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A B S T R A C T   

Microbial cell factories are an attractive alternative to produce high-value natural products using sustainable 
processes. However, product recovery is one of the main challenges to reduce production cost and make these 
technologies economically interesting. In this work, new resins were formulated to 3D print hydrophobic ad
sorbents for the recovery of biologics from microbial cultivations. Benzyl methacrylate (BEMA) and butyl 
methacrylate (BUMA) were selected as functional monomers suitable for the adsorption of hydrophobic com
pounds. Pore morphology was tailored through the inclusion of pore forming agents (porogens) in the resin. 
Different porogens and porogen concentrations were evaluated resulting in materials with different porous 
networks. Sudan 1 and the anticancer drug paclitaxel were employed as model compounds to test the adsorption 
performance of hydrophobic and terpene molecules onto the developed 3D printed materials. The material with 
greatest adsorption capacity was obtained using BEMA monomer with 40 % (v/v) porogen (BEMA40). The 
performance of BEMA40 to recover taxadiene from small-scale (5 mL) Saccharomyces cerevisiae cultivations was 
tested and compared with commercial Diaion HP-20 beads. Taxadiene titres on BEMA40 (46 ± 2 mg/L) and 
Diaion HP-20 (54 ± 4 mg/L) were comparable, with no taxadiene detected in the cells and cell-free media, 
suggesting near 100 % taxadiene partition on the adsorbents. Compared to commercial beads, 3D printed ad
sorbents can be customized with adjustments in the resin formulation, are well adaptable to diverse bioreactor 
types, do not clog sampling ports and columns and are easier to handle during post processing. The results of this 
work demonstrate the potential of 3D printing to fabricate hydrophobic interaction adsorbent materials and their 
application in the recovery of biological products.   

1. Introduction 

Plant derived natural products have numerous applications and 
commercial value in the food and pharmaceutical industries [1]. Un
fortunately, plant extraction of high-value products like paclitaxel and 
other compounds is unsustainable due to the low yield, e.g. an entire 
tree is typically required to obtain a few grams of product [2]. Ulti
mately over 15,000 medicinal plants are endangered through 
over-exploitation due to their high demand and rarity [3]. 

Microbial cell factories present a sustainable alternative for 
manufacturing natural products since they offer a relatively high yield 
without damaging the local environment [4–6]. Research on microbial 

cell factories has mainly focused on upstream strategies to produce high 
levels of the desired product, such as developing or improving microbial 
strains, as well as optimization of culture media and process parameters 
[2,7–9]. However, less attention has been paid to the downstream 
portion concerning product recovery which accounts for up to 80 % of 
the total production cost [8]. 

A common method employed for recovery in downstream processing 
involves dispersing beads inside the fermenter which adsorb the product 
of interest [10]. Typically, taxadiene has been recovered from culture 
media using commercial adsorbent beads like Diaion HP-20 beads, a 
macroporous polymeric resin made of poly(styrene-co-divinylbenzene) 
[11–13]. However, during agitation these beads induce shear stress on 
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the cells which inhibits cell growth. Moreover, the beads degrade during 
operation since the impeller changes their surface and adsorption ca
pacity [14–16]. 

In recent years, the use of monolithic structured adsorbents has 
attracted attention to substitute particle-shaped adsorbents [17–19]. 
Compared to beads, structured adsorbents have little effect on cell 
growth kinetics and are significantly more stable. At the state-of-the-art, 
3D-printing technologies such as digital light processing (DLP) can be 
used to fabricate monoliths with varying physicochemical properties 
and adapt these materials for different bioreactor types and configura
tions. In DLP printing, structures are built in layers by projecting images 
of a computer aided design (CAD) model onto a photosensitive resin [20, 
21]. The photopolymerisable resin is highly customisable and can be 
formulated with monomers (either mono or multi-functional), cross
linkers, porogens, a photoinitiator and a photoabsorber [22]. 

Methacrylate- and acrylate-based monomers are widely used in 
photopolymerisation since they contain double bonds which readily 
react with each other in the presence of radicals [23]. Methacrylates 
have excellent biocompatibility and are less toxic than acrylates, 
therefore more suitable for bioprocessing applications [24]. In addition, 
methacrylate polymers are endowed with excellent chemical resistance 
and mechanical properties, which makes them a material of choice in a 
range of biological applications, from biomedical [25] to bioprocessing 
[18,26,27]. 

