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KEYWORDS Abstract The realization of a downward spiralling of diseases in developing countries requires
Affordable; them to become self-sufficient in pharmaceutical products. One of the ways to meet this need is
Continuous flow chemistry; by boosting the local production of active pharmaceutical ingredients and embracing enabling tech-
Developing countries; nologies. Both 3D printing and continuous flow chemistry are being exploited rapidly and they are
3D printing; opening huge avenues of possibilities in the chemical and pharmaceutical industries due to their
Pharmaceutical well-documented benefits. The main barrier to entry for the continuous flow chemistry technique
manufacturing; in low-income settings is the cost of set-up and maintenance through purchasing of spare flow reac-
Quality control tors. This review article discusses the technical considerations for the convergence of state-of-the-art

technologies, 3D printing and continuous flow chemistry for pharmaceutical manufacturing appli-
cations in developing countries. An overview of the 3D printing technique and its application in
fabrication of continuous flow components and systems is provided. Finally, quality considerations
for satisfying regulatory requirements for the approval of 3D printed equipment are underscored.
An in-depth understanding of the interrelated aspects in the implementation of these technologies is
crucial for the realization of sustainable, good quality chemical reactionware.
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1. Introduction

The sobering reality of limited access to good quality and
affordable medicines, characteristic of developing countries,
requires innovative and sustainable efforts to bolster the man-
ufacturing capacity of the local pharmaceutical industry.
Developing countries over rely on the importation of active
pharmaceutical ingredients (APIs) from the Asian and Euro-
pean market. Consequently, medicines are inaccessible to most
patients due to high costs and unguaranteed supply chains, as
most patients in developing countries fall in the low-middle
income bracket, which exerts a huge health burden developing
countries. Furthermore, due to over reliance on importation,
developing countries are left more exposed and vulnerable in
the face of pandemics that disturb supply chains such as the
current Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) infection (COVIDI19) (Cai et al., 2020;
Sharma et al., 2020). The alleviation of disease burden in
developing countries requires them to become self-sufficient
in pharmaceutical products. One of the ways to meet this need
is by boosting the local production of APIs and embracing
enabling technologies.

Emerging disruptive manufacturing technologies are worth
pursuing however, it is pertinent to fully understanding how
best to utilize them without compromising on the quality of
the product manufactured, particularly for the highly regu-
lated pharmaceutical industry. Continuous flow synthesis, also
known as flow chemistry technology is an innovative technol-
ogy in which chemical reactions are performed in continuous
flowing streams within narrow channels (Baumann et al.,
2020; Hest and Rutjes, 2020; Ley et al., 2020). Its use in acade-
mia, and the chemical and pharmaceutical industry has rapidly
grown over the last decade due to its well documented benefits
(Akwi and Watts, 2018; Baumann et al., 2020; Britton and
Raston, 2017; Hest and Rutjes, 2020; Scotti et al., 2019;
Trojanowicz, 2020). The intrinsic properties of continuous
flow reactors such as high surface-to-volume ratio enable effi-
cient mixing and accurate control of reaction parameters such
as temperature and pressure (Scotti et al., 2019). In addition to
lower reaction volumes and rapid heat dissipation, these fea-
tures make the technology inherently safer than batch reactors
(Sagandira and Watts, 2019; Scotti et al., 2019). Continuous
flow synthesis enhances selectivity, purity and yield as a result
of the suppression of side reactions usually caused by poor

mixing and poor heat-transfer, which is common in batch
reactors (Akwi and Watts, 2018; Scotti et al., 2019). Previously
forbidden chemistry in batch can be performed in continuous
flow reactors (Sagandira and Watts, 2020, 2019; Scotti et al.,
2019; Trojanowicz, 2020). Although single-step synthesis is
common in flow, multi-step synthesis where molecular com-
plexity is accrued through sequential transformations is more
valuable and has immensely improved chemical synthesis
(Hughes, 2018; Trojanowicz, 2020). The technology has a
smaller footprint and is characterised by easier process scale-
up from the laboratory to large scale manufacture compared
to batch manufacturing (Sagandira and Watts, 2019; Scotti
et al., 2019). Inline workup systems such as liquid-liquid sepa-
rators, gas-liquid separators or solid phase scavenger columns
and inline reaction monitoring and analysis using instruments
such as mass spectrometry, NMR spectroscopy, liquid chro-
matography and UV-Vis spectroscopy can be integrated in
continuous flow systems (Baumann et al., 2020; Scotti et al.,
2019; Trojanowicz, 2020). Interestingly, the pharmaceutical
industry is also taking advantage of the technology to develop
efficient processes that deliver on the ambitious timelines set in
the industry (Baumann et al., 2020; Bogdan and Dombrowski,
2019; Hest and Rutjes, 2020; Porta et al., 2016; Riley et al.,
2019). Along with the use of other enabling technologies such
as machine learning and artificial intelligence, a future-proof,
fully automated industrial manufacturing system for chemicals
and active pharmaceutical ingredients is a possibility (Badman
et al., 2019; Baumann et al., 2020; Bogdan and Dombrowski,
2019; Fitzpatrick et al., 2016; Ley et al., 2020; Porta et al.,
2016; Riley et al., 2019; Trojanowicz, 2020). Owing to all these
advantages, novel processing windows, cleaner, more robust,
more efficient, less consumptive and safer chemical processes
are achievable in flow chemistry (Akwi and Watts, 2018;
Baumann et al., 2020; Britton and Raston, 2017; Hest and
Rutjes, 2020; Sagandira and Watts, 2020, 2019; Scotti et al.,
2019; Trojanowicz, 2020).

