8000
s y= 1438

X-21.161

il

G000

5000

Peak Area

=TT
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Figure 32- HPLC Calibration Plot
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2.8.2 Dissolution Analysis

Dissolution testing was carried oeither using a USP 1 dissolution bath (Erweka
D726) and a separate UV spectroyameter (Carl Zeiss MCS600), equipped with a
transflectance probe of 2 mm path lengihusing a USP 1 ADT8 Dissolution bath,
coupled with an ALS SP700 UV Spectrophotomegtdutomated Lab Systems,
Berkshire, UK) Paddles were equipped and a paddle spééd rpm was set for
every experiment.To investigate how tablets are likely to behave upon initial contact
with the stomach environmentjsdolution analysis was carriedutoat 37°C in
triplicate, using500 mL simulatedgastric fluid (SGF) dissolutionmedia at pH 1.2,
with the pepsin omittetf. Samples were analysed at time points of 15 min, 30 min, 45
min, 60 min, 90 rm, 120 min, 240 min and 360 min when using the separate UV
spectrophotometer with transfkance probe, or at time points & fnin, 30 min, 45
min, 60 min,75min, 90 min,105 min,120 min,150 min, 180 min, 210 mir240 min

300 min and 360 min when using the combined automated system.

2.8.3 Analysis of Drug Distribution

Three different techniquelssted below, were employed in an attempdédermine the
location of carvedilol and the level of homoegég within the tablets and filaments

produced.
2.8.3.1 Time of Flight Semndary lon Mass Spectrometry (Td--SIMS)

ToF-SIMS wasperformed as a collaborationittv Eleonora Paladino, another PhD
student within the Centre for Continuous Manufacturing angt@llisation. For the
purposeof this research, it wagsed to assess thkstribution of API wthin the
polymer matrix, but this analysiprovided complemdary data to support Ms
Paladin@ s r es e ar c h ,thewprbcess df subrsissientat tHe timeiofwriting
this thesis. The analyses were carried out with @H.SIMS 5instrument (ION'OF
GmbH, Minster, Germany), based at the Wolfson Foundation Rbautical
Surfaces Laboratory in the Technology and Innovation Centre, University of
Strathclyde, and whit a ToFSIMS IV instrument (IONOF GmbH, Muinster,
Germany), based at the National Physical Laboratory (NRetdington, Middlesex
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TW11 OLW, UK). Bothinstruments are equipped with a Bisitm Liquid Metal lon
Gun (LMIG) for analysis.

In order to prevent any charge bui@ on the surface of individual samplaslow
energy electroii21 eV) flood gun wasised to optimise the surface potential of each
sampe for analysis. The surface analysis conditions were selected and adjusted to
keep the primary ion dose density below the static limitxaf'® primary ions/cmto

minimise surface damagtiring the analysis.

For obaining macro images of filamestices, the following was applieds 30 kV

Biz* primary ion beam was employed to acquire high mass resolution macro images

on crosssections of the filameat These were processed usiSgrfaceLab 6.7

software (IONTOF, Munster, Germany) Each image of theaster has a size of

5006 m 1 500 em, and was acquired imzthe p
range of 00 Da The total area analysed was 2.5 mm x 2.5 mivlass resolution:

2300 mégm atm/z407 (GaH27N204" [M+H] " carvedilol).

A 30 kV Big?* primary ion beam waselected to generate high lateral resolution
secondary ion images the external surface of tikament These were collected

over a surface area of 50 256 pixels(Pixele m, wi
wi dt h was <circa Oco®dargion)pqglarity The imdges wpreteent i v e
processed using SurfacelLab 6.7 software (ODF, Minster, Germany) All the

mass spectral information was recorded inrtiierange of 9900 Da.

The TOF.SIMS 5 instrument was equipped with an argon gasrdioisteeam (GCIB)

to sputter away surface layers of the sample and expose a new area for argyysis.
alternating the use of the LMIG analysis beam and the GCIB sputter beam, 3D
imaging and depth profiling of samples can be carried @h.analyses we carried

out using a 30 kV Bi3+ primary ion beam for analysis (pulsed current 0.25 pA) and a
10kV Ar1500+ beam for sputtering (DC current 10 nA).

The argon sputter beam was rastered over
crater. For the extrudates, the bismuth primary ion beam was used to analyse an area
of 100 em |1 100 em in the <centre of t h
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50e nk50e m was anal ysed for the tabl et

increase the secondary ion counts
2.8.3.2 Raman Mapping

Raman mapping was carried out usingi@AT 3D Raman Spectromet@i20ptx,
San Jose, CalifornidJSA), to assess the distributioh drug within the polymer
filaments and tabletsDue to the instrument being locatedRaitgers University, New
Jersey, liese analyses were carried outollaboration withSarahjane Wood, a PhD
studentwithin the Centre for Continuous Manufacturing add/stallisation while

taking part in an exchange programm&tandard direct compression tablets can be

sheared using this system to generate a 3D image of component distribution, however

the tablets in this current study were too hard for this asp#ue eechnique and only

a map of the surface could be produceBeference spectra of carvedilol and PVA
were collected by placing aterial of each component onto the sample window
(enowgh to cover the entire windowhdcompressetb remove air Usingthe manual
tab, the microscope image was focused using the OlyrBpMbjective and a raman
spectrum obtained whilst subtracting background noi8eClass 3B laser was used
(Innovative Photonics Solutions, New Jersey, USA) dred dettings used were as
follows: Laser current. 160 mALaser Power: 90mW, Exposure Time: 10,
Wavelength: 754m.

MetaScan K120ptx program) was usedf collecting spectra and maps of the drug
loaded samples, tablets or filamentsrevglued to sample holders which were stbtte

into the sample holder of the mPAT system, exposing top surface to sample window

The 4mm x 4mm Raman map was acquired on the surfackeoamplevith 10 m
steps along the x andaxisto produce a 6x6 sample gridThe same laser settings
andobjective weraisedaswhencollecting the reference data.

Using H20ptx MetaAnalysersoftware, the Raman spectra were convertedlack
and white base mapssingthe powder refererence spectoaassign peaks These
base maps were then converted into awosystem usingyhon coding provided by
C-SOPS, Rutgers University)green forPVA andred for carvedilol. This allowed a
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pixel value roughly correspondjnto the concentration of each substance to be

obtained.
2.8.3.3 X-Ray NanoComputed Tomography (NaneCT)

NanoCT was used in order to assess ddiggribution and internal structure within
samples Both aplacebo andirug loaded sample of filament, and agltoaded
printed tablet underwent analysising a Bruker Skyscan 2211Ray nanotomograph
(Bruker, Belgium). The scanned images were reconstructed using the NRecon
software(version 1.6.8.0, Bruker).To visualise and analyse the data, CTAn software
(Version 1.16.41and CTVx software(Version: 3.2.0 for surface rendering were

used.

2.8.4 Determination of Crystallinity

2.8.4.1 Powder X-Ray Diffraction (X RPD)

The crystallinity of the raw componentsug loaded filamentand 3D printedablets
was determined via -Ray diffraction using a D8 Advance Il diffractometer (Bruker,
Germany)with a Vantec 1D Detector with 2.5° Soller SlitsThe operating voltage
was 40kV and had an operating current of B@& with an operating wavelength of
1.54 Ain the angular range df<2d<35° using a step scan mode (step width = 0.017°,

counting time = Xk/step).

2.8.4.2 Differential Scanning Calorimetry (DSC) Thermal Gravimetric Analysis
(TGA)

Samplesvereanalysedusing a DSC214 Polyma (Netzch Gerateli>smbH) using a
heating profile of 20C to 190°C and a heating rate of6/min. Data was collected

and analysed usiridetzchProteus Analysis softwaf®ersion 7.1.0). TA aluminium

pans with piercedids were used wih an average sample mass omg and were
analysed alongside an empty, pierded aluminium pan as a reference.Blank
correction was carried out with empty pan under the same measurement conditions

prior to sample analysisThe DSC was calibrated for both temperature and sensitivity
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over the temperature rang@3°C to 605°C, ah heating rate of 20°C/min, using the

following set of reference materials supplied by Netzsch: In, Sn, Bi, Zn.

For some pwdered polymesamples, thermogravimetric analysis was also utilised
and these wereharacterised with DS@nd TGAusing a STA 449F1 Jwpiter(Netzch
Geratebau GmbHJising a heating profile of 20°C to 250°C aacdeating rate of
5°C/min. This wadollowed by an isothermal segmait250C. Data was collected
and analysed usiridetzchProteus Analysis softwaf®ersion 7.1.0) TA aluminium
pans with piercedids wereused, agaiwith an average sample mass4ofng, and
analysed alongside an empty, pierced TA aluminium pan as referBniceto sample
analysis, buoyancy correction was carried out with an empty pan run witartiee s
method as used for sample analysihe STA was calibrated for both temperature
and sensitivity over the temperature ranrg60°C to 675°C, at a heating rate of
20°C/min, using the following set of reference materials supplied by Netzsch: In, Sn,
Bi, Zn, CsCI.

For analysis of samples in relation to theonstruction of the

Af fi ni s ol Eanoitalphasediagramgliétised filament was analysed and

a slightly different heating profile was usedngles of extrudate were characterised
with DSC usng a DSC214 Polyma (Netzch Geratebau GmbH) at a heating rate of
20°C/min  Temperature was raised to 190°C, cooled to 0°C then followed by an
isothermal segment for 2 minutesThe final step involved heating the samples to
190°C once more Data was ollected and analyseds beforeysingNetzchProteus

Analysis softwarégVersion 7.1.0).

2.8.5 Surface Morphology

In order to investigate if there are any structural discrepancies in either the filaments
or the tablets, and whether the presence of carvediblahg effect, e surface
morphology of filaments and tablets were analysed using a Keysight 8500B SEM
microxope. Samples werencoated and added to aluminium stubs with conductive
sticky carbon tabs amgaced under vacuum for 2 minutes prior to trangh SEM for
analysis. The Keysight 8500B SEM was operatedaabeam voltagef 20 kV and
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with data collected in secondary electron mode at magnificatibapproximately
1000xfor the filamentand 450xor the printed tablets

2.8.6 3-Point Bend Testing

3-point bend testing was used in order to assess the mechanical properties of the
filaments, and determine if print failure could have been predicted prior to attempting
printing. By quantifying the maximum stress and strain values that each of the
filament can withstand, it is hoped that this can provide an indicatian acceptable
range for these properties and allow for greater understanding of the experimental
space under investigationMethod development fuitable test parameters for hot

melt exruded polymers was caged out, prior to this research, within the departrfiént.
Mechanical properties of filaments were tested on a Texture AnalysTT{Stable

Micro Systems, Godalming, UK) equipped wittmani 3 point bend rig Filaments

were cut toapproximately2 cm pieces, the length and diameter of the specimen
measured using digital calipers, dmalanced acrogsvo lower support beamshich

were situated at a distance 08 @mfrom each other The speed of theippe blade

was set to 0.5nm/s until a trigger force of 0.049 N wasached Testing was then
carried out using blade speed of 0.02 sand a total displacement of 4.5 mrData
acquisition was performed with Exponent softwmaersion 6,1,11,0) witla rae of 25

points per second anchth analysis waalso carried out using the same software.
Stressstrain graphs were plotted based on the following relationships for stress and

strain:
G=FL/%®¥ R (circular cross seitn)

where U is the flexuralstressF is the applied forcéN), L is the span (or gap) (mm)

R is the radius of the specimen.
U = 600sh/12 %

where U is the flexural strain (expressed as percentagis)the deflectiomim), h is

the thickness of thest specimemtm), L is the span (or gaginm).
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The flexural modulus was determined as the slope of the linear region of the stress
strain graph between 1 and 3% straiMaximum stress and associated strain values
were also derived from teeobtainedstress strain graphsin case of product failure,

the break point was determined by selecting the minimum on the second derivative of
the stress strain graphAt the associated strain value, the stress value on the stress
strain graph was reported agék stress In addition the modulus of toughness was
calculated as the area under the stress strain curve from O strain to break point,

representing the energy in the system at break point.

2.8.7 ANOVA Statistical Analysis

Oneway or tvo-way ANOVA wereemployed using Minitab software (version 1)
analyse the difference in various results throughout this reseadtten carrying out
an FTest on dferences in theseresults the accompanying probability (P) value was
used to determine if differeas were cosidered significant. Valuedove probability
level P > 0.05 wereconsidered not significant, whild? < 0.06 were considered
significant. Tukeynteraction plots were alsemployedto determine which of the

parametersinder investigatiomeremost sgnificant.
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3 Producing Drug Loaded 3D Printed Tablets via
Solution Loading of PVA

3.1 Introduction

When consideringa suitable drug to begin investigation into the application of
scaleable doses and personalised medicine, it makes logical sense to concentrate
efforts on APIs which already have a range of doses on the maksed on selection
criteria discussed previously (Sectib®.3, carvedilol was chosen as a suitable model

compound with which to pursue further work.

Based or8D printing work already carried out by other research grétidsolution
loading of this APl onto prexisting PVA filamentsvas chosen as a suitalhtial

metod for producing a range of different oral doses

This chapter focuses on different methods of varying the drug loadirigVA
filaments, prior to printingwith a view to understanding the dosehievablevia this
method. By using evaporative tealgues, high pressure, differirmpncentratios of
loading solution or simply byaryingthe experimental timet is hoped that a range
of dosescomparable to thoseirrently on the market (3.128 mg immediate release,
10-80 mg extended releasepn beproduced which could provide suitalflexibility
for patients.