In this study, 3D printed adsorbents were developed and applied in 
an integrated process to simultaneously produce and recover taxadiene 
in S. cerevisiae cultivations. For our 3D-printable monoliths we selected 
benzyl methacrylate (BEMA) as viable monomer for use in DLP printing 
to fabricate adsorbent materials displaying benzene rings in its structure 
to resemble styrene-DVB resins (Fig. 1). Furthermore, butyl‑methacry
late (BUMA) was included in the resin formulation to impart more hy
drophobic behaviour to the materials. Pore size was modulated by: (1) 
adjusting the porogen concentration to 30, 40 and 60 % (v/v) in the 
resin composition and (2) using alternative co-porogen mixtures. Batch 
adsorption equilibrium and kinetic experiments were carried out to 
determine the material with the highest adsorption performance. The 
optimal material was then used in S. cerevisiae cultivations to recover 
taxadiene and compared to the commercial bead-based alternative. 

2. Materials and methods 

2.1. Materials 

Benzyl methacrylate (BEMA), butyl methacrylate (BUMA), (R)- 
(+)-limonene, paclitaxel (≥99.5 %), Sudan 1, phenyl bis(2,4,6- 
trimethylbenzoyl)-phosphine oxide (Omnirad 819), isopropanol, cyclo
hexanol (CyOH), dodecanol (DoOH), peptone from casein, glucose and 
galactose were obtained from Sigma-Aldrich (St. Louis, MO, USA). Yeast 
extract, Diaion HP-20, acetone and dodecane were obtained from Fisher 
Scientific (Loughborough, UK). Di-pentaerythritol pentaacrylate 
(SR399) was kindly donated by Arkema-Sartomer (Colombes, France). 
Tinuvin 326 was kindly provided by BASF (Ludwigshafen, Germany). 
All chemicals were used as received. 

2.2. Yeast strain 

The S. cerevisiae strain used in this study was LRS5 {mGTy116; 
ARS1014::GAL1p-TASY-GFP; ARS1622b::GAL1p-MBP-TASY-ERG20; 
ARS1114a::TDH3p-MBP-TASY-ERG20} as previously described in [7]. 
This strain was originally derived from the CEN.PK2–1C laboratory 
(EUROSCARF, Oberursel, Germany). The strain was maintained and 
stored in glycerol at − 80 ◦C. 

2.3. Resin formulations 

Resin compositions containing 30, 40 and 60 % (v/v) porogen were 
formulated to fabricate 3D adsorbent materials with varying pore 
structure. In these resins, only the monomer/porogen ratio was adjusted 
to achieve the desired porogen concentration, while the relative ratio 
between monomers and cross-linkers was kept constant at 45:15:40 for 
BEMA, BUMA and SR399, respectively. Similarly, the co-porogen used 
in these resins (CP-1) was a mixture of CyOH and DoOH at a relative 
ratio of 80:20, respectively. Additionally, a resin with 40 % porogen 
concentration was prepared with an alternative co-porogen (CP-2) made 
of CyOH and DoOH at a ratio of 20:80, respectively. The photoinitiator 
and photoadsorber in all resins were Omnirad 819 and Tinuvin 326 at a 
concentration of 1 % (w/v) and 0.1 % (w/v), respectively. All resin 
compositions are summarized in Table 1. 

Fig. 1. Comparison of monomers used in the resin composition to fabricate 3D printed adsorbents, BEMA (a) and BUMA (b) with the monomers utilized to prepared 
Diaion HP-20, copolymer of styrene (c) and divinylbenzene (d). In red are highlighted the vinyl double bonds that react in the presence of radicals during radical 
polymerisation. 
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2.4. Design of adsorbents and 3D printing 

A Schoen gyroid (SG) was used as unit cell to model and fabricate the 
3D printed adsorbents. The SG was generated using Mathematica 10.4 
(Wolfram Research Inc., Champaign, IL, USA), according to Eq. (1): 

sin(x) ∗ cos(y) + sin(y) ∗ cos(z) + sin(z) ∗ cos(x) = 0 (1) 

The macroporosity of this structure was 50 %, i.e. the channel and 
solid wall thicknesses (in the x, y and z directions) were equal. 