Although the importance of pharmaceutical manufacturing
innovation in ensuring sustained, reliable and cost effective
access to medicine can never be overemphasised, the highly
regulated pharmaceutical industry is often conservative in its
approach to manufacturing innovation, consequently causing
delays to approval (Badman et al., 2019). As rightly stated
by Badman et al. (2019), government intervention is necessary
in terms of regulatory incentives to overcome the approval
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time delays. A considerable percentage of pharmaceutical
manufacturing in the world is done in China and India. Most
production is currently done using batch technology at differ-
ent sites which is usually accompanied by lead times of up to
12 months (Maier et al., 2020a.b). To keep up with the ever-
increasing demand for pharmaceuticals and ensure constant
supply chains, pharmaceutical companies and regulatory bod-
ies are embracing continuous manufacturing technology owing
to its advantages (Maier et al., 2020a,b). Despite these invalu-
able advantages associated with this technology, its adoption
in countries with well-established pharmaceutical manufactur-
ing industries is still slow due to its disruptive nature (de Souza
and Watts, 2017; Riley et al., 2019; Sagandira et al., 2020). In
contrast, the technology is less disruptive in developing coun-
tries because of the under-developed pharmaceutical industries
(de Souza and Watts, 2017; Riley et al., 2019; Sagandira et al.,
2020). As a result, these countries are in an unique position to
adopt continuous flow manufacturing with less hindrance,
besides the cost of setting up the infrastructure. Continuous
flow manufacturing has made a remarkable impact in the
pharmaceutical industry and setting it up remains more afford-
able than batch manufacturing (Aguiar et al., 2019; Carneiro
et al., 2015; Chada et al., 2017; Dalla-Vechia et al., 2013; de
Souza et al., 2018; de Souza and Watts, 2017; Ledo et al.,
2015; Lima et al., 2020; Mandala et al., 2017; Miranda et al.,
2019; Pinho et al., 2014; Riley et al., 2019; Sagandira et al.,
2020; Sagandira and Wattts, 2020; Suveges et al., 2018,
2017). Although numerous laboratories build homemade con-
tinuous flow systems from commercially available parts or
components to address the affordability challenges associated
with acquiring the expensive commercial continuous flow sys-
tems, these commercial parts or components such as reactors
are still out of reach of most chemical laboratories (Britton
and Raston, 2017; Penny et al., 2019; Riley et al., 2019). 3D
printing (3DP), also known as additive manufacturing (AM),
has emerged as an enabling and cost-effective technology in
the production of continuous flow components and systems
with complex geometries and intricate internal structures.
Most importantly, it is accompanied by exceptional design
freedom which is not currently available when using the exist-
ing microreactor fabrication methods. Further, it exhibits a
low carbon footprint (Capel et al., 2013; Dragone et al.,

. Design,
Material mode
development dm:il:t'i::d

3D CAD Model .STL File

Fig. 1

Sliced Layers & Toolpath
(G-code file)

2013; Harding et al., 2020; Rossi et al., 2018). Most recently,
Maier et al. (2020a,b) demonstrated the high potential of
3DP technology for cost- and time-efficient production of
custom-made continuous flow reactors, applicable for the syn-
thesis of APIs (Maier et al., 2020a,b). Similarly, developing
countries can take advantage of 3DP to manufacture continu-
ous flow equipment to enable cost-effective development of
continuous flow manufacturing capability. Herein, we review
3DP technology and continuous flow technology as converg-
ing technologies in academic and industrial pharmaceutical
laboratories towards the realization of affordable and good
quality continuous flow components and system that can be
utilised in local manufacturing capacity development of phar-
maceuticals in developing countries. The specific details of the
various 3DP techniques are outside the scope of this review.

2. 3D printing and flow chemistry technology convergence

2.1. 3D printing technology

3DP is currently one of the most disruptive technologies with
immense potential of revolutionising science. It is a process of
producing 3D physical objects through successive layering of
material from scientific ideas and virtual concepts (Capel
et al., 2013; Halada and Clayton, 2018; Neumaier et al., 2019;
Rossi et al., 2020, 2018, 2015; Sing et al., 2019). It has gained
traction in many fields such as regenerative medicine, chemical
industry, dentistry and odontology, architecture, acronautics,
construction and jewellery industry (Aimar et al., 2019; Awad
et al.,, 2018; Halada and Clayton, 2018; Ko et al., 2017;
Rashid, 2019; Rossi et al., 2020, 2018; Sing et al., 2019). In
3DP, virtual concepts designed by computer aided design
(CAD) are printed into bespoke low-cost solid objects layer-
by-layer. The CAD virtual idea is converted to standard tessel-
lation language format (STL) where the 3D surface geometry is
described. This geometry subsequently undergoes “slicing” to
afford the printable format of 3D model (G-code file), which
is subsequently sent to the 3D printer. Many other technical
parameters such as size, material, orientation and temperature
are considered prior to 3DP into a 3D physical object (Aimar
et al., 2019; Awad et al., 2018; Ko et al., 2017; Rashid, 2019;

Final Printed
object

3D Printer 3D printed Object

The generic 3D printing process sequence.
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A: Mixers B: Back pressure regulators

C: Tubing D: Seperators

E: Reactors

1

G: Syringe pumps

\.\4

Fig. 2 Typical continuous flow components and systems.

Rossietal., 2020, 2018). There are various 3DP techniques such 2.2. Application of 3D printed continuous flow components and
as multijet printing (MJP), selective laser sintering (SLS), lam- systems

inated object manufacturing (LOM), stereolithography (SLA)

and fused deposition modelling (FDM). A generic 3DP process  Among other applications in the chemical and pharmaceutical
sequence is illustrated in Fig. I. industry, 3DP technique has been used to produce affordable
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reactionware (He et al., 2016; Kitson et al., 2016; Rossi et al.,
2020, 2018, 2015). In recent years, it has been applied in flow
chemistry technology; another emerging technology in the
chemical and pharmaceutical industry to afford low-cost com-
plex and intricate continuous flow components and systems
(Dragone et al., 2013; Harding et al., 2020; He et al., 2016;
Ko et al., 2017; Maier et al., 2020a,b; Neumaier et al., 2019;
Penny et al., 2019; Rao et al., 2017; Rossi et al., 2018, 2017;
Scotti et al., 2019; Waheed et al., 2016). Due to the complexity
and intricate designs, these would normally require specialised
and expensive techniques such as hot embossing, laser abla-
tion, micro-machining and chemical etching (Capel et al.,
2013; Dragone et al., 2013; Neumaier et al., 2019). Precise
architecture control is one of the important advantages of
3DP technique therefore, flow chemistry components can be
constructed with high precision, including complex geometries
and intricate internal structures required for efficient mixing
(Dragone et al., 2013). Consequently, complex bespoke typical
continuous flow components such as reactors, mixers, pumps

and syringes (Fig. 2) can affordably be produced with near-
complete design freedom (Capel et al., 2013; Dragone et al.,
2013; Harding et al., 2020; Neumaier et al., 2019).