3.2 Aim

The overall aim for this chapter was to successfully develop a method for manufacture
of varying doses of carvedilol tablets, intendedthe oral route ohdministration
Controloverdosing with a target within the range currently available on the market,

is intended to be achieved via initial loading of the filament, prior to printing, and by
changes to the tablet design during manufacture of the tabdetslytical techniques

were applied in order to understand drug distribution and drug release from these non

conventional dosage forms.
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3.3 Results and Discussion

3.3.1 Loading of PVA Filaments with Carvedilol

In order to print pharmaceutically relevant tablets using a Leapfrog CreatuitéB)e
drugloaded filament should be fabricated prior to feeding into the printss the

PVA filaments for this work were acquired in a feruded state, the API must first
be incorporated into these via a solution loading pra®&$8? This involves the
submersion of a PVA filament in a suitable solvent containing the API of choice (in
this case, carvedilol), leaving for an allocated period of time and sudastyidrying

in an oven, to produce the required filarsefor dose fabricatiofFigure33):

>§

Rde bl

Figure 33 - Solution Loading ProcessLeft - Commercially available filamentMiddle - A solution

contairing the desired ARI Right- Drug loaded filaments after drying.

Aside from anydifferencesarising due selecting different APIsnvestigation was
carried out into the factors which could potentially influertbe drug loading of
filaments, such as sawt selectionAPI solution concentration, length of time for

submersion etc Results are discussed in the following sections.
3.3.1.1 Solvent Selection for Optimum Solution Loading

Giventhat solubility of compounds can vary greatly in different solvahis,clear

that solvent choice can have a significant effect on the concentration of drug within
the polymer Any chosen solvent must successfully dissolve carvedilol, without
destroying the PVA filament, so initial investigation into the solubilitytiodse

filamentsin a selection of available solvents was carried out.

For testing the solubilitythe most suitable method was to cut a piece of filament,
submerge irthe chosersolvent and leave for 24 hours, measuring the difference in

weight before and aftesubmersion and drying This provided replication of the
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conditions for a regular drug loading experiment, and allowed for inspection of the
filament in order to see if the structural integrity remained after being in contact with
the solvent. Ideally, the filament Bould remain intact, with little or no changes to the
overall surface. While a clean split down the length of filament upon swelling is
unlikly to have much effect after drying and returning to its original size, any
imperfections across ¢hoverall filament surface would result in inhomogeneity and
potential issues when feeding through the gear wheels of the 3D printer at a later stage

in manufacture.

The solvente&xaminedare listed below, along with the results from the basic solvent

Screen
Table 16 - Results from Submersion of PVA in Various Solvents
Start .
Solvent Weight of E? gi?g/r?]lg:tt % Change Other_
Filament Observations
(mg) (mg)
1-butanol 70.9 70.8 -0.1%
1-pentanol 67.6 67.5 -0.1%
1-propanol 704 71.9 +2.1%
2-butanol 65.6 65.7 +0.2%
2-butanone 66.5 65.9 -0.9% Sticky Residue
2-methyt1-propanol 68.8 68.4 -0.6%
2-propanol 67.0 66.9 -0.1%
3-methyt1-butanol 65.4 65.6 +0.3%
MIBK 68.5 67.7 -1.2% Sticky Residue
acetone 68.9 67.3 -2.3% Sticky Residue
anisole 69.5 71.4 +2.7% Sticky Residue
butyl acetate 65.4 65.6 +0.3% Sticky Residue
DMSO 68.9 0.0 -100% Full dissolution
ethanol 63.7 66.1 +3.8%
heptane 68.3 68.3 0%
isobutyl acetate 67.2 67.3 +0.1% Sticky Residue
water 67.4 0.0 -100% Full dissolution
pentane 68.4 68.3 -0.1%

70



Producing Drug Loaded 3D Printed Tablets via Solution Loading of F

PVA is reported to be soluble in bdiMSO and waternwhich is shown in the results
from this table, along with both ethylene glycol ananisthyl pyrrolidone"®® which
were notestedn this solvent screenExcep for DMSO and waterthe weightsafter
removal from solvent and dryingmain within £ 4% of the starting weightshich
can be explained by the samghkdl being slightly damp (in the case of a gain) or a

small amount disolving (in the case of a lIgss

After removal from the oven, there was a small, sticky residue observed around the
dry filament for the samples from-lButanone, MIBK and acetone Increasing
amounts of this sticky residue wadso observed around filaments which were
submerged in anig®, buyl acetate and isobutyl acetatdhese made it very difficult

to remove the filament and were also accamed by a strong solvent smell,
indicatingthat they may not be completely dagd highlightinga possible reason for

the observed weight gai This sticky residue can be seen in the following pictures:

Figure 34 - Left - anisole, middle butyl acetate,ight - isobutyl acetate after flament removal

Given the stickiness of these filaments and the strong solvestl smhich
accompanied them, all further investigation with these solvents was halted, as they
would be unsuitable for any subsequent drug loading experimeAtsremaining

solvents, which did not appear to dissolve the PVA, are listed below:
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Table 17 - Suitable Solvents for Further Investigation

Solvent

1-butanol
1-pentanol
1-propanol
2-butanol
2-methy}1-propanol
2-propanol
3-methyt1-butanol
ethanol
heptane

pentane

Before proceeding withany printing experiments, a quisklubility test was carried
out to see if carvedilolould dissolven any oftheseremaining solvents, usirthe 5

mL vials from the PVA screen Carvedilol has been shown to be soluble in various
alcohols, with the solubility increasing as the carbbairc length of the alcohol
decrease®* but there is no record of the solubility in alkane€arvedilol 60 mg

was added to each vial in order to achieveoltion concentration of 10 mg/mL

Results are shown in tHablel8:

Table 18- Solubility of Carvedilol in Selected Solvents

Solvent Observed Solubility (at ~10 mg/mL)
1-butanol almost full dissolution

1-pentanol almost full dissolution

1-propanol almost full dissolution

2-butanol partially solble, very cloudy

2-methyt1-propanol partially soluble, very cloudy

2-propanol partially soluble, very cloudy

3-methyt1-butanol partially soluble, very cloudy

Ethanol soluble, concentration increased
~15mg/mL withalmost full dissolution

Heptane insoluble

Pentane insoluble
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When o6al most full di ssolutiond i s |l i sted

number of suspended particles remaining, with the majority of the API in solution.

The results from thimitial solvent screen show thidte most promising solvents with
which to pursue further work are unbranched alcoh&gsanched alcohols only result
in partial solubility, and the alkanes investigated did not result in any dissolation
the APl Ethanol was the only solvent in whichet solubility of carvedilol seemed to
increase, with a aximum being achievedomewherebetween 10 mg/mL and 15
mg/mL Although not tested in this solvent screen, andmythat a decrease in carb

chain length seems to resuithigher solubility of te API, methanolmay also be a

potentially suitable loading solvenallowing for further investigation using either

methanol or ethanol as a suitable solvent.
3.3.1.2 Varying the Loading with Solvent Evaporation

Based on results from the solvent screthanol wa selected as a solvent to trial in
the solution loading of carvediladue to its ability to solubilise the API whikeeping
the PVA filament intact.

The conditions which were varied in this experiment were surface area of solvent and
whether the vess&las open to the atmosphere or closed, with the theory being that
vessels which were open to the atmosphere would slowly evaporate, increasing the
solution concentration of carvedilol and, hence, driving an increase in the overall drug
loadingwithin the flament The following conditions remained constafitament

mass, drug concentration, solvent volume and time.

At the end of the 24 howxperimentaperiod, it was observed that all solution had
evaporated from the open vessels, leaving partiallyligrdissolved filaments behind

This was unexpected given the results from the solvent screening in Se8tibA

The closed vessels still contained solution along with slightly swollen pieces of
filament Each piece Pfilament was removetbr drying, except in the case of the
open 500 mL beaker, in which the filament had completely dissolvidte partially
dissolved filaments were difficult to remove and had to be peeled off tteerbot the
beakers, see pictubsow:
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Figure 351 Filamentfrom Open 100 mL Vessel

The remaining filaments either gained or lost mass according to whether they were in

an open or closed vessel:

Table 19 - Results of gaporativeloadingfrom a 10 mg/mL carvediloh ethanolsolution

Filament Mass gained or lost after drying (g)
Open 100mL -0.036 £36%)
Closed 100mL +0.014 (+14%)
Open 500mL No Filament to Measure
Closed 500mL +0.010 (+10%)

Open 1L -0.029 (29%)

Closed 1L +0.010 ¢-10%)

In the case of the closed samples, it would normally be assumed that the gain in weight
after drying was due to the drug, however the samples still had a strong smell of ethanol
when renoved from the oven The filamentswere also a lot easier it than a
placebo sample of PVAwhich had not been subjected to an ethanol solution,
suggesting the sgrtes mayeitherstill be slightly wet that the polymer may have been
slightly degraded by the solvent or that the combination of drug and solvent has

potentially plasticised the polymer, making the filament more pliable.

Had this experiment been carried out with the intention of producing dosage forms,
further drying would have been carried out, until samples weighed the same after two
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conseutive time points Given that this was, however, only a feasibility study of the

evaporative method, further drying was not undertaken

In order to gain a greater understanding of the suitability of ethanol as a loading
solution, HPLC analysis was carried ot small pieces dfilamentscutfrom samples

in the closed vesseis order to determine drug loading.

Table 20 - Drug Loading Achieved from Ethanol Solution

Sample Drug Loading
100 mL Closed Vessel 0.50% wiw
500 mL Closed Vesse 0.52% wiw
1 L Closed Vessel 0.53% wiw

This is low when compared to nheids such as hot melt extrusfi® (where higher
drug loadings are achieved), but when compared to thksebtained by Goyanes
al.®%(0.29%w/w fluorescein in PYA) who also used ethanol as a loading solytibis

result is very similar

Based on the decreased weight and poor structural integrity of the filaments from open
vesselsit is unlikely that the evaporative method would be a successful way to drive
an increased concentration of API within PVA filamentBhe results from the open
vessels also highlighted that ethanol could be altering the surface structure of the
filaments, dbeit at an accelerated rate, and may therefore only provide a short term

manufacturing solution.
3.3.1.3 Varying Concentration of Loading Solution

As the previous section demonstrates, a loading solution of 10 mg/mL carvedilol in
ethanol results ia relativelylow filament concentration of 0.84w/w. Based on the
suitability of alcohols, as determined in Sect®B.1.]1 coupled with thencreased
drugloading achieved by Skowyrt al®! with a methanolic solution of prednisolone
(1.9% w/w),investigationinto varying the drug loading usiregmethanolic solution

was carried out
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Three different solution concentrations were trialled: 20 mg/mL, 15 mg/mL and 10
mg/mL in order to investigathe effect this had on the drug loading of PVA filaments
The time for submersion was kept constant] the samples were prepared as per the
generic solution loading process outlined in Seci@il HPLC analysis was caed

out in triplicate and an average drug loading calculat@the results are detailed in

the table below:

Table 21 - Filament Drug Loading Achieved from a Methanolic Solution of Carvedilol

Solution Concentration (mg/mL) AverageDrug Loading (% w/w)
10 2.35+0.03
15 3.28+£0.10
20 3.58 £ 0.06

n =3, standard deviation

It is clear that increasing the solution concentration of carvedilol in methanol does
increase the drug loading of the resulting filament withintiime period observed

An increase of 0.93% w/w was observed between 10 mg/mL and 15 mg/mL, and a
smaller increase of 0.30% w/w was observed between 15 mg/mL and 20 mg/mL
Statistical analysis using a em&y ANOVA methodwvas carried ouio detecif these
observed differences are statistically relevant @mabined with Tukey analysiso

show which of these values show any differerfioes one anothefFigure36):

Tukey Simultaneous 95% CIs
Differences of Means for Drug Loading (%6w,/w)

15-10

—.—|

20-10

Solution Conc. (mg/mL)

!

20-15

!

0.0 0.2 0.4 05 0.8 10 12 14

If an interval does not contain zero, the corresponding meons are significaontly different.

Figure 36 - Tukey Analysis of Diffeences in Solution Concentration
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Figure 36 is a visual comparisorof the difference between the meansder
investigation at the 95% confidence interval. Tkexis shows which two means (in
this case solution concentrations) &aeing compared and demonstrates how these
differ from one another.As none of the intervals investigated contain zero, the drug
loadings obtained from each of the different loading solutions are statistically different
from one another. The diagram ats shows there is less difference in the means of
15 mg/mL and 20 mg/mL, compared with the difference observed between 10 mg/mL
and 15 mg/mL or 10 mg/mL and 20 mg/mL, and reiterates the findings mentioned
above. Given that the increase observed betwédenlatter two concentrations does
not mirror that of the former two concentrations, there is little benefit to increasing the

solution concentration further, as it would lead to large amoumntsstied material
3.3.1.4 Varying Loading With Time

While adjusting tk loading solvent concentration, and even the solvent itself, can

affect the concentration of APl within the polymer filament, the time allocated for
solution loading may also result in various different concentrations of carvedilol within

the PVA By carying out investigation into the drug loading at different time points,

itis possibletopip oi nt an o6éideal 8 |l oading time usi

Differentloading times were selected (1, 2, 4, 8, 24 and 48 hwuosder to determine

the loading efficiency A 20 mg/mL methanolic solution of carvedilol was used,
despite the smaller observed increase in concentration as determined in Section
3.3.1.3 in order to investigate the highest drug loading achie\att#ach time point

HPLC analysif driedfilamentsfrom eachtiime pointis discussed below:
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Figure 37 - Variation in Drug Loading of PVA Filaments with TimeAn asterisk (*) is used to

indicate filaments which failed to retain their structurakgrity throughout the experiment.

The first two samples (after 1 and 2 hours) retained their structural integhtythird
sample (after 4 hours) contained a piece of filament which had split upon swelling, the
other two retained their cylindricalratture All other samples completely split after
submerging for the allocated time, whichlivikely affect the depth the drugds
penetrated into the filament.Those filaments which split are marked on the graph

with an asterisk.