The unit cell was exported as an STL file and processed in Netfabb 
2021 (Autodesk, San Rafael, CA, USA). The side of the cubic unit cell was 
set to 2 mm and replicated 3 times in the x, y and z directions (27 unit 
cells) to obtain a SG cube of 6 × 6 × 6 mm (Fig. 2a). 

All 3D printed models in the present work were fabricated in a Sol
Flex 350 3D printer (W2P Engineering, Vienna, Austria). This 3D printer 
works with the UV-LED digital light processing (DLP) technology at a 
wavelength of 385 nm. In this fabrication method, the resin is contained 
in a reservoir with the projector usually below where each 2D image is 
projected forming a stack of layers of the cured material (Fig. 2b). The 
3D printed model is attached to a building platform that moves bottom- 
up in the Z-direction until the printing process is completed. The 3D 
printed model is removed from the building platform and subsequently 
washed with ethanol 99 % to remove uncured resin (Fig. 2c). The final 
product is a 3D printed porous material (Fig. 2d). 

2.5. Pore size distribution 

The pore structure of the 3D printed materials was characterized by 
scanning electron microscopy (SEM, JSM IT100, JEOL Ltd Japan). All 
SEM photographs were obtained with an operating voltage of 20 kV and 
current of 50 mA. 

Prior to the analysis, the samples were equilibrated in water and 
dehydrated with immersion in liquid nitrogen, followed by freeze- 
drying under vacuum for 24 h. The dried samples were sputter coated 
(Agar Auto Sputter Coater, Agar Scientific, Stansted, UK) with a 10 nm 
thick gold layer to improve image quality and resolution. 

The pore size distribution was measured applying the method used 
by Dong et al. [28], and using the Local Thickness plug-in for ImageJ 
software. Detailed description of the method can be found in the sup
plementary information. 

2.6. Surface area 

The surface area of the 3D printed adsorbents was measured by ni
trogen gas adsorption experiments performed in a surface area analyser 
instrument (Gemini VII 2390a, Micromeritics, Gloucestershire, UK) run 
at 77 K. Prior to analysis, the samples were dried as described in Section 
2.5, and then grinded into powder. The powdered samples were 
degassed at 120 ◦C for 3 h to remove any remaining moisture. Finally, 
the surface area was calculated by the analysis of the adsorption/ 
desorption behaviour of the samples using the Brunauer-Emmett-Teller 
(BET) method. 

2.7. Adsorption study 

Sudan 1 and paclitaxel were employed as the model hydrophobic and 
terpene molecules to test the adsorption performance of the developed 
3D printed materials. 

All adsorption experiments were performed in batch mode using 6- 
well plates containing 5 mL of solution and one gyroid adsorbent per 
well. The 6-well plates were mounted on a Thermomixer C (Eppendorf, 
Wesseling, Germany) to keep the temperature and agitation constant (17 
◦C and 450 rpm, respectively). Solutions were prepared in an ethanol/ 
water solution 50:50 (%, v/v) due to the low miscibility of Sudan 1 and 
paclitaxel in water. 

The concentration of Sudan 1 and paclitaxel was measured using 
UV–visible spectroscopy (NanoDropTM 2000c, ThermoFisher, Lough
borough, UK) at a wavelength of 476 and 240 nm, respectively. 

Commercial Diaion HP-20 beads served as a benchmark to compare 
its loading capacity and adsorption kinetics with the 3D printed adsor
bents. The negative control experiments consisted of Sudan 1 and 
paclitaxel solutions with no adsorbent material in the well plates to 
ensure that the change in concentration over time was only attributed to 
the adsorption process. 

2.7.1. Batch adsorption experiments 
Batch adsorption experiments were run for 26 h and performed at 

three (10, 50 and 100 ppm) and four (10, 40, 100 and 200 ppm) initial 
concentrations, for Sudan 1 and paclitaxel, respectively, range where 
the relationship between concentration and absorbance is linear. 

The loading of Sudan 1 and paclitaxel on the adsorbents at time t, qt, 
was calculated by a mass balance: 

qt =
Vs(C0 − Ct)

Va
(2)  

where C0 and Ct are the initial adsorbate concentration and adsorbate 
concentration at time t in the bulk solution, respectively, Vs is the vol
ume of the solution, Va is the volume of the adsorbent (either the gyroid 
or beads). 