The affordability barrier impeding the adoption of contin-
uous flow technology has intrigued researchers to investigate
low-cost manufacturing of continuous flow equipment using
3DP technology. The use of 3DP technology has rapidly
grown since Kitson et al. (2012) reported on a pioneering ‘re-
actionware’ concept in which a number of utility FDM 3D
printed polypropylene continuous flow reactors were fabri-
cated and used for reductive amination and alkylation reac-
tions, large polyoxometalate synthesis and gold nanoparticle
synthesis. Rossi et al. (2018) reviewed some examples of 3DP
use in continuous flow synthesis (Avril et al., 2017; Capel
et al., 2017, 2013; Dragone et al., 2013; Elias et al., 2015;
Hornung et al., 2017; Rao et al., 2017; Rossi et al., 2017,
2015). A minireview by Rossi et al. (2018) highlighted the suc-
cess of 3DP in flow chemistry at that time and has led to
researchers further exploring this avenue in search of cost
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Fig. 4 The continuous flow reactions performed in the 3D printed equipment by Neumaier et al. (2019).

effective and efficient continuous flow systems. Recent Neumaier et al. (2019) printed syringe pumps and various
advances in 3DP and flow chemistry convergence are reviewed flow reactor cells for the preparation of glycosyl donors, glyco-
herein. sylation and azidation reactions (Figs. 3 and 4). The authors
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used the FDM 3D printer (Anet A8) for reactor fabrication by
taking advantage of the inexpensive and chemically stable
polypropylene build material. Reactor R2 with circular chan-
nel profile (1.5 mm ID) was fabricated first and had large dis-
tances between the reaction channels (Fig. 3A [iii]).
Unfortunately, it was not leak proof because of the circular
channel profile. Efforts to realise leak proof reactors with elon-
gated reactor paths resulted in the fabrication of an R1 reactor
with square channel profiles (1.2 mm x 1.2 mm diameter)
thereby making it leak proof (Fig. 3A [i, ii]). Reactor path
elongation was achieved by decreasing the distance between
the channels affording a reactor total volume of 1.05 mL. R1
reactor has two inlets with a subsequent zigzag mixing struc-
ture and one quench inlet. The authors went on to fabricate
a bigger leak proof reactor R3 with a total volume of 1.5 mL
and a polylactic acid reactor rail which facilitates 1/16 in. tub-
ing (0.75 mm ID) connection to the reactor using standard
poly(etheretherketone) (PEEK) High Performance Liquid
Chromatography (HPLC) fittings (Fig. 3B). A 12 pL microre-
actor with 200 uL. channel was successfully fabricated
(Fig. 3C). Due to polypropylene spreading during extrusion-
based 3D printing, a channel size of less than 200 pL. was
impossible. This 12 pL microreactor (200 uL. channel width)
is currently the smallest FDM-polypropylene printed reactor
in literature. Generally, these reactors have smooth channel
structures compared to the other FDM-polypropylene printed
reactors (Neumaier et al., 2019; Rossi et al., 2018).

The authors also fabricated two types of continuous stirred
tank reactors with two and three inlets, which were used for
the premixing and extraction steps (Fig. 3D). Pumps are the
key components for continuous flow systems as they are used
to drive reagents through flow reactors for reactions to occur.
They control how the fast or slow reactants pass through reac-
tors thus determining the reaction/residence time depending
on the size of the reactor. Neumaier et al. (2019) printed a rack
of four low-cost and simple-to-use syringe pumps controlled by
one Arduino Mega 2560 computer (Fig. 3E). Polylactic acid was
used for FDM printing of the frame parts of the pump and step-
per motors, bearings and all-thread rods, nuts and screws were
commercially sourced to finish the assembling of the pumps.
The pumps are adaptable to syringes from 1 mL to 50 mL.

With the 3D printed reactors and pumps in hand, the
authors performed glycosylation and azidation reactions as
a proof of concept for the continuous flow hardware and
reactor set-up (Fig. 4). Pumped using two 3D printed
pumps, a solution of pentaacetylglucose 1 in CH,Cl, (1 M)
was treated with HBr in AcOH (33%) in a 1.5mL
polypropylene-printed reactor (R3) at room temperature
for 7.5 min residence time. Reaction workup and product
isolation was done inline using a 3D printed CSTR and a
phase separation system to afford acetobromo glucose 2 in
86% yield (Fig. 4A). It is noteworthy that the polypropylene
reactor R3 withstood the acidic conditions and the authors
successfully integrated inline workup procedure to come up
with a scalable procedure for acetobromo glycoses prepara-
tion. The authors went on to perform Koenigs—Knorr glyco-
sylation conditions with silver triflate as activator using the
3D printed pumps and CSTR (Fig. 4B). A solution of ace-
tobromo glucose 2 in DCM (0.25M) and MeOH were
pumped into a printed CSTR and the mixture was subse-
quently treated with AgOTf in a column reactor to afford
methyl glycoside 3 in 44% yield and 5 min residence time.

Neumaier et al. (2019) demonstrated a two-step glycosyla-
tion process using two 3D printed reactors connected in series
and reagents were pumped using the printed pumps (Fig. 4C).
In the first step, glucose 4 was treated with trichloroacetonitrile
in the presence of DBU at room temperature for 7.5 min in the
first R3 reactor affording glycosyl donor 5 in situ. Glycosyl
donor 5 was subsequently treated with various alcohols in
the second R3 reactor at 0 °C and 3.5-4.2 min residence times
to afford respective glycosides 3, 6 and 7 in 58%, 43% and
69% yield, respectively. Lastly, the authors demonstrated effi-
cient and safe preparation of potentially explosive azide 8 in
which pentaacetyl glucose 1 was treated with trimethylsilyl
azide in the presence of SnCl, for 7 min in a printed reactor
R3 to afford azide 8 in 80% yield (Fig. 4D). Remarkably,
the authors successfully demonstrated the manufacturing of
a variety of low-cost continuous flow equipment (reactors,
CSTR and pumps) for less than €300. Several reactions were
successfully performed using this equipment in which the han-
dling of harsh acidic conditions, potentially explosive azide
chemistry, multistep synthesis and inline work-up was
demonstrated.