From the HPLGQesuts, it is clear that there is not any added benefit from submerging
the samples for any longer than 8 hours, as optimum drug loading is achieved after 8
hours There is also an indidah that maximum drug loading mayly be achieved
afterenough swelhg to resulin splitting of the flaments, indicating that this may be

an important mechanism in the drug loading pracedsis mechanisphoweverhas

not been observed witimyother solution loadingf filamentsin the literatur& 1106

and therefore may only have prematurely increased the drug loading over that which

would have been achieved through diffusiiom the surfacalone.
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Based on these resultm ogimum time length for solution loading can be selected,
allowing for submersion dhe filament at the start of the day, ity overnight, and

printing the following day, saving time in the overall manufacturing process.
3.3.1.5 Varying Loading with Varying Pressure

As a final effort to look at ways of altering/improving the solution loading process for
filament production, high pressure was investigatedlThe specific aim of the
experiment was to determine what effect the applicatican@ixternal presure of 8
kbar (7 metric tonnesjuring the solution loading ofacvedilol into PVA has on the
filaments and the drug loading process as a whélesvious work on metadrganic
framework materiaf§” and even organic systetffshave indicated that pressure can
enablesolvent molecules to penetrate into the pores of a soid.polymers are an
inefficiently packed solid,tiwas reasoned thatd application of high pressure may
succeed inncreasing the penetratiaf the API into the polymer By using pressure
both the solvent and solute are likely to penetrate the polymlaraddition to this
there is the possibility that the solvent penetrates before the solute, timerelaging
the concentration gradieahd inducing a driving force for the inclusion of tloduse

in the polymer. Through studies such as theisés hoped thaa better understanding
of whether the werall drug loadingcan be improvedor loading time could be

shortemdcan be gainedllowing for manufacture to become more efficient.

Three peces of PVA filament were subjected to high pressure, while submerged in a
10 mg/mL méhanolic solution of carvedilol As a specificfinal drug loading of the
filamentswas not required, a lower concentration of loading solutionsuéfcient

for the xperiment Three more pieces of PVA filament were used as a control sample
and submerged in a 10 mg/mL solution at ambient pressDetermination of drug
loading was carried out by HPLC and results are discussed below:
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Figure 381 Lefti Control Samples, RighitHigh Pressure Samples

Upon initial inspection of the filaments, there appeared to be some differences between
the samples The control samples had split and become very soft and flaccid, whereas
the high pressurgamples remained very rigid améd become curved in place$his

is likely due to the high pressure preventing the filament from swelling and could result

in limited drug loading.

HPLC analysis was carried out in order to determine drug loading in teeedif
samples, resulting invarage drug loadings of 1.63% w/w * 0.(t0= 3, = standard
deviation)for the control samples and 0.41% w/w + O(4$ 3, + standard deviation)
for the hidh pressure samplesit should be noted that the concentration obeseifor
the high pressure samples fell out with the calibration rargkso is not accurate and

can only provide a general idea of the drug loading for those samples.

The drug loading observed in the control samplas lower than expected far
loading solution of 10 mg/mL, in comparison to th@evious drug loading of
2.3%% w/w mentioned irSection3.3.1.3 This could be due to the higher filament to
solution ratio in the small loawdly tube used for the experiment, andsi about the
guestion of whether the volume of loading solution can also have an effect on loading
efficiency of PVA filaments however no evidence of this effect was found in the
literature and no further investigation was carried out into any effeateday the
volume of loading solution Although the high pressure samples cannot be accurately
quantified (as explained above), it is still possible to see that drug loadings are lower
in filaments exposed to high pressure, regardless of the loweetitamncentrations

observed overall It is likely that the high pressure inhibits the swelling of the
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polymer, preventing adequatieug loading from taking place, and providifugther
evidence that the most important part of the drug loading mechasmitra swelling

of the carrier polymer.

3.3.2 Production of 3D Printed Tablets

3.3.2.1 Production of Placebo PVA Tablets

As mentioned in SectioB.3, circular tables (diameter 10 mm, height 4 mmere
designed and employed in this researékside from varying the dosage by adjusting
experimental conditions prior to printing, changing the infill of the tablet design
provides an additional method for dose variation after the solution loading process.

The term o6i nf il |rdctureefthe design itself, anchcan be adjusted n a |
betweencompletely filled, and no fiJlalthough larger designs require at least some
infill in order to maintain structural integrityT he addi ti on of &skirt
and allows for a smallmount of material to be printed firsdf a specified distance

from the object, and surrountie outline of the design being printedhis is useful

for testing that the filament is feeding properly and exiting the nozzle correctly, prior

to the commerement of the design printingThree different infills are visible on the

tablets shown irFigure 39, along with a skirt(positioned at an offset of 5 mm)

surrounding the tablet itself, highlighting how the design changes witbasing infill

percentage.

Figure 39 - Left - 10% Infill Middle - 50% Infill Right - 90% Infill

The recommended ipting temperature for PVA is between 185200°C 8 although
temperéures close to the upper limit of that range can result in clogging of the printer
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nozzle with burned PVA residwes shown irFigure40. Printing at 190°Gvas found
to be the most suitable temperature and alldwethe feeling of filament andprinting

of tablets without anglogging.

Figure 40- Burned PVA removed from clogged printer nozzle

Other thanssues with filament degradatiamsing PVA(as opposed to PLA or ABS
which have a higher tolerante heat®) presentproblems with filament softness.
This is especially evidenthen feeding PVA filament through the print heasithe
Leapfrog Creatr HS is optimised for use whiLA and ABSand only typically

employs the use ¢1VA as a support materiedther than the primary polymer

For thedesired printdesigns tdoe pharmaceutically relevaRVA is favouredover

PLA and ABSdue to its water solubilitgnd biocompatibility The sole use of PVA

to produce tabletsaused difficulties wit feeding tle filament into theextruder head

and also resulted ifams around the gear wheeidich feed the filament This

appeared to be a common problevhen usingsoft filaments, but a solution in the

form of a 6flex filament 8Rimimdr oser§ andad b e

submitted tdthingiverse®!®a publicly availablenline library of print designs:

Figure 41 - 'Flex Filament Adaptor' design as found on Thingiverse
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This adaptor was printed using PLA arirmm wideholewas drilled down the middle
in orderfor the filament to pass througA 4 mm hole was made for therew thread,

the adapter was then fitted and a tablet successfully p(iRigure42 andFigure43):

Figure 43 - Blank PVA Tablet Print in Progress

This adaptor allowed for easgdding of the filament, wherepsor to this, it was not
even possible to load the filament properlyOne tablet of PVA was printed and

measuredo see how closely the dimensions matched those in the design spftware
details shown iTable 22:

83



Producing Drug Loaded 3D Printed Tablets via Solution Loading of F

Table 22 - Comparison of Blank PVA TabletiBiensions

Software Printed Tablet
Diameter 10 mm 10 mm
Height 4 mm 3.5 mm

The discrepancy in height observed for the printed tablet would be unacceptable in the
manufacture of pharmaceuticals, and it \as observed thathiere were problems

with the PVA initially sticking to the print bed The first couple of layersn the
bottom of the tabletappeared to have not printed correctly, which explaims th
difference in height observd#igure44):

Figure 44 - PVA Tablet with Bottom Layers Peeling Away

It is possible to see where the base appears to be peeling away slightly from the rest of

the tablet (bottom left dfigure44), which isnot ideal ands likely to produce isses

with incorrect dosing of tablets When researching poor adhesion online, it appeared

to be a common problem, with the solution being to raise the temperature of the build

plate and enclose the printer (if possible) in order to retain the heatlosing the

printer was not practical in this instance, but the build plate temperature was raised
from 40AC to 50AC in order to determine |

Before printing again, the flex filament adaptor was examined to check for any
abnormalities Noting that the original adaptor did not fit smoothly into place, and
the hole for the filament was slightly off centre, another adaptor was printed using
PLA (Figure45 andFigure46):
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Figure 45 - New Flex Filament Adaptor with Correctly Positioned Hole

Figure 46 - New Adaptor in Correct Position

Once in place, thrgg@lacebo PVA tablets were printed side by side in order tattast
the adapter worle and to test if the printer coutlthndle multiple designs at once
The results from this test can be seen in the image below:

Figure 47 - PVA Placebo Tablets with 10% Infill
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When printing with PVA, the filamendften leaks out of the nozzle causing extra
filament to be present when moving between structurékis causes extra deposits
which disrupt the print designWhile not particularly obvious in the first tablet (left)

the second and third (middle andhiptablets did not retain their structural integrity
and broke apart when removing from the build platAttempting multiple tablet
printing again, using a higher infill setting in the design, may result in improved print
quality, but given that the tiemsaved to the overall manufacture would have been
negligible in this instance, this was not investigated. There are articles available
online from tle Simplify3D® software company which provide advice on the
simultaneous printing ahultiple partst**butthe overall production of pharmaceutical
designs via this method is still in its infancy and would likely require much more
optimisation of other factors (e.g. nozzle temperature, print speed) before being able
to confidently deliver larger batches of meation. The personalised nature of this
manufacturing method and the targetnographidor the final product woul@lso be
unlikely to benefit from large batches of the same dosage form, therefore research will
be focussed on printingnly one tablet taa time with a view to optimising the
manufacture of single tablets prior to any further larger scale production.

3.3.2.2 Production of Drug Loaded PVA Tablets

Filament which had been soaked in a 20 mg/mL methanolic solution of carvedilol, and
analysed by HPLCshaving a drug loading of 3.58%/w + 0.06 (see Sectio.3.1.3
wasused in the production of drug loaded tablefhree tablets were printed with
30% infill and, based on the observations fromtprgblank tablets, eachas printed

one at a time before beimgeighed The weight of each tablet was combined with the
HPLC analysis of the filament, and used to estimate drug dosage in eachasblet
shown inTable23:
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Table 23 - Variation inthe observed and predicteabtetdoses.

Tablet Weight Estimated Dose by Weight  MeasuredDose by

(mg) (mg) HPLC (mg)
227.8 8.16 8.16
247.8 8.87 9.36
248.1 8.88 5.94

No specific target dose was selected, although a dose inbetineenrtent market
range of 3.125 mg to 25 mg for immediate release was aimed for in order for the tablets
to be pharmaceutically relevanthe latter twaablets were very close in weight, but

the former weighed little less This was caused by inadegfe sticking to the build

plate of the fist printed layer of the tablet, causing a slight reduction in weigfttile

the stuctural integrity of the tablet remained intact in this instance, care must always
be taken to ensure layers are printing cdlyein order to minimise weight

discrepancies.

When HPLC analysis was carried out in ordem@asureghe actual drug loading in
each tabletthe first two tablets were wiin 0.5 mg of the expected doselhe last
tablet, howevernyvas almost 3 mg lessah expected Given the very cloudy nature
of the solution when dissolving the tablet, it was very difficult to ascertain lif ful
dissolution had been achieved, althoughther inspectionafter HPLC analysis,
showed that the tablet had not fudlissoled in the flask, so this provides an indication

as to why there is a lower drug loading in the sample.

Giventhedestructivenature of HPLC as aanalytical techniquegny furthe analysis

on printed tabletsvould require assumptions to be made about tsage of tablets
from HPLC analysis of the filamedadingprior to printing Given that the actual
dose was within 0.5 mg of the expected ddkese loading values, combined with
tablet weight provide adequatemeans ofdosage calculation without theeed to
analyse and will therefore be the method of dose calculation for future experiments.
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3.3.2.3 Dissolution of Carvedilol Loaded PVA Tablets

In order to determine the effect that changing the infill percentage had on the
achievable dose and subsequent sdeaf API from the dosage forms, tablets were

manufactured at different infill percentagdsible24):

Table 24 - Variation of Dose by Infill Percentage

Infill Percentage Tablet Weight (mg) Estimated Dose ly Weight (mg)
1094 203.3 6.32
204.7 6.37
204.4 6.36
309 258.0 9.24
235.0 8.41
249.0 8.91
5094 297.0 9.24
296.0 9.21
286.6 8.91
9094 351.7 10.94
349.7 10.88
347.2 10.80

aTablets produced from a filament with drug loading 3.11% w/w
bTakets produced from a filament with drug loading 3.58% w/w

As expected, the weight and estimated dose gradually increase with increasing infill
percentage, except when increasing from 30%0% The similar estimated doses
across these tablets are agsult of filament drug loading prior to printing, but any
difference to drug release arising from changes to the infill percentage can still be

monitored during dissolution analysis.

All tablets weresubjecedto dissolutioranalysis according to the methdescribed in
Section 2.8.2 (separate UVspectrophotometewith transflectance probe). The

following release profilewereobtained(Figure48):
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Drug Release from Carvedilol Loaded PVA Tablets
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Figure 48 - Drug Release érm Carvedilol Loaded PVA Table(e=3) witha theoreticall00% release

based on calculated drug content from filament loading and tablet weight.

From this data, it can be seen that all dissolut®oomplete after360 minutes

(6 hours), with dissolutin complete after 240 minutes furs) forboththe 10%and
30%infill samples. There is no further increase in absorbance after this time point,
indicating that there is no further increase in concentratitweally, the experiment
would have been extead to include another few data points in order to confirm that

no further increase in absorbance was detected, but lab time was limited and automatic
sampling was not available when carrying out this experiment. It should be noted,
however, that all tabts had completely dissolved by the end of the 6 hours, so no

further increase in absorbance would be expected after this time point.