Table 1 
Resin compositions prepared with different porogen concentrations, co-porogen 
type and monomers. Concentration of all components is shown in % v/v.  

Resin name Co-porogen BEMA BUMA SR399 CyOH DoOH 

BEMA30 CP-1  31.5 %  10.5 %  28.0 %  24.0 %  6.0 % 
BEMA40 CP-1  27.0 %  9.0 %  24.0 %  32.0 %  8.0 % 
BEMA60 CP-1  18.0 %  6.0 %  16.0 %  48.0 %  12.0 % 
BEMAP2 CP-2  27.0 %  9.0 %  24.0 %  8.0 %  32.0 %  

Fig. 2. Diagram displaying the steps to fabricate 3D printed adsorbents. The process involves CAD designing (a) 3D printing (b) and post processing to finally obtain 
a 3D printed model (c) made of a porous material (d). 
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2.7.2. Kinetic and mass transfer models in 3D printed adsorbents 
Adsorption kinetic experiments were carried out for 26 h with an 

initial concentration of 100 ppm. Concentration of the solute was 
measured at 0, 0.1, 0.3, 0.6, 1, 2, 3, 4, 5, 6, 7, 8, 25 and 26 h in Sudan 1 
experiments and at 0, 0.3, 0.6, 1, 2, 3, 24 and 26 h in paclitaxel exper
iments. Loading of Sudan 1 and paclitaxel on the adsorbents was 
calculated using Eq. (2). 

The pseudo first order (PFO, Eq. (3)) and pseudo second order (PSO, 
Eq. (4)) kinetic models were used to describe the adsorption data under 
non-equilibrium conditions: 

qt = qe
(
1 − e− k1 t) (3)  

qt =
k2q2

e t
1 + k2qet

(4)  

where qe is the amounts of adsorbate on the adsorbent at equilibrium, 
and k1 and k2 are the rate coefficients for the PFO and PSO models, 
respectively. 

In addition, a pore diffusion model was also evaluated. Pore diffusion 
assumes that intra-particle mass transfer is governed by the concentra
tion gradient of the solute within the pores [29], and typically holds true 
at relatively high solute concentrations and when the pore size is 
significantly larger than the solute [30]. For the gyroid, a mono 
dimensional model for pore diffusion was assumed in the solid adsor
bent, coupled with a mass balance to account for exchange of solute 
from the liquid solution to the adsorbent: 

∂qt

∂t
= Dp

∂2Cp

∂x2
(5)  

dCt

dt
= −

Aa

Vs

∫ ∂qt

∂t
dx (6)  

where Cp is the adsorbate concentration in the liquid-filled pores, Dp is 
the pore diffusivity, Aa is the adsorbent surface area, and x is the main 
transversal coordinate where diffusion occurs. A mono dimensional 
model was demonstrated to be effective to reproduce the uptake of the 
solute in complex geometries, reducing computational demands 
compared to more complex 3D models [30]. 

For the adsorbent beads, the same equations in spherical coordinates 
were employed: 

∂qt

∂t
= Dp

(
∂2Cp

∂r2 +
2
r

∂Cp

∂r

)

(7)  

dCt

dt
= −

Va

Vs

3
r3

p

∫ ∂qt

∂t
dr (8)  

where rp is the average particle radius, and r is the radial coordinate of 
the spherical beads. These equations were solved and fitted to kinetic 
data as described in Sarwar et al., assuming bulk solution concentration 
at the periphery and centre-line symmetry, in order to evaluate pore 
diffusivity for Sudan 1 and paclitaxel. [30] Sudan 1 and paclitaxel free 
diffusivity in solution, Df, were estimated with the Stokes-Einstein 
equation [31], assuming spherical solutes. 

2.8. Small scale cultivations and in situ recovery of taxadiene with 3D 
printed adsorbents 

The best performing 3D printed adsorbent was used in microbial 
cultivations for in situ recovery of taxadiene from culture media. 