Scotti et al. (2019) developed a simple continuous flow
chemistry microreactor with an electrospray ionization (ESI)
tip for real time mass spectrometric reaction monitoring
(Fig. 5A and B). The 3D microreactor was printed with pow-
der bed fusion technology in which 316L stainless steel powder
(20-50 pm particle size) was melted with a 200 W continuous
wave laser operating at 1070 nm wavelength. The post printing
processes included blowing of the unmelted powder out of the
channels and manual polishing of the reactor tip. Excluding
the ESI sharpening process, the estimated total cost of the
printed reactor is €20. Microreactor functionality was tested
by analyzing an inverse electron-demand Diels-Alder and retro
Diels-Alder cascade of reactions (Fig. 5C). Trans-cyclooctene-
amine hydrochloride 9 (0.13 mM) and 3-[4-(6-methyl-1,2,4,5-
tetrazin-3-yl)phenoxy]propan-1-amine ~ hydrochloride 10
(0.25 mM) were reacted in the microreactor fitted with inline
ESI-MS reaction monitoring to afford 4,5-dihydropyridazine
12 via cycloadduct 11. Although the microreactor was found
not perfectly suited for studying reaction kinetics and mecha-
nisms due to channel surface roughness induced memory
effects, it is useful for other applications such as a low cost dis-
posable microreactor (Scotti et al., 2019). Furthermore, the
good chemical, thermal and mechanical stability of the build
material (stainless steel 316L) makes it a useful device in con-
tinuous flow chemistry.

Although various individual 3D printed continuous flow
components such as microreactors and pumps have been
reported, not much has been done towards 3DP of full contin-
uous flow systems. To this effect, Penny et al. (2019) developed
a low-cost, small-footprint and modular full 3D printed con-
tinuous flow system (Fig. 6). Reagents flow in the system
was compressed air driven using Duran pressure bottles pres-
surised to 1.5 bar and system used commercial stirrer hot plate
as heating source. The authors designed circular disk reactors
(75 mm diameter, 7 mm high with 2 mm ID reactor channel)
that fits DrySyn Multi-E base using Tinkercad free online
CAD software (Autodesk). The 3D circular reactors (4.2 mL
internal volume) were printed with polypropylene with the
aid of an Ultimaker 3 3D printer. To complete the continuous
flow system, the other components were also 3D printed using
an Ultimaker 3 3D printer (Fig. 6).
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The images are reproduced with permission from Scotti et al. (2019).

The continuous flow system was printed at a total cost less
than $70 excluding the cost of the commercial stirrer hot plate.
This is significantly less than the cost of a commercial contin-
uous flow system which typically costs an excess of USD
$20,000 (Penny et al., 2019). Capillary resistors concept was
used to achieve consistent flow rates of the air driven reagents

Continuous flow-ESI-MS system with a 3D printed stainless microreactor and a cascade of reactions performed using the reactor.

as well as act as back pressure regulators, thus enabling the
reaction to be carried out at near or above solvent boiling
point. The functionality of continuous flow system was tested
using SNATr reactions between S-nitro-2-chloropyridine 13 with
a variety of phenols (Fig. 7). The authors impressively
designed, developed and 3D printed a simple low-cost contin-
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A: 3D-printed continous flow system
Solvent block
Injection block
Flow block
Base block
CDRs
Circular reactor Cfﬁ,]\?v (iij;:f;g;l;l;ltesd FIOW system CAD assembled
picture componets
B: 3D Printed components in the continuous flow system
Entry Print Material ~ Printed Printing  Cost ($)i Size (mm)
weight (g)  time (h)

1 Base block PLAL 269 20.00 18.29 180 x 90 x 60

2 Base cover PLALI 27 3.29 1.84 164x 74 x 3

3 Base feet PLALI 23 2.51 1.56 102x80x4

4 Flow control ~ PLAII 209 14.36 14.00 180 x 70 x 60

5 Flow cover PLA 20 228 1.34 155x 54x3

6 Injection block  PLAI 21 16.26 14.81 180 x 70 x 60

7 Injection cover  PLAC 32 422 2.14 159 x 55x 23

8 Solvent block PLAL] 124 9.54 8.31 180x 110 x 70

9 Mix chip PPIb] 10 3.02 0.77 42x34x17

10 CDR PPI®] 25 8.41 1.93 87x75x 17

[a] 750 g of PLA filament: $50.75. [b] 750 g of PP filament: $57.94
Fig. 6 3D printed full continuous flow system. The images are reproduced with permission from Penny et al. (2019).

uous flow system which avoided the use of expensive pumps or
syringe pumps and regular backpressure regulators. Further-
more, its functionality was successfully demonstrated using
SnAr reactions. Without doubt, this affordable printed system
will enable the exploitation of this powerful emerging technol-
ogy (flow chemistry) by ‘low-budget’ chemistry laboratories.
One key advantage of continuous flow chemistry is the abil-
ity to perform reactions at 100-150 °C above their normal
boiling point (superheating), by pressuring the system. As a
result, 1000 times faster reaction rates are achieved. Further-
more, pressure control is important for maintaining consistent
flow rates in the continuous flow system especially for reac-
tions involving gases. Continuous flow systems are usually
pressured using back pressure regulators (BPRs). Therefore,
BPRs are essential components of a continuous flow system.
Although there are many commercially available BPRs, most
are out of reach of many low budget laboratories. For exam-
ple, Zaiput BPR cost more that USD $1000. Walmsley and
Sellier (2020) designed, developed and 3D printed a low cost
BPR using an Ultimaker3 printer (Fig. 8). Computation design

of the BPR was performed using open-source software,
Tinkercad® and Ultimaker Cura. The BPR were designed
and printed in two parts, where two polypropylene face plates
(gas and liquid face plate) sandwiches a (polytetrafluo-
roethylene) PTFE membrane diaphragm. Although
polypropylene has moderate resistance to common solvents,
the authors designed the BPR in a way that ensures minimal
contact of solvents with the polypropylene face plates. The
sandwiched 0.1 mm thick PTFE membrane provides a protec-
tive layer as well as enabling gas-liquid separation in the
assembled BPR. M4 stainless steel wing nuts were used to hold
the two-phase plates together. PTFE gasket, silicone O-rings
and the straight pneumatic push fit 4 mm OD male M5 adap-
ter were also necessary to complete the BPR assembly (Fig. 8).
The BPR was successfully tested for leaks and functionality
using tetrahydrofuran (THF) and acetonitrile (ACN) using
flow rates up to 3 mL/min and gas pressure of up to 2 bar.
Alimi et al. (2019) developed a continuous flow system con-
sisting of a syringe pump, Pd/Co3;0,4 packed column reactor
and a mixer using 3DP technology (Fig. 9). The continuous
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ﬁ NO, ~ 650C NO,

a1 N7 O 28 N
13 MeCN . N~

OH <>+ @)