It can also be seen that each of the different formulations appdaasé¢ aifferent
final level of releaseall of whch areoverthe theoretical 00%releaseindicating that
there is some degree of content variability within the polymer filaments prior to
printing, making it difficult to estimate drug loading within the final dosage fotin
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was noted in Sectio3.3.2.2that the variation in actual drug loading of a tablet,
compared to that calculated from the filament, could vary by 0.5 mg, although this was
only noted from a sample size of n=2The variation between thmalculatedtablet

drug loadings and those calculated from the six hour time point are therefore tablulated
below inTable25:

Table 25 - Variation in Drug Loadindpetween Filament and Tabl@t=3, + standard deviation)

Infill Percentage  Estimated Dosefrom  Calculated Dosefrom Difference from
Tablet Weight (mg) Dissolution (mg) Calculated (%)
1096 6.35+0.03 6.85+0.72 +7.87%
309 8.85+0.42 9.35+0.36 +5.65%
509¢ 9.12+0.18 10.70 £ 0.63 +17.32%
9098 10.87 + 007 11.85+0.49 +9.02%

aTablets produced from a filament with drug loading 3.11% w/w
bTablets produced from a filament with drug loading 3.58% w/w

The difference in doses for the tablets with 10% infill are within the calculated standard
deviation, and 1@ therefore not different from one anotheAll other tablets have
increasectalculateddoses compared to thosstimatedrom the drug loading of the
filament prior to printing This would suggest that the is difficulty in controlling

the dose withn the filamentfrom which the dose is estimatagsing this technique

and the number of HPLC samples would need to be increased in order to provide more
accurateestimatesf filament drug loading Methods of detecting drug distribution
within thesefilaments and tablets wousdsobe beneficial forconfirming location of

carvedilol in these formulations.
3.3.2.4 Analysis of Drug Distribution
3.3.2.4.1 Time of Flight Seconary lon Mass SpectrometrydF-SIMS) Analysis

In order to understand the distribution of API withire dosage forms, time of flight
seondary ion mass spectrometry fF8IMS) was used to detect differences on, and
slightly below, the surface afarvedilol loaded PVA filamestand tablets This has
proveda successful method in the analysis of inkjet 83D printedformulationsfrom

other groupg?'*3therefore should apply to this work also.
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Three different samples were analysed: the surface of a drug loaded filament; a cross
section of filament after 1 hour sfibmersion in drug solution, and the suefata 3D
printed tablet This allows for comparison of drug distribution prior to and after
printing, and highlights any changes which may occur as a result of the manufacturing
process.

For the surface of the filament, extracted ion images were needadigainst a total

ion image, where the total ion intensity for a given pixel is calculated by the sum of all
the ion intendies detected at that pixel. This is carriediautrder to minimise any
topographical effects.

Figure 49 shows thee extracted ion images for PVA peaks corresponding to the
polymeric repeating unit £14,0" and GHsO", and thecarvedilol molecular ion
C24H27N204" [M+H]*.  The attached colour bars indicate the scale of relative ion
intensityfor each extcted ion image. Figure49 also includes an overlaid image to
compare ion distribution across the target amgh PVA shown in orange and

carvedilol in blue
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PVA Distribution Carvedilol Distribution
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Figure 49 - Top - extracted ion images &fVA and @arvedilol Bottom - overlay of both omponents

From thesamages, it is clear that theuwedilol is not well distributedcross the
surface of the filamenand can be found in varying concentrationg his is also
evident when looking at thesults of @pth profilingonthis1l 00 e m by 100
of flament By using a argoncluster beanto removesurfacdayers of material from

the sampleit is possible to see how the carvedilol content changes beneath the surface
of the filament Figure50shows a 3D overlay of carvedilol (blue) and PVA (orange)
over the area under investigationFigure 51 shows various slices of this 3D area,
along with a graph showing the gradual decline of calolethe deeper into the
filament the analysis is carried outin both figures, the debtanalyseds the same,

and is represented as a cub&igure51 or as the more accurate flat imagd-igure

50. To quantify the true depth under investigation, AFM analysis would be required.
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B PvA
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Figure 507 3D image of area under investigation
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Figure 51 - Graph ad images showingrgduwal drop in intensity of caedilol across the entire surface
asdepth profilinganalysis pogresses
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Although it is not possible to quantify the exaepth analysed with just the Fo
SIMS, it is still possible to see that the API is maidétectedon the surface of the
filament, whch is to be expected given the nature of the loading proc€ks depth
profiling also shows channels through which there is greater penetration of carvedilol,
which could be due to defects in the surface of the polyme&his highlights the
potentialvariation in drug loading throughout the filament and supports the HPLC and
UV data discussed in Secti@.2.3

As with the surface of the filament, the same analysis was carried out on the surface
of the tablet, althoughove a s mal | er ae marhiowasiddidete m by
deliver a higher dosef ions and ircrease the secondary ion counts for ease of

detection Extractedon images, along with an overlay, are showfigure52.

PVA Distribution Carvedilol Distribution
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0.002

pm 0 20 40
C,H,O* + C,H;,0* C,4H,,N,0, [M+H]*
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Il Carvedilol

pm 0 20 40

Figure 52 - Top - extracted ion images of PVA andreedilol Bottom - overlay of both omponents.
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From theseextractedion images, it is clear that tharvedilol is muchmore evenly

distributed in a tablet, than it is in the filamentoprto printing The carvedilol
extractedon image shows a relatively even distribution of the APl and may suggest

that there could be homogeneous distributtmoughout the tablet itself, although it

must be remembered that thisisonlyoaer 50 e m x 50 em area, a

representative of the whole tablet.

Similarly with the filament, depth profiling was also carried outlentablet ovethe
50 ¢ menxare&uder investigation Figure53shows thelatter 3D image of the
area undergoing depth profiling aRtjure54 shows this area represented ioudic
form, along with a graph showing the intensity of the componaensss this whole

areaas the profiling progresses.

. Carvedilol

Figure 5371 3D image of area under investigation
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Figure 54 - Graph and images showilgensity of carvedilobcross the entire surfat@oughout
depth profilinganalysis.

From the graph, it would appeat fiast, that thecomponents are decreasjhgt after
normalisation with the total ion count (the black line), this is not the cage flat

3D images show what appears to be an overall homogeneous distributidmottiP

the areaanalysedput thedrug loading was low (approximately 3%) and therefore
difficult to visualise in the depth profiling imagedt is also not possible to quantify

the depth of the analysis without further investigatigth a technique such as AFM,

in order to deermine tke depth of the crater Despite these limitations however,
differences are observed between the filament and the tablet, and it can be concluded
that homogeneity is not essential in the filament, as thaeténg during printing

solves the distributionrpblem and demonstrates a homogeneous distribution of API

within the tablet.

A cross section of filament frotte 1 hour time point, described in Sect®f.1.4
wasalsoanalysed in order to provide insight intovhthe drugpenetrates the surface
and why there may be variation in drug loading throughout the filam@iite images

are a composite of smaller images, whiclidup the overalfilament crosssection.

96



Producing Drug Loaded 3D Printed Tablets via Solution Loading of F

MC: 934;TC: 3.993e+008

PVA Distribution
C,H,0* + C,H,0*

I e e S
mm 0.0 05 1.0 15 20

MC: 14; TC: 5.773e+006

Overlay
I PvA

[l Carvedilol

T T T T Ty
mm 0.0 05 1.0 15 20
Overlay of PVA, Carvedilol

@

Carvedilol Distribution
CoyHp7N, 0, [M+H]*

~

Carvedilol
MC: 9,TC:2.623e+005

Figure 55- Top left - total ion mageTop right - Overlay ofextractedon imagesBottom left - PVA

extractedon imageBottom Right - carvedilolextractedon image

0.0

mm ©
total
MC: 1821; TC: 8.108e+008

PVA Distribution
C,H,0" + C,H;0*

MC: 23; TC: 9.328e+006

Overlay

B PyA
Il Carvedilol

0.0

i O 1 2
Overlay of PVA Carvedilol

10

®  Carvedilol Distribution

4 CyuH,;N,04F [M+H]*

- T T 0
i 0 1 2
Carvedilol

MC: 10; TC: 3.074e+005

Figure 56 - Top left - total ion imagéeTop right - Overlay ofextractedon imageBottom left - PVA

extractedon imageBottom Right - carvedilolextractedon image

97



Producing Drug Loaded 3D Printed Tablets via Solution Loading of F

Figure55 shows the distribution of drug across one cissdional area ar€igure56
shows the distribution over secondrosssecional area From theseextractedon
images, it is clear that tharvedilol is not well distributed throughout the strand, and
can be found mostly surrounding the outer edge of the filamBms is to be expected

as the sample under investigationl feealy been submerged in a loading solution for 1
hour prior to the analysis being carried.ouln both slices (most easily seen in the
combined single ion images), there appears to be a greater concentration of carvedilol
on one side of the filament, mpared to the opposite sideThis could be a result of

the way in which the filament is resting in the flask during solution loading, and could
demonstrate that drug diffusion is further hindered by contact with surfaGesen

that this analysis wasrdm such an early timgoint, it is unsure whether the
distribution of drug is ‘corrected’ the longer the filament is submerged lnadimg
solution, although raalysis of the printed tablesuggests that distribution in the
filament does not appear téfect homogeneity of drug distribution in the finished
printed tablet Depth profiling was not carried out on this sample, given that the-cross
section itself gives a better idea of the drug penetratoon the surface of the filament.

No other 3D pmted systems of this type have been analysed in this way and ToF
SIMS has been able to provide a novel insight into the drug distribution within solution

loaded 3D printed dosage forms.
3.3.2.4.2 Raman Mapping for Analysis of Drug Distribution

Given the small areasvestigated when using T@& 1 MS  ( Afdr &filamemt and

5 0 2doma tablet), Raman mapping was also used to assess drug distraueiom

the increased area available for analysis (42mnuccessful use of this technique
has also been employed Boyaneset al''# but this wasin orderto demonstrate
separation of distinct areas designed to contain different drugs, rather than to

investigate homogeneity of a single drug within a formulation.

Samples of a drug loaded filament and a printed tablet ba@th analysed, and black
and white maps produced for both carvedilol and PVA, indicating where these
individual components were located Colour maps were then produced which

combined the black and white maps, and allowed for visualisation of ardakight
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or low drug loading Results from the drug loaded filament are showRigure57
(larger images available in Appendix3.1 for easier visualisation)with PVA

represented by green and cail@depresented by red:

<+“—> +—>|
1.75mm 1.75mm
Filament : : Filament Filament
Black and White Map of Black and White Map of PVA Colour Map Showing Green
Carvedilol for PVA and Red for
Carvedilol

Figure 57 - Raman maps of Carvedilol Loaded PVA Filamewer a 4 mm x 4 mm arewjth

readings taken at 10 em intervals along

The theoretical concentrations of PVA and carvediidboth the filament and tablet
werecalculated a®7% w/w and 3% w/w respectiveccording to HPLC analysis,
rounded to the nearest whotleimber. However, he measured concentrations
calculated using the Raman mamre 94% w/w and 3% w/vor the filament
respectively As can be seen from both the black and white, and the colour image,
there seems to be some difficulty watbtuallyanalysing the filament Not only does

the measured concentration of PVA seem less, but the instraisersieems to be
detecting drug out with the filament, rather than actually on the filament, where it
should be Given that the filament was so thin thiaéte was obviously going to be
void space on either sidehich could be presenting difficulties with assigning Raman
peaks along with the nature of the curved filament surface impacting on the light
scattering. Anotherlimitation of this technique it fact that it assigns a colour to a
pixel based on whether the Raman peak referring tarth/seccompound is either
present or absent, rather than the concentratidghe compound. Therefore from
visual analysis of the filament map images, it woafgpearthat there was drug

scattered over the glass slide, whigas not the case for these experimental set ups.
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This effect has been observed previously in fenofibrate and PVP K30 samples

produced by aerosol jet printifRg

Results from the analysis of a drug loaded PVA tablet are sholigumne58 (larger
images available inAppendix 7.3.2 for easier visualisationwith PVA again
represented by greemd cavedilol by red:

iy

'\'T._\
3

Black and White Map of Black and White Map of PVA Colour Map Showing Green

Carvedilol for PVA and Red for
Carvedilol

i

Figure 581 Raman maps of Carvedilol Loaded PVA Taldeéer a 4mm x 4 mm arewith readings

taken at 10 em intervals along the x ¢

With theanalysis of the printetblet, the measured concentratiohthe components
calculated using the Raman mapre 97% w/w for PVA and 2% w/w for carvedilol

This was improved over the filament measurement as the tablet fit within the area
under analysis and therefore did not incorporate any void spadee carvelilol

content measures slightly less than expected, but this could again be due to the
difficulty in assigning pixels mentioned abovelt has also been shown that this
technique struggles to identify ampbious material! but this is difficult to determine

in this case due to the lack of amorphous carveslifoidardrior to analysis.

Analysis would also have been improved if the tablets could have been sheared using
the attached AB-Pillerator, as his woud have allowed for the visualisation of a 3D
distribution of API within the printed tablet and would have given a better idea of
overall drug distribution and whether this distribution is homogeneous.
Unfortunately, this technique is better suited toléts praluced via compression as

the 3D printed tablets appeared too hard for the instrument to slice. dvlahg®
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have successfully applied this shearing and 3D mapping technique to the visualisation
of paracetamol inpolyvinylpyrrolidone (PVP) tables produced via continuous
granulation and direct compressj@amd were able to show the variation in distribution

of components throughout their system.

Regardless of the lack of 3D visualisationalysis of the tablet does however show
that there is a pigern to the drug distribution, which is not seen on the smaller scale
used for TOFSIMS analysis Due to the method of manufacture for 3D printed tablets
produced by fused filament fabrication, which creates paratiet and leads to a
surface whichs not completely flatit is unclearwhether the map shows a completely
accurate re@sentation of drug distributionAreas which dip slightly on the surface
may be presenting as areas which donét
investigate futher without the ability to shear this uneven surface aw&verall,
TOFRSIMS would suggest a homogenous drug distribution overa B0 b ¥ m5 0
area, but when zooming out to thexdn by 4mm area measured here, a less than
homogenous distribution is sérved, with the drug mainlgoncentratecilong the

lines created by tablet manufacture.
3.3.2.5 Analysis of Filament and Tablet Structure

Both filament and 3D printed tablet were analysed to provide greater alettikir
overall structure usingl-Ray nanecompued tomography (nan€T). NanocCT
analysisdetecs subtle differenes in the density of samglelue to differences in
attenuation of the XRay bam, and hese differences in attenuation allow foe
detection of voids withirthesesamples, making thisa useful tool foranalysing
porosity withinfilaments and tabletsIf subtle differences in density also correspond
to differences in drug loading, this tool could provide complimentary analysis to that
obtained by ToFSIMS and Raman mapping.