Glycerol stocks were used to prepare S. cerevisiae LRS5 colonies on 
agar. Pre cultures were prepared by transferring a single colony to 5 mL 
of fresh YP media (1 % yeast extract; 2 % peptone; 2 % glucose) and 
incubated overnight at 30 ◦C and 250 rpm. The following day, the 
cultivation was started by adding the sterile adsorbent into culture 

media (1 % yeast extract; 2 % peptone; 2 % galactose) and using an 
aliquot of the pre culture for inoculation to start the culture with an 
initial optical density (OD600) of 1. 

The cultivations were carried out in 50 mL falcon tubes containing 5 
mL of culture media and 3 % (v/v) concentration of adsorbent, and were 
incubated in an orbital shaker incubator (Eppendorf/Innova 42, Ste
venage, UK) at 30 ◦C and 250 rpm for 3 days. The criteria of selecting 3 
% (v/v) concentration of adsorbent came from the observations of 
Santoyo-Garcia et al. where they carried out S. cerevisiae LRS5 cultiva
tions using different concentrations of Diaion HP-20 beads and observed 
that 3 % (w/v) was the optimal concentration to maximize cell growth 
and taxadiene recovery [12]. Control experiments were carried out with 
Diaion HP-20 resin beads (3 % v/v) as benchmark and a culture with no 
adsorbent to assess cell growth and taxadiene recovery in these 
conditions. 

2.9. Extraction and quantification of taxadiene 

At the end of the cultivations, adsorbents and cells were separated to 
quantify taxadiene concentration and to analyse its distribution between 
the two fractions. 

Cells were recovered by centrifugation of the culture media and 
subsequent separation of the precipitate (cells) from the supernatant 
(cell free media). Cells were gently dried with nitrogen gas to remove 
excess of water. Subsequently 5 mL of acetone was added to extract 
intracellular taxadiene by keeping the resulting mixture in a rotatory 
incubator for 24 hrs at 30 ◦C and 250 rpm. 

Prior to taxadiene recovery, the adsorbents were washed twice with 
tween 80 solution (0.05 % v/v) to remove attached cells. Acetone was 
used to desorb and extract taxadiene from both the solid adsorbent and 
detached cells at a volume ratio of 1:1. Taxadiene extraction from cell 
free media was achieved using dodecane (as it is not miscible in water) 
with a volume ratio of 1:0.2. Volume ratio is defined as the ratio between 
the total cultivation volume and the extraction solvent. 

Taxadiene was quantified by gas chromatography coupled with a 
mass spectrophotometer (GC–MS). 100 μL of the extraction samples 
were injected to the GC–MS, using a TRACE 1300 Gas Chromatography 
system, equipped with a TG-SQC column (15 m x 0.25 mm x 0.25 μm) 
and coupled to an ISQ LT single quadrupole mass spectrometer (Thermo 
Fisher Scientific, UK). The chromatographic separation and the mass 
spectra were obtained using the procedure described by Galindo- 
Rodriguez et al. [16]. 

After taxadiene quantification, cell pellets were dried at 80 ◦C for 24 h, 
and subsequently weighted to quantify the biomass produced on the 
different cultivations. 

2.10. Statistical analysis 

One-way ANOVA analysis was performed to investigate statistical 
significant differences on taxadiene cultivations in the presence of Dia
ion HP-20 beads, the 3D printed adsorbent, and no adsorbent (control). 
The null hypotheses claim that both the S. cerevisiae biomass and the 
concentration of taxadiene recovered are not influenced by the presence 
of the adsorber in the fermenter. 

Tukeýs honest significant different test was carried out to determine 
difference between groups. One-way ANOVA and Tukeýs test were 
performed with a confidence level of 99 %, i.e. p ≤ 0.01. All statistical 
analyses were performed in Microsoft Excel. 

3. Results and discussion 

3.1. Effect of porogen concentration and porogen composition on the pore 
structure of 3D printed materials 

The nano-scale morphology of methacrylate porous polymers com
prises interconnected clusters of aggregated globules [32]. The pore 
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structure in methacrylate monoliths, including 3D printed objects, can 
be controlled by porogen selection and by modulating the monomer/
porogen ratio in the resin composition [28,32–34]. The globular porous 
network for the 3D printed materials investigated is presented in the 
SEM images in Fig. 3, while their average pore size and pore size dis
tribution are summarised in Table 2. The measured average pore size of 
Diaion HP-20 measured by the method described by Dong et al. [28] (45 
nm) was on the same order as the value reported in literature (29 nm) 
[11], offering a cross-validation of the quality of this method. 