(J - oon
R DBU, MeCN CDR R s
14 n = number of CDRs a
Entry Phenol 140! n (N° CDRs) Product Conv. (%)" Yield (%)

1 4-methoxyphenol 2 15a 95 94

2 phenol 2 15b 92 84

3 p-cresol 2 15¢ 91 87

4 4-nitrophenol 2 15d 25 -

5 4-nitrophenol 5 15d 47 23

6 4-fluorophenol 2 15¢ 97 96

7 4-bromophenol 2 151 97 82

8 2,2, 2-trifluoroethanol 2 15g 40 -

9 2,2, 2-trifluoroethanol 5 15¢g 47 18

10 4-methylparaben 2 15h 46 41

11 4-chlorophenol 2 151 97 71

12 m-cresol 2 15j 94 68

[a] Reactions were carried out at 65 °C and a flow rate 0.33 ml/min
[b] Determined by 'H NMR analysis of crude reaction mixture

Fig. 7 SnAr reactions between S-nitro-2-chloropyridine 14 and a variety alcohols explored in the 3D printed continuous flow system

(Penny et al., 2019).

flow components were designed with an open-source Open-
SCAD software and printed by FDM 3D printer using a ther-
moplastic filament, polylactic acid. The column reactor
(20.0 mm long, 4.00 mm outer diameter and variable radii
(rl1 = 0.97 mm and r2 = 2.2 mm)) was 3D printed and packed
with Pd/Co504. The printed pump consisted of parts, the fixed
body and the plunger. The pump is controlled by Arduino
Mega computer and can accommodate a wide range of com-
mercially available syringes (1-20 mL). A mixer with two
reagent inlets and one outlet (0.97 mm channel radius) was
also 3D printed. The functionality and integrity of the 3D
printed assembled continuous flow system was tested using
the reduction of 4-nitrophenol 16 to afford 4-aminophenol
17 in 98% conversion with 8 min residence time (Fig. 9C).
After the initial success of the 3D printed column reactor
packed with Pd/Co;0,4 catalyst (Alimi et al., 2019), Alimi

et al. (2020) went on to print another column reactor which
was packed with immobilised palladium nanocatalyst
(Pd/Co050,) for morin 18 oxidation (Fig. 10). The 3D printed
column reactor was designed with OpenSCAD software and
printed by an FDM printer (Prusa i3 MK3S) using polylactic
acid filament. Morin 18 oxidation was successfully performed
in the 3D printed column reactor to afford morin oxide 19 in
98% conversion with 8 min residence time (Fig. 10).

With the experience accumulated in their previous applica-
tions of 3DP technology for heterogenous catalysis in contin-
uvous flow (Alimi et al., 2020, 2019), Alimi et al. (2020)
developed a continuous flow system consisting of polylactic
acid-based syringe pumps, palladium immobilized alumina
monolith and a polypropylene-based column reactor
(Fig. 11). Deposition-precipitation method was used to immo-
bilise palladium nanoparticles on the alumina monolith which
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A: CAD drawings

Liquid face plate

Gas face plate

B: 3D-printed parts and assembly of BPR

BPR parts

1. Liquid face plate with M4 bolts
2. PTFE diaphragm

3. PTFE gasket

4. Gas face plate with silicone O-ring

5. Pneumatic push fit 4 mm OD male adapter

Assembled BPR

Fig. 8

was fabricated from a 3D printed template. All the 3D printed
parts were designed using OpenSCAD software and printed by
FDM printer (Prusa i3 MK3S). The performance of the 3D
printed continuous flow system was investigated using the
epoxidation of styrene 20 with fert-butyl hydroperoxide
(TBHP) resulting in 60% conversion of the styrene 20 and
79% selectivity of epoxide 21 (Fig. 11).

Although PEEK has superior chemical and thermal stabil-
ity, it is a difficult thermoplastic polymer to print due to a high
melting point and viscosity (Arif et al., 2018; Vaezi and Yang,
2015; Valentan et al., 2013). PEEK requires high printing tem-
peratures (370-430 °C) (Vaezi and Yang, 2015) which can
result in warping and delamination of layers due to thermal
stresses (Harding et al., 2020). However, this can be avoided
by printing PEEK in a heated chamber with temperatures
higher than 150 °C build plate (Cai et al., 2015; Vaezi and
Yang, 2015; Yang et al., 2017). Harding et al. (2020) fabricated
a low cost, chemical resistant and strong continuous flow reac-

3D printed BPR designed and developed by Walmsley and Sellier (2020).

tors with integrated mixing elements from PEEK using a FDM
3D printer (Funmat HT) (Fig. 12). The parts for the flow reac-
tors were designed in Autodesk Fusion 360. Due to the supe-
rior mechanical and thermal properties of PEEK, the reactor
withstood elevated temperatures and high pressures of at least
30 bar leading to superheating of solvents in the reactions. The
performance of PEEK in printing flow chemistry reactors was
investigated using a SNAr reaction of 2,4-difluoronitrobenzene
23 with morpholine 24 with telescoped liquid-liquid extraction
(Fig. 12). The continuous flow system was efficient with 97%
conversion of the starting material being achieved.

One of the primary advantages of continuous flow chem-
istry over the conventional batch process is the ability to safely
handle highly reactive and exothermic reactions thus enabling
novel chemical processing windows to be created. Due to the
inherent safety of continuous flow system as a result of features
such as lower reaction volumes, high surface-to-volume ratios
and rapid heat dissipation (Sagandira and Watts, 2020, 2019;
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A: CAD drawings

Column reactor

Mixer

Syringe pump

—r =0.97mm

)
52

47.00mm

150.00m
-R=4.00mm r=097mm-—

B: 3D printed continuous flow components and assembled system

Column reactor and mixer Continous flow system

O

C: Nitrophenol 16 reduction

3D-printed
column reactor

H,N
O,N
Q, 0 me pb— "0
OH
OH 17
16

R;=8 min

98 % conversion

Fig. 9 3D printed continuous flow system. The images are reproduced with permission from Alimi et al. (2019).