A drug loadéd sample of filament, andmacebo PVA filament underwent analybis
securing each inside plastic strawywhich prevened any movement of the filament,

and he results are shown belowFigure59.
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Figure 59 - Left - Placebo PVA FilamerRight - Drug Loaded PVA Filament

From the image, you can clearly see where the filament split during the loading
process After drying, this split was difficult to see again with the naked eye, but is
easily identifed using this technique The image alsoshowareas of high and low
density (light and dark areas respectively), which could indicate areas of high and low
drug loading however these are present in botnltkank and drug loaded samplas,

was observedy Alhijjaj et al in similar research® This suggestthatthe differences

in density are not due ttrug particles, and may instead be caused by metal inorganic

contaminants in the PVA filameht’

It was therefore reasoned tivettile nancCT has the allity to provide visualisation

of defects that would be difficult to detect with the naked eyés ot a useful
technique for analysing drug distribution forgmanufacturing processit was also
thought that dack of crystalinity, which can be cdirmed using XRPD and DSC
analysis,coupled with similarity in density of the organic materials analysed, means
that anydifferencesthat may arise due to drug distribution wouldtbe small to
significantly contrast against the bulk materialThe use b a heavier/inorganic
compound in the loading procege substitute the presence of drug particheay
provide insights into the distribath of compounds after using the solution loading
manufacturing proceduyébut this would not be representative bt tAPl under
investigationand would not necessarily demonstrate any further understanding than

that obtained for the crosectional TOFSIMS analysis.
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Despite this inability to detect differences in drug loadiNgnoCT is a useful
technique for the imtrnal visualisation aamples, as can be seen with the split in the

drug loaded filamentHigure59) and withprinted tabletsKigure60):

uuuuuuu

Figure 60- NancCT analysis of 3D Rmted Tablet with 10% Infill

The internal 6rectlinear d desidstinguiss cl ea
areas which stray from this design, and can therefore be used as a wagcto de
imperfections in the finished printed tablet3his could be used to help explain any
discrepancies in the calculated drug loading of tablets (Se®t8oR.3, although as

drug loadings are usually witn 0.5 mg of the expected dose, it is likely that this
technique may dg serve to aid in quality control aspects of manufacture.

3.3.2.6 Determination of Crystallinity
3.3.2.6.1 X-Ray Powder Diffraction KRPD)

In order todetermine the level afrystallinity of the Al within the printed tablets,
XRPD analysis was carried out on samples of purg,dlank polymer filament, drug
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loaded polymer filament araldrug loaded printed tabletResults from this analysis

are shown beloWfFigure6l):

PVA + API Printed Tablet
PVA + API Filament
4.5 1 — Blank PVA Filament
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Figure 61 - XRPD Analysis from Solution Loading of PViAlament

It is not possible to clearly see any peaks corresponding to carvedifo} of the drug
loaded samplesut some features common to PVA are still presétis could either
mean that the drug is present in an amorphous form, nanocrystaifimeor that there
IS not enough drug present in either sample to display crystalline. pAaksysis with

a technique such dsgh-energy Xray tofal scattering coupled with patilistribution
function analysis could be used to further investigate anynoaphous or
nanocrystalline material presgii€but this was not carried oah any of these samples

in favour of using DSC for complimentary analysis instead.
3.3.2.6.2 Differential Scanning Calorimetry (DSC)

DSC analysis waalsocarried out on samples of pure drisdpnk polymer filament,
drug loaded polymer filament and material that had passed through the extruder head

of the printer It is impossible to grind up a full tablet for analysis, but material which
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has been passed through gt head, but not pried, will have been exposed to the

same conditions as a printed tabl®esults are shown below:

DSC /(mW/mg)
[5.11 1 exo
Pure Carvedilol [5.1]
0-
Tm=119.0
-2
Pure PVA Filament 1
-4 4
Carvedilol Loaded PVA Filament 2
R RN
8 \]
Post Print Drug Loaded Material 3]
-10 4
40 60 80 100 120 140 160 180

Temperature /°C

Main 2018-05-17 11:16 User: tjb13221

Figure 62 - DSC Analysis from Solution Loading of PVA

In the DSC trace for pure carvedilol, one sharp melting peak is obsertdd°at,
which corresponds to the melting of carvedilol formi'fl. No peak corresponding to
carvedilol is present in either the drug loaded filament or therogt material,
suggesting that the drug mag present in an amorphous formTrhis matcheghe
literature for the solution loading of PVAlamentswith either prednisolorié or
aminosalicylat®’?where the model drug, in both cases, was not detbgtBGCafter
loading of a PVA filament.

3.3.2.7 Surface Morphology

In order to investigate surface morphology of the samples, scanning electron
microscopy was used to obtain images of both filament and .tabRésults are
discussed belo\{Figure63):

105



Producing Drug Loaded 3D Printed Tablets via Solution Loading of F

Blank PVA Filament AP| Loaded PVA Filament

Blank PVA Printed Tablet AP| Loaded Printed Tablet

Figure 63 - SEM Analysis of Filaments and Printed Tablets

When comparing the filament samples, there doesn't appear to be a huge amount of
difference between the blank and drug loaded filameBtsth have relatively smobt
surfaces, albeit with small bumps distributed across the surf&ben comparing
printed tablets, gain, both samples appear very similar, but subtle differences can be
observed At the edges of the printed tableisis possible to see differentipired

layers due to the slightly curved edge of the tablet desigirhese appear much
smoother in the blank tablet when compared to the drug loaded taliiet is likely

due to residual solvent present in the drug loaded sample, which has rapidiaapo

on printing Residual solvent is also the likely cause of a 'popping’' noise heard during
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printing, and also the much softer nature of the drug loaded filament when compared
to the blank PVA filament Further care should be taken during the loggirocess
to ensure that the filament is as dry as possible, in order to minimise any damage which

could occur as a result of rapid evaporation of residual solvent.

3.4 Conclusions and Next Steps

The work carried out in this chapter has facilitated, for s fime, the manufacture

of a 3D printed carvedilol tablet produced via a solution loading methi&@dm the
various experiments carried out to investigate drug loading of filamtahiets and
overall scaleability of a solution loading drug printing theoal, this researchas
providedseverakonclusions With regards to specific experimental conditionbgw
considering the initial loading aspect of manufacture, the following conclusions can

be made:

1. Increasing drug loading by evaporati@atechmjue that has not been previously
investigated in the literatures not a viable method ansl far too difficult to control
The damagenflicted onfilaments loaded under evaporative conditions results in non
viable materials for further manufacture dradts the process before printing can even

OocCcur.

2.Varying the concentration of the loading solution can allow for selection of different
drug loadings, but becomes more limited as the solution concentration incréases
optimal length of time for dution loading is 8 hourgn a 20 mg/mL methanolic
solution of carvedilgl further than this, no increase in filament drug loading is

observed.

3. Methanol is the most suitableading solvent from those investigatddr this
system, but it should be notehat any residual methancbuld have an impact on
approval for this manufacturing method given that the permitted daily exposure (PDE)

limit for methanol is 30 mg/da}f®

4. For the first time, the us# high pressurevas investigated as a way to incredsug
loading, but was found toot offer any added benefib the process. nsteadhigh
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pressuréninders the overaliirugloadingas a wholewith results suggesting that the
mechanism of incorporation of drug within the filament is by swelling opttgmer,

a process that is restricted within the high pressure environment.

When considering these of these filaments in the production of final dosage forms
these furtherconclusions caalsobe made

1. When printingwith filaments suchas PVA &x |If i | ament adaptor 6
order for the filaments to be successfully fed through the gear wheels of the printer.

This is due to the soft nature of these filaments, which are easily misshapen by the
feeding mechanisms prior to extrusion throtigh print head.

2. Due to oozing from the print head, only one tablet should be printedigie in
order to preserve iisternal structure, meaning that there is an impact to the speed and

efficiency of this manufacturing process as a whole.

3. When usng methanol as a loading solution, an estimated dose range of between
7-12 mg can be achieveahhich is within the marketed dose range of 3.125 mg and
25 mg for immediate releasarvedilolformulations but does not cover the upper or
lower limits of thisrange. When considering if this could be applicable to other APIs,
solution loading results iquite a narrovdoserange and would be unsuitable for very

high or very low dose drugs currently on the market.

4. Sustained release is the overall mecharo$melease for these formulations, with
dissolution complete after 4 hours for tablets with 10% or 30% infill, and after 6 hours
for tablets with 50% or 90% infillThis means that the dose range ef27/mg
previously mentioned as being within that reqdifer immediateeleasdormulations

is almost outwith the controlled release range e8Q0ng, and only covers the lowest
of car vedi |lredebhsérmrketed adoses.o | | e d

5. Drug distribution within the filament itself was found to be +immogeneouand
concentrated mostly on the surfaoe occasionally deeper within through defects on
the surface making accurate dose prediction of tablets very difficukVvhile the

printingprocessa ppear s t o 0 s mohomobedeity obsersetha énihe ct , w
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scalein the tabletsthe APl seems to be concentrated in distinct patterns following

deposiiton of material during printing when observed on a larger scale.

6. Crystallinity appears to be removed through the processing involved in this
technique, buturther work would be required to @emine the limits of detection,
given the low drug loadings obseryexhd whether this impacts the dissolution and

observed release of API from these tablets.

Overall, the solution loadingmethod of manufacturing 3D ptad tabletgresents a

way by which different doses of medication can be manufactured, although it does
have its limitationsvith dose range andssociatedelease mechanism to cover that
small range. The low drug loadings obtained using this noettwoul be ideal to
match some of the dosesvailable for immediate release formulations, but the
observed dissolution profiles, when using PVA as the carrier polymer, result in
sustained release onlyThe flexibility of being able to adjust print settings anfil
percentage however, allows for the last minute selection ofdiffeablet doses from

the same starting material property which could be useful in the application of point

of caremanufacturgshould approval of this manufacturing processrbatgd.

Future work will focus on extrusion as an alternative method for loadingwiXi¢h

would potentiallyallow for greater dose flexibility, and the option for additives which

aid dissolution also to be included in the filamerithis will likely produce a greater

dose range and lead to a more viable route of manufacture for scaleable oral dose

formulations.
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4 Drug Loading of Polymer Filaments via HotMelt

Extrusion

4.1 Introduction

While chapter3 introduced the manufacture wérying doses of carvedilol via the
solution loading and 3D printing of PVA based tablets, this was linmt@dsustained
release mechanism witHack of dose variatiowhich only achieved the lower end of

the 1680 mg range required for such a release.

Hot-melt extrusion has the ability to increase the drug loading of API within the
polymer matrix®”121 which could therefore increase the amount of potential dose
variation. Extrusion also allows for the ihusion of various other additives which

may aid thalisintegrationd i ssol uti on or Oprintabi/lityo
which could provide access to immediate release formulations, rather than being
limited to the sustained release observed fsofution loaded formulationsThere is

also a greater range of polymersailable for formulatioprather than being limited to

off-the-shelfPVA filaments produced pridp solution loading experiment&122

This chapterinvestigatesthe manufactureof carvedilol loaded hydroxypropyl
met hyl cel | ul os e 13\H Rabdls, ad Rafidus attémpts tb &ter the

release rate of these formulations from sustained to immediate release

4.2 Aim

The overall aim fothis chapter was to successfully develop a method for manufacture
of varying doses of carvedilol tabletsimilar to the previous chapter, but with
increased drug loadingariation, which could match the dose ranges available on the
market, and provide &cess toimmediate releaséormulationsin addition to the
sustained release observed in Chapter Gontrol over dosingvasintended to be
achieved viacareful blending of polymer/APl/additive mixtures prior to -nuelt
extrusion to produce a filamerdnd further changes to the tablet designrihg
manufacture  Analytical techniques &re applied in order to understand drug

distribution and drug release from these-tonventional dosage forms.
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4.3 Results and Discussion

4.3.1 Extrusion and Milling of PVA

In orde to provide a link between extrusion experiments, and the work carried out
with solution loading experiment8VA was selected as a suitable polymer with which
to begin investigation Although this would likely not change the release mechanism
from thesustained releas@served in the previous chaptarger dug loadings could
potentiallybe achieved, with the possibility of also including additives to improve the

release rate further.

PVA filament, suitable for use with a variety of 3D printers, wabetised and fed
into an 11 mmhot-melt extruder This was carried out without the presence of any
APl in order to determine suitable extrusion parameters for the polymer afdter

Six successive trials at various experimental conditiSestion2.6.2, a filament with

diameter ranging from 1-6.7 mm was produceg@rigure64).

Figure 64- Extrusion of Pelletised PVA Filament
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Despite the apparent success of this extrugixperiment, only a small amount of
filament could be collected before the feeding port of the extruder became blocked
with material Upon inspection, it appeared that the size of the pellets was limiting

the abilityof the screws to carry material anthe extruder barrel at a consistent rate

for a filament with homogeneous diameter to emerge from the dis.the PVA
feedstockh a d already been pell etised at t he
cgpability, milling was investigated as a method tater reduce the size of these

pellets and achieve an overall smaller feedstock particle size.

Giventhatthe appoximate size of PVA pellets we2mm, a grating with circular
holes of 1.65 mm diameter was initially trialled for particle size reductiorhe

material produced is shown kigure65.

: d
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Figure 657 Left - Partially Milled PVA Pellets and FineRight i Flakes of PVA.