Porogen concentration had a significant effect on the pore structure 
and pore size of the 3D printed materials. In particular, an increment of 

Fig. 3. (a) Pore size distributions of 3D printed adsorbents investigated in this work. SEM photographs at x5000 of 3D printed gyroid cubes fabricated with (b) 
BEMA30, (c) BEMA40, (d) BEMA60 and (e) BEMAP2. 

Table 2 
Physical properties of Diaion HP-20 and 3D printed materials.  

Adsorbent Average pore diameter Density Surface area  
(nm) (g mL− 1) (m2 mL− 1) 

Diaion HP-20  45.24 1.01  828.38 
BEMA30  26.35 1.05 ± 0.0  104.92 
BEMA40  80.40 0.77 ± 0.1  49.96 
BEMA60  122.69 0.48 ± 0.0  16.95 
BEMAP2  149.32 0.36 ± 0.0  25.07  
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porogen concentration from 30 to 60 % (v/v) produced an increase of 
the average pore size from 26 nm to 123 nm. This result is in agreement 
with other reports in which pore size increases with porogen concen
tration [32,34]. The porous structure of a polymer results from phase 
separation which occurs when the molecular size of the growing poly
mer exceeds its solubility limit in the reaction medium [35]. Phase 
separation results in the formation of nuclei which continue growing to 
form globules, followed by the aggregation of globules to form clusters 
[35]. Typically, low concentrations of porogens drive nucleation and the 
formation of micro-globules, eventually resulting in a closely packed 
material [34]. This mechanism is consistent with the results observed, 
with BEMA30, BEMA40 and BEMA60 progressively characterised by 
larger average pore sizes and larger polymeric globules, corresponding 
to progressively lower surface areas as the amount of porogen increased. 

Porogen type also had an important influence on the resulting porous 
network of the 3D printed adsorbers. Despite both BEMA40 and 
BEMAP2 having been prepared with 40 % (v/v) porogen concentration, 
the latter had almost double average pore size than the former (149 nm 
vs 80 nm). This result is in accordance with Danquah and Forde who 
observed an increase in the average pore size of methacrylate monoliths 
from 395 to 2924 nm after increasing the concentration of DoOH in the 
co-porogen mixture from 10 to 50 % (v/v) [32]. Similarly, Dong et al. 
observed an increase in average pore size of 3D printed materials due to 
the gradual increment of 1-decanol concentration in the porogen 
mixture [28]. Porogens and co-porogens are traditionally classified as 
“good” or “bad” solvents, depending on their miscibility with the 
monomers and the growing polymeric chains [33]. The so-called bad 
solvents induce early phase separation, resulting in higher aggregation 
of globules and subsequent formation of larger clusters, ultimately 
producing a material with larger pores and lower surface area. The 
opposite effect occurs with good solvents, i.e. phase separation is 
delayed, leading to lower globule aggregation and formation of smaller 
clusters, characterised by smaller pores and higher surface area. These 
findings indicate that the porogen mixture with higher DoOH content 
(CP-2) has lower miscibility with the monomers in the resin composition 
(BEMA, BUMA and SR399) and phase separation occurred earlier during 
photopolymerisation, resulting in the formation of larger globules and 
with larger pores and smaller surface area [33]. 

3.2. Mass transfer study in 3D printed adsorbents, kinetic pore diffusion 
models 

Adsorption kinetic experiments were carried out to study the per
formance of the 3D printed adsorbers to capture hydrophobic molecules, 
and to investigate mass transfer in materials with different pore 