HO OH HO

O e Deon
3D-printed HO
column reactor OH

OH O 4 Pd/Co;0, o 4 Q
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Fig. 10 3D printed continuous flow column reactor and morin 18 oxidation (Alimi et al., 2020).

19

OH

98 % conversion

Scotti et al., 2019; Trojanowicz, 2020), thermodynamic, fluid (Maier et al., 2020a,b). Reaction calorimetry provides impor-
dynamic, and kinetic investigations are rarely done at small tant safety data such as enthalpy of reaction, activation energy,
scale (Maier et al., 2020a,b). However, these investigations heat capacity of a reaction mixture and reaction rate (Maier
are important for safe and efficient industrial application et al., 2020a,b). Reaction enthalpy is a key aspect in reactor
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A: CAD drawings
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(a) T- mixer showing the internal dimension (b) T-mixer design external design
(c) reactor showing the internal design (d) reactor design external design (e) Syringe pump

B: 3D-printed flow system flow reactor

Connected flow system

Flow reactor

C: Continuous flow epoxidation of styrene 20 0

3D printed alumina 21
monolith reactor

(79 % Sel)

oo

B (O—

4' Immobilised PdNps I— 0

=50 min H
60 % conversion 22

(16 % Sel)

Fig. 11

3D printed continuous flow system consisting of syringe pumps, Pd immobilized alumina monolith and a polypropylene-based

flow reactor. The images are reproduced with permission from Alimi et al. (2020).

design and safety evaluation. Maier et al. (2020a.b) reported a
modular 3D printed calorimeter for reaction calorimetry in
continuous flow (Fig. 13). The calorimeter can withstand harsh
reaction conditions. Selective laser melting (SLM) and digital
light processing (DLP) 3DP techniques were used in the

calorimeter fabrication. Due to high chemical, mechanical sta-
bility and excellent heat transfer rates of stainless steel, the
reactor plate and cooling blocks were printed by SLM of stain-
less steel. This enabled the usage of highly reactive compounds
and organic solvents at elevated pressures. The calorimeter
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A: CAD drawings and the 3D-printed reactor

B: Reaction in the 3D-printed reactors
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Fig. 12 3D printed continuous flow reactor. The images are reproduced with permission from Harding et al. (2020).

PCoolart

Cooling Blocks

Peltier Elements

Seebeck Elements

Inlets

Reactor plate

Base plate

Heating foils

Thermocouples

Fig. 13 Exploded view of the designed calorimeter with the 3D printed modular segments. Reproduced with permission from Maier

et al., 2020a,b.
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A: CAD models of the AP04 and AP03 reactors

Mixing
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Mixing point

B: CAD image of the CSTR-cascade
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C: CAD model of split-and-recombine reactor (SaRR)
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Fig. 14  Grignard oxidation using molecular oxygen investigated in various 3D printed continuous flow reactors (APO3, APO4, SaRR
and CSTR cascade). Reproduced with permission from Maier et al., 2020a.b.
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casing was fabricated by DLP of a cheap UV-curable resin,
which provided good thermal insulation and necessary
strength to support a whole calorimeter. The calorimeter’s
functionality was validated with a series of experiments which
produced a well-known heat flux.

Most recently, Maier et al. (2020a,b) demonstrated the high
potential of 3DP technology for cost- and time-efficient pro-
duction of custom-made continuous flow reactors, applicable
for the synthesis of APIs (Figs. 14-16). Two different 3DP

Valsartan precusor

96 % overall yeild
73 % ee

3D printed SaRR incorporated in the multistep continuous flow synthesis of a valsartan precursor 32.

techniques (SLM and DLP) were used depending on reaction
requirements. Harsh chemical reactions were performed in
stainless steel reactors 3D printed via the SLM technique while
a UV-curable resin, processed via DLP, was used as build
material for reactors used for milder reactions (Maier et al.,
2020a.b). The authors reported three examples of 3D printed
reactors and their application in API synthesis. The first exam-
ple involved aerobic oxidation of a Grignard reagent 27 by
molecular oxygen to corresponding phenol 28 in various
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A: CSTR designed for the enzymatic decarboxylation

Integrated
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33 . DES: Buffer
: 1:1 |

OH
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| 6:5:6.75:2.25

4-hydroxystilbene
15 % yield

Fig. 16
from Maier et al., 2020a,b.

stainless-steel reactors namely APO3, APO4, split-and-
recombine reactor (SaRR) and CSTR cascade (Fig. 14). In
the APO3 reactor, chaotic mixing is induced by channels which
are arranged according to a helicoidal structure with alternat-
ing change of the direction of curvature. The mixing principle
of the APO4 reactor is based on splitting the flow into smaller
lamellae, consequently increasing the area of contact between
the incoming streams. The CSTR-cascade has 10 vessels with
a 3 mm internal diameter (ID), each equipped with a micro
stirrer to enhance mixing. These vessels are connected via a
0.6 mm ID channel. The desired product 28 was afforded in
42% and 28% yield for AP03 and AP04 reactors, respectively.
The improved yield observed with the AP03 reactor compared
to the AP04 reactor was due to better mixing. The AP03 per-
formed slightly better than the SaRR. Best results (53% yield)
were achieved with a CSTR cascade reactor due to more effi-
cient mixing. Apart from the channel structure design, channel
ID was also found to influence yield. As expected, smaller
channel diameters were accompanied by improved yields
because of better mixing induced by shorter diffusion
distances.

Valsartan is a non-peptide angiotensin II receptor blocker
for the treatment of hypertension. In another example, the
authors used SaRR in Fig. 14 to achieve efficient mixing in
the multistep synthesis valsartan precursor 32 (Fig. 15).

3D printed CSTR incorporated in the two-step continuous flow synthesis of 4-hydroxystilbene 35. Reproduced with permission

Valsartan precursor 32 was afforded in 96% overall yield
and 73% enantiomeric excess in 60 min total residence time
(Maier et al., 2020a,b).