Only a small amount of powdered material was produced and this was eitiadtypa
milled, flakes or fines Of the actual pellets produced, these only had a minimal size
reduction and, given the time taken to produce this small amount of material coupled
the quantityrequired for extrusion, repeated milling of pelitsuld nd be in the best

interests of the process overall.

In order to try and increase the size reduction, a rasping screen with a hole diameter of

1 mm was trialled This screen works in a similar way to a cheese grater, but proved
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completely unsuitable fathe milling of PVA. The equipment immediately seized
and the PVA melted due to the high temperatures caused by friction within the

equipment.

Returning taacircular hole grating, holes of larger diametem(@) were investigated
in order to see what effethese had on the PVA pellet3his resulted in, as expected,

even less size reduction than that observed with 1.65mm (kadese66):

Figure 66 - Left - pelletised starting materi&@ight - milled PVA using 2 mm holes

In order to try and increase the throughput, more material was added to the equipment,
in the hope that attrition would provide further size redudtidche PVA, buthis only
resulted in increasing the temperature of the mill, sehéurinvestigation was

abandoned so as not to melt the remaining PVA.

Given the difficulties associated with milling PVA filament, and the wide availability
of powdered PVA in different molecular weights from various suppliers, powdered
PVA was investigatdas an alternative means to achieve higher drug loadings within

a filament while also reducing the number of steps in the manufacturing method.

A molecular weight range of 890MB000 was initially investigated and, after varying
screw speed and tempanat slightly(see Sectio2.6.2), a very brittle filament with a

diameter range of 1.65.75 mm was produceéigure67):
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Figure 67 - Extruded PVA Filament (890698000 MWHt)

Only one extrusion was possible before the extruder blodk&dn closer inspection
of the screws from thenterior of the equipmentit is not clear if the polymer was
melting correctly In order to avoid straying too far from the recommended printer
processing temperature for PVPAfurther investigation was attempted using lower

molecular weights.

When using PVA with a molecular weight rangedl30062300Q multiple issues were
encountered High torque wa observeddespite lowering the extruder screw speed
to 20 rpmin an attempt to counteract this. The temperature was increa32ad°tq

but gven the recommended processing temperature for PVA on Leapfrog printers
should not exceed 200%€ and TGA of the powdered PVA indicatddss of mass
(potentially degradatiohwhen held at temperaturabove 230°QFigure 681 The
green line is the TGA trace, the blue line is the DSC thermograhthe temperature

is shown as the red linghe extrusiondmperature was lowered to 170°C and the die

removed entirelyKigure69).
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Figure 68 - DSC and TGA of 13000 MWt PVARedi temperature, Gred TGA, Bluei DSC)

Figure 69 - Extrusion of Powdered PVA (130628000 MWH1)

This obviously produced extrudate with a very thick diametach wascompletely
unsuitable for 3D printingout was the only waipo avoid experiencingpigh levels of

torque within the extruder barrel.

When considering extrusion experiments of PV¥erewhen extrusion was initially
successful with 890608000 MW, the resulting extrudates were very brittle, and
more investigation would be requiredstaitably plasticise the material flurther use

As these grades d?VA appear unsuitable for extrusiamd no improvement could
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be made to the method of pelletising commercial PVA filameals,further

experments wer@bandonedh favour of trying adifferent polymer.

4.3.2 DoE Approach toExtrusion o f A f f ivith Disirdelgrants

After the success experienced by collegues within the group, using hydroxypropyl
met hyl cellulose (HPMC, ahdshbseyuestdDpintingV 15)
of paracetamloformulations®’ attention was focused on this polymer as a potential

candidate for 3D printingf carvedilol formulations

Given the tendency of A f f SustainedoréleBs8Df o r mu |
printed dosage forms2® attention was immediately focused on the inclusion of
additives to act as disintegrants in order to aid the release of APl from any tablets
which may be producedit should be noted however thahile disintegration usually

refers to thebreaking apart of tablets in order for the drug to be released, when
formulations are produced using the extrusion method, the result is API distributed
within a solidified polymer strand, obtained by melting he resulting formulation

obtained after qasequent 3D printingwill therefore be uikely to behave as a
conventional tablet would, and will instead follow more of an erosion method of
disintegration'*  As such, the 'disintegrants' mentioned in this piece of work are

intended to act as dissolotti aids, rather than true disintegrants.

In order to determine a suitableidiggrantwith which to pursue further investigation,
a three factor design of experiments was plannddhe factors under investigation
were: APl content (1%/w, 10.5%w/w and20%wi/w, corresponding to low, medium
and high), disintegrant content (06w, 5% w/w and 10%w/w, again corresponding
to low, medium and high) and type of disintegrann this casesalt, small natural

molecule large naturalmolecule small syntheticmolecule and large synthetic

molecule.

Six different formulations were used, according &ble 26, which varied the APl and
disintegrant content, and these were repeated for each of the five disintegrants under

investigation.
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Table 26 - Experimental Design for Investigation of Disintegrants

Formulation API (%) Disintegrant (%) Polymer (%)

1 1 0 99
2 20 0 80
3 1 10 89
4 20 10 70
5 10.5 5 84.5
6 10.5 5 84.5

Sodium Chloride (salt), glycine (small naturaolecule), cellulose (large natural
molecule), Klucel ELF Hydroxypropylcellulosewith small molecular weight
synthetic polymer) and Klucel HXFhydroxypropylcellulosewith large molecular
weight - synthetic polymer) were chosen as disintegrants fa ithvestigation
Cellulose and cellulose derivativieave beemisedas additives to aid disintegration of
conventional tablet§>126  Although less common, glycine has also proven useful in
the formulation of rapidly disintegrating tablété. As an altenative method of action,
sodium chloride was investigated due to its high aqueous solubility and the idea that
any holes formed in the tablet due to NaCl dissolution may also permit the ingress of
water and help with the overall disintegration of thegthl Performance of each of
these disintegrants was measured by calculating the mass remaining after subjecting
the extruded filaments to an hour long disintegration teSamples were weighed
before andafter this testand the percentageass remaimig calculated as a measure

of the disintegrant's capabilities

Prior to carrying out any disintegratioit was clear hat some formulations had
extrudedbetter than othersThis was obvious even just from the physical appearance

of the filaments, as sk in Table27:
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Table 27 - Extruded Filaments from Disintegration DoE

Formulation NacCl Glycine Cellulose Klucel ELF Klucel HXF
Number

1

All of the filamentdor NaClvisuallyappear incredibly darlas do some of the Glycine
filaments whereashe other filamentsapproach a much memgolden colour. While
the dark colour alone is unlikely to have an effect on printing and ie fikely an
indication of some polymer degradation, some ofitaments from NacCl, glycine and
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cellulose formulationsexhibit surface roughnessyhich is more likely to impact
successful printingput this is less so than experienced with PVA extru€gettion
4.3.1). Despite this observed roughneah,filaments have enough flexibility to be

coiled and stored without snapping.

When subjecting the formulations Ichour ofagitation in SGF, it is possible to see if
any ofthe disintegrants improve the overallidiegrationbehaviour when compared

to polymer/API formulations alondisted as formulations 1 and2able28):

Table 28 - Percentage Mass Remaining AfieHourDisintegration

Formulation NacCl Glycine Cellulose Klucel ELF Klucel HXF
1 8 17 20 9 14
2 59 58 51 62 53
3 10 0 51 0 50
4 54 0 55 46 68
5 47 0 32 45 58
6 41 0 45 37 62

All formulations containing kycine had completely dissolved after the hour long
disintegration time, whereas the presence of Klucel HXF only seemed to further hinder
the process It also appeared that formulations with lower drug loading seemed to
have less mass remaining at the end of the disintegration experiment, than those
contaning higher amounts of drug, whichay be as a result oarvedilol being a BSC
Class Il drug, and hence exhibiting poor aqueous solubffitylt hashoweverbeen
reported that carvedilol has a solubility of 0.879 mg/mL in acidic aqueouis,"ed
therefoe as the mass of carvedilol present at any one time within the disintegration
aparatus was less than thisaximum solubility, the amount of carvedilol itself
shoul dndét hav ehisHisintegration expenmeatorie. Ibcould be that
interactims between drug and polymer may be having some effect on the

disintegration although further investigation would be required to confirm this.

There isalsosome variation within the resultslithoughformulations 1 and 2 should

bealmostidentical acrosshe different disintegrants, as these formulations are purely
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just high and low concentrations of API within the polymdihese small differences
could be attributed to variation in drug loading throughout the filartemefore, m
order to confirm drg concentration, HPLC analysis was carried out on samples from

eachof the differenformulatiors (Table29).

Table 29 - Average Drug Loadin¢%) per Formulation (n=3)

Formulation NacCl Glycine Cellulose  Klucel ELF Klucel HXF

1 0.4 0.4 0.5 0.5 0.6
2 17.4 18.3 9.8 171 15.2
3 2.8 2.8 155 2.4 6.6
4 18.1 14.6 17.3 16.6 17.0
5 11.8 14.9 12.0 12.3 12.7
6 11.4 11.8 10.9 111 11.4

According to the values selected at the start of this DwEgkpected drupadings

were as follows: 1% for formulations 1 and 3, 20% for formulations 2 and 4 and 10.5%
for formulations 5 and.6 On a whole, formulations 1 and 6 appear to be stdge¢he
expected values, but some level of variation is seen between expectelsanced
values for the other formulationsAs this DoE was only intended to be a screening
tool, extrusion experiments were performieack to backasthe increased processing
control obtained through repeated cleaning was not deemed necessaryantiigm

and cleaning the extruder after processing every formulation would also result in
lengthy delays tohe progression of this research, so efforts were instead concentrated
on finding suitable types of additives to investigate furttiére variatio in the results
obtained for this initial screening experiment highlight that mater&/ still remain

in the barrel from extrusion of the previous formulatitherefore greater care will be
taken when measuring processing time selécting sampling aas offilamentsin

future experimentso ensure material analysed is representative of its corresponding

formulation.

Compiling the databtained from disintegration of the filaments, the following plot of

disintegration coefficients was obtained from MDP (Figure70):
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Coefficients (scaled and centered) - DoE1 (MLR)
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Figure 70 - DoE Model Coefficients

As the mass remaining is the term on tkexis, all factors are displayed in relation to

how they affect the overall mass remaining at the end of xperienent. When

looking at this datathe magnitude of the bars indicate the overall importance of a
factor with positive barsrelating toincreased mass remainiramnd negative bars
relating toa decrease in mass remaining. The error bars are basedtatistical
calculation of variance in the data, after being scaled and centreateagud indication

of whether aterm is statistically relevant i.e. for API concentratignthis is a
statistically relevant term because the error bars do not credsefeas the overall
disintegrant concentration does not display any statistical relevance as the error bars

lie directly over the 0 value.

From this data, it can be seen that the concentration of API dominates the results, with
increased concentration hagi a negative effect on the overall disintegratias
mentioned above NaCl, ellulose and Klucel ELF display no statistically relevant
effect on the overall mass remaining, whereas increased quantities of both glycine and
Klucel HXF do affect the formations, albeit with opposite outcomésglycine

decreases the mass remaining and Klucel HXF increases the mass remaining.

The API and disintegrant cross term (API*Dis) shows how these two factors interact
with oneanotherand shows that the combined reégides appear to be favourable on

the overall mass remaining, but this is only a small effecthe cross terms of
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API*DisTyp show no benefit to any of the disintegrants tested when the APl is at high
levels, but the cross terms of Dis*DisTyp further feine that at high levels of
disintegrant, glycine reduces the mass remaining and Klucel HXF increases the mass
remaining. A possible explanation for this difference is that addition of glycine
provides discrete pockets of material throughout the filanvdmch disrupt the

pol ymeric chain str ucalowfer easiér disintegratiohf f i ni
whereaghe polymeric chain structure of Klucel HXF allows the molecule to more
easilyal i gn with the molecul ar str uwefoteur e of

hinders the osrall disintegration process.

These results can also be displayed in contour plots for each of the different

disintegrantgFigure71):
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Figure 71 - Contour Plots of Mass Remaining feach Disintegrant

remaining, Blué low mass remaining.

x-axis- Disintegrant concentration;axisi API concentration. Colour Coding: Rédigh mass

Mass Remaining [%]

In each of these contour plots, tisintegrantconcentration is displayed along the

x-axis and theAP| concentration is displayed along thexis. The colour coding

relates to the percentage mass remaining after 1 hour disintegration time, with red

corresponding to high mass remaining and blue corresponding to low mass remaining

For glycine and Kicel ELF, the contour plots indicate that increasing the disintegrant

concentration has a favourable effectd results in lesmass remaining, although
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higher concentrations are likely to be required at higher drug loadingontrast, the
contour plas for cellulose and Klucel HXF suggest the oppositecreasing the
disintegrant concentration results in more mass remaining at the end of the experiment,
especially at higher drug loading®aCl shows mostly horizontal banding, ioaiing

that it hasvery little dfect on the formulations overall.

In general, when pooling these results together, the following statements can be made:

- Increased API Concentration results in increased mass remaining (poorer
disintegration)therefoe higher disintegranconcentrations are likely to be required at
high drug loadings

- High molecular weight disintegrants do not aid the process, and instead make the
overall disintegration worse fahe drug loadings investigated (potentiallye to the
long chains of thenolecules becoming entangled with AffiniBolmoleculesduring

extrusion)

- Small molecular weight compounds aid disintegration, but only small natural

disintegrantsare statistically relevant for further investigation.

- NaCl has almst no effect on diategrationof the formulations, and visual inspection
of the filaments would suggest some degradation due to their darker appearance.

From the disintegrants trialled in this experimemgcme would seem like the most
obvious choice to continue further eesch, however, as the end aim is to produce
printed tablets, it is not possible to use glycine due to the rough nature of the extruded
filament Insteadanother DoE was implemented in order to investigate otueral

small molecular weight compoundsat are commonly used in the pharmaceutical

industry,such as sugar alcoh&i8or poly-ethylene glycolg3!