structures. Sudan 1 and paclitaxel were used as proxy molecules for 
taxadiene due to ethical and financial restrictions on commercial tax
adiene. Sudan 1 was selected as model molecule thanks to its hydro
phobic nature and a similar molecular weight as taxadiene, while 
paclitaxel is the result of the enzymatic conversion of taxadiene. Com
mercial Diaion HP-20 beads were employed as benchmark adsorbent to 
assess the 3D printed adsorbents. Diaion HP-20 was selected as it is the 
material of preference for routine extraction of non-polar taxanes [13, 
36], taxadiene [12] and paclitaxel [37]. Fig. 4 shows the adsorption 
kinetic data of Sudan 1 and paclitaxel onto the 3D printed materials and 
the commercial resin Diaion HP-20. The adsorption kinetics of BEMA60 
and BEMAP2 reached apparent equilibrium after 26 h. This was not the 
case with BEMA30 and BEMA40 which displayed slower uptake 
continuing after 26 h, attributed to diffusion resistance due to smaller 
pores in these materials. Diffusion resistance is usually associated with 
steric restrictions and interactions of the solute with the pore walls [31]. 
On the other hand, the adsorption of Sudan 1 and paclitaxel onto Diaion 
HP-20 reached equilibrium in approximately 2 h, indicative that pore 
diameter is not the only parameter influencing adsorption kinetics. It is 
worth noting that Diaion HP-20 beads have significantly smaller path 
length for solute diffusion (75–175 µm radius) compared to the 3D 
printed SG cubes (500 µm). Overall path length combined with surface 
area and the morphology of the porous network directly influence the 
adsorption process as this is usually controlled by diffusion in the 
stagnant liquid phase in the pores of the adsorbent [38,39]. In this re
gard, 3D printing enables the custom-made fabrication of hierarchical 
porous materials at the micro and nanoscale through CAD design and 
chemical composition to obtain tailored adsorbents with optimised 
performances[40]. 

The adsorption kinetics were preliminarily described with the PFO 
and PSO kinetic models and the obtained parameters are shown in 
Table 3. The PFO and PSO models lump all mass transfer and kinetic 
phenomena in a simple single term, the apparent rate constant, so they 
must be treated as qualitative indicators of the overall adsorption per
formance observed. The apparent rate constant in Diaion HP-20 was 
about one order of magnitude higher compared to the 3D printed ad
sorbers, further confirming the relevance of diffusion resistance in these 
materials. 

To better understand mass transfer and take into consideration the 
different path lengths in the Diaion HP-20 beads and in the 3D printed 
adsorbers, the kinetic data were modelled with a more physically 
meaningful model which assumes pore diffusion as the limiting kinetic 
mechanism. 

Table 3 summarises the pore diffusivity values normalized with the 
calculated free diffusivity in solution of Sudan 1 (2.3 × 10− 6 cm2/s) and 

Fig. 4. Adsorption kinetics on the different 3D materials and on Diaion HP-20 for (a) Sudan 1 and (b) paclitaxel. All adsorption kinetics experiments were carried out 
with an initial concentration of Sudan 1 and paclitaxel of 100 ppm. The experimental data was fitted with the PFO (dashed lines), PSO (continuous line) and pore 
diffusion (dotted lines) models. Error bars represent mean standard deviation (n = 3). 
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paclitaxel (1.6 × 10− 6 cm2/s). The adsorption kinetic data of Sudan 1 
and paclitaxel, normalised to the initial concentration (100 ppm) and 
fitted with the pore diffusion model, are shown in Fig. 4. 

In Sudan 1, there is a positive correlation between Dp and average 
pore size. On the other hand, Dp for paclitaxel exhibits no correlation 
with pore size. In addition, Dp for paclitaxel in BEMA40 and BEMAP2 
were larger than unity, suggesting that solute transport inside the ma
terial is faster than its free diffusivity in solution. Considering that 
paclitaxel molecule is larger and presents more electronegative atoms in 
its structure in comparison to Sudan 1, it is possible that other transport 
mechanisms can be involved on its adsorption such as electrostatic po
tential driving forces [41]. The deviations between experimental data 
and the models were attributed to the combined effect of experimental 

error, the approximation on the free diffusivity of solutes using 
Stokes-Einstein equation and because the 1D diffusion model simplifies 
the complex diffusion phenomena that occurs in all three cartesian di
rections as well as neglects other mass transfer phenomena such as 
surface diffusion and film mass transfer. 