In the last case, the authors used a CSTR made of a UV-
curable resin in the first step of a multiphase enzymatic decar-
boxylation followed by a Heck cross-coupling reaction to
afford resveratrol derivatives (Fig. 16). The enzymatic decar-
boxylation of para-coumaric acid 33 by phenolic acid decar-
boxylase was performed in a 3D printed CSTR before
undergoing a Heck cross-coupling reaction with 34 to afford
4-hydroxystilbene 35 in 15% overall yield with a space-time
yield of 703 mg/(l-h) (Maier et al., 2020a,b). Interestingly, this
translates to a 35% space time yield improvement compared to
their previous work in which a CSTR was not used. Despite
the low overall yield, the first step performed in the CSTR
was accompanied by an excellent selectivity (>99%) and
70% conversion. Ultimately, reaction engineering and 3DP
of continuous flow reactors was successfully combined to
enable efficient synthesis of API precursors in continuous flow.

3. Quality considerations for 3D printed flow reactors

Pharmaceutical manufacturing is subject to regulatory con-
straints, more so where converging technologies are involved.
To help with standardization of the 3DP process, Abdollahi
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and co-workers designed an expert-guided optimization
(EGO) strategy to minimize the trial and error approach of
optimizing 3DP critical process parameters (Abdollahi et al.,
2018). The reported EGO strategy is applicable to FDM,
SLA and powder-based printing techniques and it makes use
of an algorithmic search together with expert intervention to
provide insight into the effect of factors that are important
in structural integrity of print parts. Ultimately, selection of
the appropriate 3D printer and material (ink) is determined
by key factors such as the maintenance of geometrical integ-
rity, repeatability, and surface quality of resulting prints
(Mou and Koc, 2019). Quality assessments of 3D printed flow
reactors must be performed from the early stages of process
development to satisfy regulatory requirements.

3.1. 3D printing technique and build material

Although there are numerous 3DP techniques, each technique
has its own engineering and material limitations that must be
religiously considered before its application in the manufacture
of continuous flow components (Capel et al., 2013; Dragone
et al., 2013; Penny et al., 2019; Rossi et al., 2018). Due to their
inherent characteristics, not all 3DP techniques have been used
to manufacture flow chemistry components (Harding et al.,
2020; Kitson et al., 2016; Neumaier et al., 2019; Rao et al.,
2017; Waheed et al., 2016). Among these, MJP, SLS, LOM,
SLA and FDM are the commonly used techniques (Capel
et al., 2013; Dragone et al., 2013; Neumaier et al., 2019; Rao
etal., 2017; Rossi et al., 2018; Waheed et al., 2016). An exam-
ple of engineering imposed limitation is in powder-based tech-
niques such as SLS and powder-based ink-jetting where it is
extremely difficult to fabricate microchannels as a result of
the excess and unsolidified powder material that is impossible
to remove (Kitson et al., 2016; Neumaier et al., 2019). Poly-
mers are commonly used as build materials (inks) for efficient
and inexpensive fabrication of continuous flow components
and systems (Capel et al., 2013; Dragone et al., 2013;
Harding et al., 2020; Rossi et al., 2018; Scotti et al., 2019).
However, some polymers are characterised by chemical inert-
ness and thermal stability concerns. An example of a build
material imposed limitation is in SLA and some inkjet printing
processes where epoxy- or acrylate- based photopolymers are
unstable in standard commonly used organic solvent and
extreme pH (Kitson et al., 2016). Due to affordability and
rapid prototyping, poly(dimethylsiloxane) (PDMS) is a specific
example of a very common ink in 3DP which does not have a
wide range of application in organic reactions as it can absorb
the reactants and swells in most nonaqueous solvents
(Dragone et al., 2013; Rossi et al., 2017). Conversely,
polypropylene (PP) is a thermo-polymer ink that is inert in a
range of organic reagents and solvents and is cheaper than
PDMS (Dragone et al., 2013). Continuous flow components
with a wide range of chemical inertness and thermal stability
are usually made of materials such as silicon and glass
(Capel et al., 2013; Dragone et al., 2013; Rossi et al., 2018).
Aforementioned, they are usually made by conventional spe-
cialised and expensive techniques such as micro-machining
and chemical etching (Capel et al., 2013). Not all 3DP pro-
cesses are capable of producing components with acceptable
mechanical and build resolution using the desired inks
(Dragone et al., 2013; Scotti et al., 2019). In addition, materials

behave differently in the various printing conditions and will
not always conform to the CAD model (Siyawamwaya et al.,
2019). Therefore, these are fundamental challenges of the
application of this technology in chemistry however, it is note-
worthy that the range of printing inks in continuous flow
chemistry is growing with the use of metals and metallic alloys
being reported (Capel et al., 2013; Kitson et al., 2016; Scotti
et al., 2019).

3.2. 3D printing design approach

3DP ink consists of material compatible with the respective
printer and it has an impact on the printing parameters used.
Parameters such as nozzle size, surrounding temperature, scan-
ning speed and dispensing pressure influence the physico-
mechanical properties of the 3D printed constructs. Print qual-
ity is often determined by an interplay of crucial factors such
as the distance between the needle tip and print bed, type
and diameter of the nozzle, printing pressure and speed
(Hadley and Ward, 1975). The printing process may lead to
alterations in the ink material thereby leading to deviations
in the CAD geometry of the constructs (Alharbi et al., 2016).
Depending on the viscosity of the material, it may be necessary
to use a wider nozzle and/or lower pressure and this ultimately
limits print accuracy and resolution, properties which are
directly proportional to the thickness of the strands produced
by the printer (Giuseppe et al., 2018; Siyawamwaya et al.,
2016).

The 3DP direction shapes the mechanical response of the
printed part. With the horizontal orientation (Fig. 17), the first
layer that is in contact with the build platform usually has a
different surface structure compared to the uppermost layer
(Chen et al., 2017; Gonzalez Ausejo et al., 2018; Rydz et al.,
2019). Polymer molecules inherently orient themselves in the
direction of the ink flow thereby resulting in anisotropic
mechanical properties. The material’s orientation-induced
mechanical properties are caused by weak interlayer bonding
or porosity during ink deposition and the extent of anisotropy
depends on the build direction during the printing process (Es-
Said et al., 2000; Guessasma et al., 2015; Hadley and Ward,
1975; Sood et al., 2012).

3.3. Geometrical integrity

One of the challenges with 3DP is the maintenance of geomet-
rical integrity post printing. The structural geometry of the
printed construct is fundamental where the intricate details
in the CAD design serve a functional rather than aesthetic role.
According to a study carried out by Giuseppe et al. (2018)
when a 27-gauge (0.23 mm internal diameter) hollow needle
was used for printing, the thinnest printed strand width was
0.32 mm. The strand width was wider than the internal needle
diameter due to gravity pooling effects on the ink. Fig. 18
depicts how the strand widths are similar but not identical
within the construct, therefore demonstrating a common prob-
lem with 3DP.