The same three factor design of experiments was employed, looking at the API
content, disintegrant content and type of disintegrant under investigatibis time,
erythritol, mannitol, PEG 1000 and PEG 4600 were investigated as potential

disintegrantdor this process.
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The same levels of both API and disintegrant content were investigated, bixtlthe
formulation was excludeds since this was acseening proces#, wasnot critical to

includea repeat of the medium concentrations for each ofiiretegrantg Table30):

Table 307 Experimental Design for Further Investigation of Disintegrants

Formulation API (%) Disintegrant (%) Polymer (%)

1 1 0 99
2 20 0 80
3 1 10 89
4 20 10 70
5 10.5 5 84.5

Again, performance of eacHisintegrant was measured by calculating the mass
remaining after subjecting the extruded filaments tti@ur long disinégration test

The filaments, prior to any disintegration, are showhahle31:
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Table 31 - Extruded Filaments from Further Disintegration DoE

Formulation  Erythritol Mannitol PEG 1000 PEG 4600
Number

1

\,ﬂ'—-..

(D)
L
) K )
ar
() K

This time, # formulations 1 and 2 are consistent in colour, which makes sense given
that there is no disintegrant present in any of these formulationscontrast both
erythritol and manitol formulations & exhibit darkening of the filaments, which
could indicate some level of degradati@ithough it has been reported that both
erythritol and mannitol both have high thermal stabéitg do not take part in Maillard
browning reaction$®? The colour is darkest in formulation 3, where only a low
concentration of APl is present, and gradually gets lighter as the APl concentration

increases It could be that both these components are interacting with the polymer
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itself, and as the polyen concentration decreases (with increasing drug content) there
is less AffinisoE for either erythritol or mannitol to interact with, which therefore

produces a lighter colour

Overall mass remaining afteubjecting the formulations tohourof agitatian in SGF
was agaimecordedwith formulations 1 and 2 being those that contained either a high

or low concentration of API with no disintegrdiiable32):

Table 32 - Percentage Mass Remaining AffeHour Disintegration

Formulation Erythritol  Mannitol  PEG 1000 PEG 4600

1 11 7 2 10
2 67 67 61 61
3 7 7 11 22
4 42 53 58 32
5 44 37 34 42

As with the previous DoE, the filaments with lower drug loading had less mass
remaining at the end of the hour longidtegration experiment, than those containing
higher drug loading This is likely due to the lower aqueous solubility observed with

all BCS Class Il drugsas mentioned earlier When comparing all the results to
formulations 1 and 2 (which contain dasintegrant), it is possible to draw the initial
conclusion that each of these 'dissolution aids' does seem to have a favourable effect
on the disintegratian While this effect is not really evident at low drug loadings, at
high drug loadings the ovdralisintegrationappears to be improvedConfirmation

of drug loading, as determined by HPLC, is showhable33;

Table 33 - Average Drug Loading (%) per Formulation (n=3)

Formulation Erythritol Mannit ol PEG 1000 PEG 4600

1 0.5 0.8 0.6 0.7
2 18.8 20.6 18.6 18.4
3 1.2 2.9 2.6 2.6
4 20.6 21.4 18.8 18.9
5 11.6 111 11.8 10.0
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Unlike the previous DoE, there were no numbetsch indicatel drug loadings
different to what was expectedhich would suggedsthatthe formulations did not
become mixed during the extrusiprocess The numbers$or formulation 3are only
slightly higher than expected and are likely due to a high drug loading formulation
being extruded immediately beforehandRegardless ofhis fact, the values still
represent low, medium and high drug loadings andhemesforestill able to provide

information on how formulations with these component ratios behave.

Again, dter compiling the data obtained from disintegration of the filasetite
following plot of disintegration coefficients was obtained from MOD@kjure72):
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API*DiTyp(PEG 4600)
Dis*DiTyp(Erythritol)
Dis*DiTyp(Mannitol)
Dis*DiTyp(PEG 1000)
Dis*DiTyp(PEG 4600)

<
N=20, R2=0.963, RSD=7.214, DF=7, Q2=0.649, confidence=0.95
Figure 72 - Further DoEModel Coefficients

From this data, it caagainbe seen that the concentration of API dmates the results,

with increased concentration having a negative effect on the overall disintegration
None of the disintegrants investigated appear to have any statistically relevant effect
on the mass remaining at the end of a one hour disintegratamiment, with bars

that remain very close to zero across each type.

The API and disintegrant cross term (API*Dis), similarly to the first DoE, shows that
the combined result does appear to be favourable on the overall mass remaining, but
this is, againpnly a small effect. The cross terms of API*DisTyp show no benefit to

any of the first three disintegrants tested, but when the APl is at high levels, high levels
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of PEG 4600 may improve dissolutiof.he cross terms of Dis*DisTyp all have error
bars whch cross the zero mark and indicate that none of the disintegrants really

provide any benefits to the formulations.

Relating this data to contour plots for each of the different disintediféigtee73):

Erythritol Mannitol

Response Contour Plot - DoE2 (MLR)
Mass Remaining (%]

Mass Remaining [%)]

Response Contour Plot - DoE2 (MLR) Mass Remaining [%)]
Mass Remaining (%)

0 1 2 3 4 5 6 7 8 9 1 o 1

Disintegrant [%] 10 Disintegrant [%)] 10
PEG 1000 PEG 4600
Response Contour Plot - DoE2 (MLR) Mass Remaining %] Response Contour Plot - DoE2 (MLR) Mass Remaining [%]

Mass Remaining [%] Mass Remaining [%)

S 7 S
Disintegrant [%] 0 Disintegrant [%] 20

Figure 73 - Contour Plots of Mass Remaining for each Disintegrant
x-axis- Disintegrant concentration;axisi API concentration. Colour Coding: Rédigh mass

remaining, Blué low mass remaining.

In each of these contour plots, ttisintegrantoncentration is again displayed along
the xaxis andAPI concentration displayed along theyis, with red corresponding

to high mass remaining and blue corresponding to low mass remaining

Except with PEG 1000, which appears very similar to the reswdiraat from NacCl

in the previous DoEthe contour plots indicate that increasing the disintegrant
concentration has a favourable effect on the mass remaimithgperhaps the most
pronounced effect being seen witigher drug loadings for PEG 4600

129



Drug Loading of Polymer Filaments via Hbtelt Extrusion

Whenconsidering allthe resultgyained from this DoE and investigation into the use
of disintegrants f or d fouthe firkt neetthesfalowhd f i ni s

statements can be made:

- With regards to the use of carvedilol, ieased APtoncentratn results in increased

mass remaining (poorer disintegration)
- Overall disintegrant concentration does not change the results either way

- There is no obvious 'better’ disintegrant from those selected, and further investigation
i nt o Opr i mbexdyuiredintosdér towateat b suitable dissolution aid.

Bearing all this in mind, the next stepas to investigate whether any of the
formul ati ons ¢ ont aculedcougbe éuscesafully tramstertedto al 6 1
the 3D printer.

4.3.3 3D Printingof Af f i ni sol E Formul ati ons

43313D Printing of Pure AffinisolE

Prior to printing anydrug loaded formulations, printing gfure Af f i ni sol E we
investigated in order to establish suitable print settingxtruded flamens of pure

Af f i niesedohded inmoa Leapfrog Creatr HS 3[rinter and successfully fed

using the gear mechanism at the reartest print of a @ mm diameter tablet (height

4 mm) was selected with an infill percentage of 30%n initial printing temperature
of 160°C was selected (buildate 2°C) with resuls shownin Figure74:

\b0(

Figure 74-Pur e Affinisol E Printed at 160AC
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As can be seen from the image, only the initial print layers were successfully printed
The filament was feedg into the print head perfectly fine, but the polymer was not
sticking to layers already deposited on the build plafene print temperature was
increasedo 180°Cin the hope that the filament would stick together b&tegure

75):

\€0 L

Figure 75-Pur e Affinisol E Printed at 180AC

While increasing the print temperature slightly above the extrusiorerhperature
(170°C) seemed tomprovethe printing process, still only eouple of layers were
printed before the filamentgainstopped sticking to layers already depositeld a
final attempt, the print temperature was increased t6C geigure76):

190 ¢

wﬁ/

Figure 76-Pur e Affinisol E Printed at 190AC

At 190°C (build plate ®°C), full tablets could be printedwhich matches the
conditions used by Prasad al®’ in similar printing experiments, albeit with drug
| oaded Affini s oAfH,i nrifbedhyeEs stutkhogethermdequately
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enough during printing for the full 3D objettt be produced, but subsequently broke
apartupon removal from the build plate On further inspectionit wasrevealed that

the layers could be unravelled into single strarfgsotymer again.

While increasing the temperature initially resulted in better quality printed tablets,
further temperature increases are unfavourable and are likely to degrade to ptlymer
Further investigation into pure Affinisél was suspended afteeasoning that the
presence ofarvedilolcould plasticise the polymeas observed with Prasatal and

the use of paracetam@lwhich could potentially allow for thereaton of better
quality prints withou increasing the pritemperaturdurther.

4332Printing of AffinisolE Formulations
PEG 1000 and PEG 4600

With a general idea of suitable print settings, it was possible to investigate if any
filaments from the second disintagt DoE could beprinted astablets. With
formulations 1 and 2 intended to be identical across the range of different additives
trialled’ as both contained 0% disintegrarthese were only investigated for printing

once from all the DoE samples

Print temperatures of 170°C, 180°C, 190°C and 195°C were investigated, with 195°C
offering the best results, but none of these settings resulted in complete tablets being

produced Figure77 andFigure78):

Figure77-Pr i nting of DoE For mul at 195 print tdmpeYatu@ AR 99 % /
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Figure78-Pr i nti ng of DoE For mul at il®5C @&int{elRpersdurcC AR 80 %

It was reasoned thahe presence of APl alone was not enough to suitably plasticise
the filament, and the inclusion of fodr additives may produce more suitable

formulations for printing.

Formulations 3, 4 and 5 were tested acrosdititrent disintegrantandthe resuts

are displayedh Table34:

Table 34 - Results of DoE Printingt 195°C.

Formulation Erythritol Mannitol PEG 1000 PEG 4600

3 (1% API, No Tablets No Tablets No Tablets No Tablets
10%
Disintegrant)

4 (20%API, No Tablets No Tablets No Tablets
Disintegrant)
5 (10.5% API,

Disintegrant)

As can be seen, tablets were produced for all formulations when the the API and
disintegrant were present at levels of 10.5% and 5% respectigelgitionally, when
mannitol was used as the disintegrant, tablets caldd be produced from a
formulation containing 20% API and 10% disintegrarh the case of formulation 3

(1% API, 10% disintegrant) material could be pagbedugh the print head for both
erythritol and mannitol, but the material did not adequately stick together enough to

build successive layers of the desigriror formulation 4 of erythritol, the filament
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snapped continually when attempting to feed through the gear mechanisms of the
printer, eiher due to sample brittlenessissues with consistent filament diameter

For both PEG 1000 and PEG 4600, failure of printing of formulations 3 and 4 seemed
due to the soft nature of the filaments, possibly due to increased plasticisatialeg@rovi

by the increased disintegrant concentratiéiurther physical analysis of the filaments

may provide insight into why print success or failure has occurred.
4.3.3.2.1 Analysis of Filament Mechanical Properties

As a method of investigating the mechanical progerdf printer filaments,-point
bend testing has the potential to quantify the maximum stress and strain required for a

filament to be suitable for printirfg?*

Five different filament samples were taken from formulations 1 and 2, along with five
different filament samples from formulations 3, 4 and 5 for each of the individual
disintegrants, and these were subjectedtoit bend testing using a texture analys
Results are displayed in StreddRa) versus Strain (%) graphs for each of the

disintegrants investigate&igure79, Figure80, Figure81 andFigure82):

Stress (MPa)

110+ - 1% CAR 0% Disintegrant

-20% CAR 0% Disintegrant
- 1% CAR 10% Disintegrant
- 20% CAR 10% Disintegrant
- 10.5% CAR 5% Disintegrant

100+

EEECOO

20+

80+

704

T T T T
0 10 20 30 40 50 €0 70 80
J Strain (%)
-10

Figure 79- Stress vs Strain Graph for Erythritol Formulations
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In stress versus strain graphs, the linear portion of the data (approximdige¥s O
strain in this case) relates iobnpmeanng obéel a
that any changes undergone by the material in this region are reversiblewther
portions of the graph are an i fmedersiblat i on
Sharp drops in the data to 0 usually indicate a break in #radilt, however this can

also correspond to the filament slipping off the stage of the equipment, which was the
case in all the sharp drops observed for formulation 2 (20% CAR, 0% erythr&ol).

gradual drop towards zero, as obsernvesome of the datadm formulations 3 and 5

(1% CAR, 10%erythritol and 10.5% CAR, 5% erythritol), alselates toa break in

the filament, but is an indication that the break was not caused by the material being
brittle. High values for stress are an indication of hoangjithe filaments are, with

changes observed across the filaments a potential indication of the level of
plasticisation within the filaments.