Material-specific spatial deviations have also been
observed. Abdollahi et al. (2018) reported on how printing
complex objects with polylactic acid resulted in objects that
conformed to the CAD design whereas the epoxy and PDMS
prints exhibited 2-3 times more deviations to the same original
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Fig. 17

(A) Illustration of printing direction and layer orientation relative to load direction of a vertically printed cylinder, layer oriented

perpendicular to load direction. (B) Illustration of printing direction and layer orientation relative to load direction of a horizontally
printed cylinder, layer oriented parallel to load direction. Yellow triangles represent the printing support base. Reproduced with

permission from Es-Said et al. (2000).

Fig. 18

(A) Strand thickness test design, (B) print accuracy multilayer grid design, (C) printed strand with width analysed using ImagelJ

and (D) printed grid with dimensions determined using ImageJ. Reproduced with permission from Giuseppe et al. (2018).

design. In addition, drying processes, if applicable, may result
in alterations of the print structures. Wang et al. (2020) made
comparisons of different cellulose nanofibrils: unmodified
(CNF), acetylated (AcCNF) and TEMPO-oxidised (TOCNF).
Findings from the study showed that TOCNF and AcCNF
prints maintained their structural form after 3DP with
improved results obtained after freeze-drying of the objects
compared to drying at room temperature. From the images

shown in Fig. 19, the surface finish and rectangular spaces
within the prints were inconsistent.

3.4. Surface morphology
High surface roughness is another challenge exhibited by 3D

printed objects (Siyawamwaya et al, 2019). Surface
morphology may be assessed with the aid of scanning electron
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Fig. 19 Images of CNF, TOCNF, and AcCNF scaffolds in the wet state soon after printing; at 24 h after freeze-drying and room

temperature drying; and after 24 h of rehydration by immersion in water of the freeze-dried samples. Reproduced with permission from
Wang et al. (2020).

Fig. 20 Microphotographs of specimens after compressive failure: (a) failure due to buckling and (b) de-bonding between fibers (the

surfaces of the test part were examined by scanning electron microscope (SEM) JEOL JSM-6480LV in the LV mode). Reproduced with
permission from Gonzalez Ausejo et al. (2018).

Fig. 21  Images of tree-like voids grown in the build direction, with unconsolidated powder trapped inside the closed voids: (a) slice view
and (b) 3D rendering. Reproduced with permission from du Plessis et al. (2018).
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microscopy (SEM). The layer-by-layer approach of 3DP
potentially leads to accumulation of compressive stresses
within printed constructs. As more layers are added, previous
layers are restricted from shrinking or solvent evaporation
thereby resulting in layer cracking (Gonzalez Ausejo et al.,
2018). A minimal number of layers and thinner strands are
expected to prevent the collapse of the printed part. However,
small strand widths could potentially lead to 3D object defor-
mation and mechanical failure because of the subsequent need
to increase the number of layers. Minimizing or eliminating
gaps between layers enhances mechanical strength but con-
versely causes overlapping of layers thus leading to the forma-
tion of irregular surface morphologies (Gonzalez Ausejo et al.,
2018). Cumulative deformations within a printed construct
(Fig. 20a) are precursors for consequential de-bonding
(Fig. 20b) that weakens the strength between print layers.

Mou and Koc, (2019) compared surface morphologies from
constructs printed by FDM, SLA and MJP. FDM technology
resulted in objects with rough surfaces, SLA produced con-
structs with smoother surfaces while those produced by MJP
had comparable surface roughness with confirmed roughness
at the microscopic level. These findings inferred that post-
printing processing will be required to make the printed con-
structs usable. Microstructural deviations may occur during
3DP thereby leading to defects in the internal structure of
the printed part. The laser power in SLS and heat in FDM
potentially increase surface roughness and may cause develop-
ment of microcracks on printed constructs. Non-destructive
industrial X-ray micro-computed tomography (uCT) can be
performed to analyse the fidelity of the internal structure of
constructs (Harding et al., 2020). The nCT scan reveals struc-
tural defects such as voids, porosity or cracking on the surface
of the flow reactors. For example, Fig. 21 shows defects
detected by a puCT scan of a Ti-6Al-4V coupon produced by
selective laser melting (du Plessis et al., 2018). The pore forma-
tion resulted from weaknesses created in the coupon in the
build direction during 3DP process.

4. Conclusion and future outlook

Developing countries can harness the use of 3DP technology
to fabricate affordable continuous flow technology equipment
that enables capacity building for local manufacturing of APIs.
For a successful 3D manufacture and application in flow
chemistry, it is therefore important to first consider the
intended use of the 3D printed component and then determine
the best 3D printing technique with all engineering and build
material limitations factored in. Furthermore, the technique
and reactor designs are universally accessible, thanks to the
thriving open source community. 3D printing in continuous
flow chemistry is poised to change pharmaceutical manufac-
turing by allowing the setup of a cost-effective cutting-edge
manufacturing technology, making it highly attractive for
implementation in developing settings. The maintenance of
acceptable regulatory standards at all stages of the production
pipeline is a crucial component of good manufacturing
practices. From the reviewed papers, 3DP reactionware is a
promising field however, there remains a gap in research on
quality attributes of these printed equipment. There still
remains a need for clearly defined frameworks of regulatory
approval of the 3D printed flow equipment. Factors that

influence the production of good quality 3D printed continu-
ous flow reactor equipment include 1) 3D printing technique
and choice of material, 2) design approach, 3) geometrical
integrity of the printed parts and 4) quality of the surface of
the printed objects. Collaborative efforts of key disciplines will
be the ‘glue’ that will enable operationally achievable results
from merging 3DP and continuous flow chemistry technolo-
gies. Despite some limitations associated with the use of 3DP
technology in flow chemistry, this technological convergence
poses as the new chemical industrial revolution where chemi-
cals and APIs can both be produced efficiently, cost effectively
and most importantly with exceptional design freedom. A
careful implementation process will see developing countries
harnessing the power of advanced pharmaceutical manufactur-
ing methods to solve their public health needs.
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