For erythritol, results appear quite simikeross the different formulationwith the
exception of formulatio 2 (20% CAR, 0% erythritolwhich appears stronger than all
the rest. The addition of erythritol to a 20% formulation of carvedilol (formulation 4,
20% CAR, 10% erythritol) lowers the maximum stress which can be applied before
plastic deformation is @erved which lowers the overall strength of the filament, and

is an indication that erythritol plasticises foemulation This effect is also observed

to a lesser extent in formulations containing 1% carvedilol.
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Streszg{lPa) I - 1% CAR 0% Disintegrant

B - 20% CAR 0% Disintegrant
B - 1% CAR 10% Disintegrant
100+ [l - 20% CAR 10% Disintegrant
[O- 10.5% CAR 5% Disintegrant

20

80+

50+

40

20

g 1
0 10 20 30 40 50 80 70 80
J Strain (%)

Figure 80- Stress vs Strain Graph for Mannitol Formulations

For formulations containing mannitol, a lot more breakage of the filaments is observed,
but this does not seem to necessatrn |y
a similar manner tthe resits obtained for erythritol, the addition of mannitol to a
20% carvedilol formulation results in lowering the maximum stress which can be
applied, although to a lesser extent than is seen with erythritol. This effect is not
evident when comparing formtians containing 1% carvedilol, which would indicate

that mannitol does not plasticise these formulations to the same extent as erythritol.
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u
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0
O

Stress (MPa)

110+ - 1% CAR 0% Disintegrant

- 20% CAR 0% Disintegrant
- 1% CAR 10% Disintegrant
-20% CAR 10% Disintegrant
-10.5% CAR 5% Disintegrant
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20+

80+
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Figure 81 - Stress vs StraiGraphfor PEG 1000 Formulations

Formulationscontaining EG 1000 show distinct variation in the values for maximum
stress, indicating thdhe presence of PEG 1000, carvedilol or a combination of both
result in different degrees of plasticisation throughout the filaments. In the absence
of disintegrant, incresang the level of carvedilol in the filament increases the strength,
whereas when PEG 1000 is included in the formulation, a combination of high drug
loading and high disintegrant loading result in a filament that appears very soft. Given
that both formiations 3 and 4 (1% CAR, 10% PEG 1000 and 20% CAR, 10%
PEG1000 respectively) failed to print due to filament softness, it would appear that a
Ot hreshol dd maxi mum stress must be,reach:
which seems to be abovepmpximately 40 MPa in the case of this DoEThis is
similar to what was observed with Prasaidal. and the printing of paracetamol
containing formulation&’ although the threshold maximum stress recordettheir

research was approximately 30 MPa, which is lower than observed for this DoE.
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Stress (MPa)

110+ - 1% CAR 0% Disintegrant

- 20% CAR 0% Disintegrant
- 1% CAR 10% Disintegrant
- 20% CAR 10% Disintegrant
-10.5% CAR 5% Disintegrant

100+
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20+

80+
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Figure 82 - Stress vs StraiGraphfor PEG 4600 Formulations

Formulations containing PEG 4600 are very similar to those containing PEG 1000,
although those with the high disintegrant loading (10% disintegrant) $iaytgly

stronger filaments in the case of PEG 4600. As mentiabeue print failure was
experienced duto filament softness in formulations with high levels of PEG 4600,
whichfut her rei nforces the theory that a 6th

must be rached for printing to be viable in the case of the materials used for this DoE.

For ease of visualisation, the maximum stress for each disintegrant under investigation
has been plotted iRigure 83 along with the flexural modulus, which is determined
from the slope of the linear region of the stress/strain graphs presented. Both these
features have been compared by Prasaal. when describingheir similar system

using paracetamgl and could together provide information on which systems are
likely to be printable.
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Figure 83 - Flexural Modulus and Maximum Stress for e@ikintegrant(n=5 + standard deviation)

In the work described by Prasadal printing was successful with filaments that had

a flexural modulus in the range of 3114 MPa and failure to print was seen with

filaments with a flexural modulus in the rangfe0.21.2 MPa. In the work described

within this thesis, filaments exhibiting print failure due to softness had a flexural

modulus in the range of 246 MPa, however th@Wwest flexural modulus observed

with a successful print was 4.5 MPa, which woundicate that more than flexural

modulus alone is required to predict print success.

When considering the maximum

stressobserved for each of the different formulations, it is difficult to predict print

failure unless the resulting filaments are verf.sdSuccessful printing was observed

with maximum stress in the range of 584.8 MPa, but (with the exception of

previously discussed soft filaments) failure was also seen within this rargeonly
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outlier in terms of an upward threshold for maximatress is the value observed for
formulation 2 (20% CAR, 0% disintegrant), which was 97.7 MPa, but further
investigation into upward limits would be required in order to more accurately apply

this as an acceptable stress range.

Overall, 3point bend testg only seems to provide an indication of print failure in the

case of very soft filamentsWith regards to failuré r om f i | a me appear whi c h
too soft analysis of the mechanical properties does not provide a sufficient reason for

this print fallure. An increased amount of breakage is observed in formulations
containing mannitolput these formulations resulted in grea print successand

therefore filament breakage cannotused as an indication of print suitability for any

of these formulaons. hvestigation in to levels of crystallinity may provide further

insightto printing viability.
4.3.3.2.2 Crystallinity Determination of Filaments

In order to assess the crystallinity of the components within the extriidexcits,
XRPDanalysis was caed out on pelletised filamentIn order to determine how the
formulations behave without any disintegrants, formulations 1 and 2 were analysed
and compared to the Affini gRguré84dand car ve
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Figure 84- XRPD of formulatioil ( 1 % CAR, 99 %andZ( 2084 AIRE) 80% Af fi ni

The absence of any additional peaks inftlzenent pellets of formulations 1 and 2

suggest that the carvedilol remains amorphous in these faromslaandthroughout

the extrusionprocessT he cl ear peak observed in Affi)
chloride impurity which has been reported in the literaftifé* and is present in all

Af f i ni stanindgsaroptes. Based on théack of crystallinity observed in the

absence of disintegrants, afurther peaks detected iformulations3, 4 and 5 are
thereforenot causedvy either carvedilol pAffinisolE . XRPD analysis of each of

the disintegrantormulations is shown in the following graphHadure 85, Figure 86,

Figure87 andFigure88):
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Figure 86 - XRPD Analysis of Mannitol Formulations
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Figure 87 - XRPD Analysis of PEG 1000 Formulations
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Figure 88 - XRPD Analysis of PEG 4600 Formulations
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In formulations contaimg PEG100Q there is no evidence of peaks, suggesting that
the reason for print failure was purelyrdttited to filament softness, as measured by
3-point bend testing When looking at filament pellets and printed material of
erythritol and mannitotontaining formulationkiowever and comparing them to the

raw starting materials, it is clear there are some peaks observed in material from
formulations 3 and 4 This is also seen to a lesser extent with formulations containing
PEG 4600. Based of the lack of peaks observed in formulations 1 ati2e peaks

are consistent with being frothe disintegrantthemselves In both formulations 3

and 4, the concentration of erythritol is double that of formulati@®% versus 5%)
therefore it is likely that this increase has caused the presence of peaks in these

formulations

While this presence of crystallinitgdicates that HME is natufficient for completely
processinghe components of these formulati@s molecular leveit is still difficult

to determine print failure based tiredetection of crystalline materialFormulations

3 and 4 of erythritoboth display crgtalline material and both fail to print, whereas
mannitol also displays crystallinity in these forntidas butprint failure is only
observed in formulation.3 It should also be noted that crystallinity is still observed

in printed material from these formulations, indicating that the printing process does

not aid any further distribution of the compateat a molecular level.
4.3.3.2.3 Dissolution of Printed Tablets

In order to determine whichi, any, of these disintegrants improved the dissolution
and release of API from the formulationd, tablets which could be printedvere
subjecedto dissolution analysiusing a USP 1 siolution test Samples were run for

six hoursand he following release profiles were obtain&igure89):
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Drug Release from Carvedilol
Loaded Affinisol Tablets
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Figure 89 - Dissolution of 3D Printed Tablets with Various Disintegrgnts3 +standard deviation)
F4=20% CAR, 10% disintegrant, F5=10.5% CAR, 5% disintegrant.

As can be seen from the dashed linelamg 100% release, none of thesintegrants
result in a formulation with immediate relegs®perties. As mannitol is the only
additive which resulted in the printing of more than one formulation, it is difficult to
determine if increasing the levels of disintegrant, while keeping the drug loading
constant, results in any improvement to theerall release of carvedilpland this
should be investigated further.When comparing formulations of the same drug
loading, but different disintegrant, PEG 4600 is the only disintegrant which improves
the API release relative to the other formulations.

By the nature of thé=FF 3D printing tehniqueitself, the resulting tabletsre highly
compacted and, as mentioned above, result in an erosion based method of dissolution.
As such the addition of disintegrants, which would usually aid in tablet fragmentation,
do not offer results which wouldiggest immediate release in this instance. UHge

of additives hashowever been successfial improving dissolutionvhen the paste
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extrusion 3D printing method has been employedth the addition of either
croscarmellose sodiufi? or hydroxypropyib-cyclodextrirt®® resulting in immediate

realease formulations of paracetamol or carbamazepine respectively.

Based on the success of printing with mannitol containing formulations, coupled with
the slight improvement to release rateen usind®EG 4600furtherinvestigation into
varying these disintegrant loadings may provide access to immediate release

formulations.
4.3.3.3 Printing of Formulations Containing Increased Mannitol or PEG 4600

In order to investigate what effect increasing the concentration of thesrchos
disintegrants, mannitol and PEG 4600, has on the release of API, extrusion of a range

of formulations was carried oatcording tolrable35:

Table 35 - Extrusion of Mannitol and PEG 4600 Formulations

Formulation API (%) Disintegrant (%) Polymer (%)

Blank 10.5 0 89.5
1 10.5 5 84.5
2 10.5 10 79.5
3 10.5 15 74.5
4 10.5 20 69.5
5 10.5 30 59.5
6 10.5 40 49.5

In each case material was successfully extruded, with the exception of PEG 4600
formulation 6,which was unsuccessful in forming a filamentThe extrusion of a
blank formulation was also successful, producing a glassy, golden filament with an
average diameter of 1.77 mnResults from these extrusion experimentssaenin
Table36:
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Table 36 - Filamentsfrom Extrusion of Various Mannitol and PEG 4600 Formulations

Mannitol

PEG 4600

For mannitol,formulation 1 starts out as a glassy golden filament, aadugily
becomes paler and more opaque as the concentration of mannitol incredles
filaments retained structural integrity until formulation 6, where the filament became

very brittle and snapped under very little pressure.

Similarly for PEG 4600formulation 1 starts out as a golden, glafisynent gradually
becoming paler and more opaque as the eaination of PEG 4600 increases, but a
very brittle filamentis encounted at formulation 5, with formulation 6 completely

crumbling into fragments.

With regards to printingo tablets could be produced for the blank formulation, which
further supports the theory that API alone is not enough to plasticise the filafdént

otherresults are displayed irable37:
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Table 37 - Results of Increased Levels of Mannitol and PEG 4600 Printing

Formulation Mannitol PEG 4600
1 (10.5% API

5% ; \
Disintegrant) ‘;yﬁy
2 (10.5% API, o No Tablets
10% il
Disintegrant)
3 (10.5% API, - No Tablets
15% N
Disintegrant) ® _
157
4 (10.5% AP) J)‘% No Tablets
20% 42586
Disintegrant) 9
)
5 (10.5% API, ; No Tablets
30% %0
Disintegrant) @
©
6 (10.5% API, No Tablets No Tablets

40%
Disintegrant)

Printing siccess was achieved with all mannitol formulations, with the exception of
formulation 6 but success was onichieved with formulation 1 for PEG 460Qhe

same composition as was manufactured in the. DQiiality of finished tablets also
seemed to decline as mannitol concentration increased, indicating that even if the
disintegration is improved, this may cormaea price of consistent tablet manufacture
Given that increasing PEG 4600 content resulted in softer filaments, as observed in
the disintegration DoE, analysis of filament mechanical properties may provide a

definitive answer as to why these formulagovere unsuitable for printing.
4.3.3.3.1 Analysis of Filament Mechanical Properties

As with the filaments from the DoE (Secti@gh3.3.2.}, five samples from each

formulation weresubjected to point bend testing using a texture analys Results
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are displayed in Stress (MPa) versus Strain (%) graphisotbr mannitol and PEG
4600 and are shown Figure90 andFigure91:

Stress (MPa
9(0_ ) W - 0% Mannitol [l - 5% Mannitol

- Mannitol [ - Manntio
10% Mannitol 15% Manntiol
D-zo% Mannitol --30% Mannitol
n 40% Manntiol

804

70

80
Strain (%)

Figure 90- Stress vs Strain GraphrfMannitol Formulations

As observed with the different mannitol formulations in gireviousDoE, there
appears to be a lot of filament breakage, but this does not seem to correlate with
printability of the formulations all of these formulations could inted, with the
exception of 0% mannitol (black) and 40% mannitol (purple). Although textural
analysis does not indicate a clear reason for failure in the case of 0% mannitol, there
is a distinct difference observed in the maximum stress which ceulzbplied to
filaments containing 40% mannitol. &$e filaments can only be subjected to a stress

of approximately 30 MPa, which is lower than the 40 MPa threshold discussed in
Section4.3.3.2.1 and they also break at a straif approximately 10% which would
indicate that the filaments are also fairly brittl&@he brittle nature of these filaments
could potentially be due to a | ack of

crystallinity.
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Stpno (WP - 0%PEG 4600  [Il- 5% PEG 4600
- 10% PEG 4600 []- 15% PEG 4600
[C]- 20% PEG 4600 [J- 30% PEG 4600

80

70

L

70 80
Strain (%)

Figure 91 - Stress vs Strain Graph for PEG 4600 Formulations

For theformulationscontaining PEG 4600, similar observations to that of the DoE can
be made. Addition of PEG 4600 results in an increase in plasticisation of the
formulations up until a level of 30%s ireached. This plasticisation lowdhe
maximum stress which can be applied below the threshold level of 40 MPa and results
in filaments whit are too soft for printing. As with the results of mechanical testing

in Sectiord.3.3.2.1 the flexural modulus and maximum stress can be plotted for easier

visualisation of Figwre9®.e 06t hreshol dbé val ue:

Figure 92 - Flexural Modulus and Maximum Strefss Mannitol and PEG 480 Formulationg(n=5 +

standard deviation)
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