The effect of pore size on diffusion was visually observed from cross 
section cuts of the gyroids used for adsorption of Sudan 1. Fig. 5 shows 
the outer and inner surface of 3D printed materials with different pore 
size. The outer surface in all materials exhibited an intense orange 
colour indicating saturation of Sudan 1. On the other hand, the colour 
tone in the inner sections of BEMA30 and BEMA40 were white or pale 
orange indicating that the solute did not diffuse completely through 
these materials and reach equilibrium after 26 h. One of the challenges 

Table 3 
Estimated parameters of the PFO and PSO kinetic models as well as for the pore diffusion model for the adsorption of Sudan 1 and paclitaxel onto 3D printed materials 
and Diaion HP-20 beads.  

SUDAN 1  

Pseudo-first order Pseudo-second order Pore diffusion  

k1 qe k2 qe Dp/Df  

(h− 1) (mg mL− 1) (mL mg− 1 h− 1) (mg mL− 1)  

BEMA30 0.1 ± 0.0 3.1 ± 0.1 0.1 ± 0.0 3.1 ± 0.1 0.212 ± 0.038 
BEMA40 0.3 ± 0.0 4.9 ± 0.5 0.1 ± 0.0 4.9 ± 0.5 0.458 ± 0.081 
BEMA60 0.3 ± 0.0 4.2 ± 0.0 0.1 ± 0.0 4.2 ± 0.0 0.747 ± 0.006 
BEMAP2 0.4 ± 0.1 5.3 ± 0.4 0.1 ± 0.0 5.3 ± 0.4 0.872 ± 0.112 
Diaion HP-20 3.0 ± 0.1 5.7 ± 0.0 0.9 ± 0.0 5.7 ± 0.0 0.202 ± 0.001 

PACLITAXEL  

Pseudo-first order (PFO) Pseudo-second order (PSO) Pore diffusion  

k1 qe k2 qe Dp/Df  

(h¡1) (mg mL¡1) (mL mg¡1 h¡1) (mg mL¡1)  

BEMA30 0.1 ± 0.0 1.0 ± 0.1 0.3 ± 0.0 1.0 ± 0.1 0.145 ± 0.028 
BEMA40 0.5 ± 0.0 2.2 ± 0.1 0.4 ± 0.0 2.2 ± 0.1 1.349 ± 0.054 
BEMA60 0.4 ± 0.1 1.5 ± 0.0 0.5 ± 0.1 1.5 ± 0.0 0.631 ± 0.102 
BEMAP2 1.1 ± 0.3 1.3 ± 0.2 1.5 ± 0.7 1.3 ± 0.2 1.150 ± 0.114 
Diaion HP-20 1.9 ± 0.1 5.3 ± 0.2 0.6 ± 0.0 5.3 ± 0.2 0.369 ± 0.026  

Fig. 5. Comparison of outer and inner surface of 3D printed materials used in Sudan 1 adsorption. The white or pale orange colour in the inner sections of BEMA30 
and BEMA40 suggested hindered diffusion due to small pore size. 
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in DLP printing is the over-curing of the model during the printing 
process. Johnson et al. scanned 3D printed gyroids with X-ray computed 
tomography to obtain 3D images that were compared with the original 
CAD designs. They observed reduced porous channel diameter in the 
internal region of the 3D printed models [40]. It is possible that the 3D 
printed gyroids in this work presented certain degree of over-curing in 
the inner sections which resulted in smaller channels and consequently 
greater path length for diffusion and lower interconnections between 
pores. 

The PFO and PSO models are extensively used to describe adsorption 
kinetic process and are easy to be applied [42]. However, these models 
are empirical and lack a clear physical meaning [43]. Pore diffusion 
values calculated for Diaion HP-20 were smaller compared to most 3D 
printed materials. Considering that Diaion HP-20 displayed the fastest 
adsorption kinetic data and significantly larger surface area, confirms 
that mass transfer is complex process that cannot be easily described 
with a single model. On the other hand, the integration of the pore 
diffusion with material characterization (pore size distribution and 
surface area) described better the mass transfer mechanism that governs 
the adsorption process on the different materials. Future work will be 
devoted to a complete understanding of the mass transfer and kinetic 
mechanisms associated with metabolite adsorption on 3D printed 
porous media. 

The rate of taxadiene production in cultivations with S. cerevisiae 
LRS5 is strongly correlated to cell growth kinetics which happens in the 
span of days [12]. Therefore, the diffusional properties of the 3D printed 
materials are not a limiting factor on their application for in situ re
covery of taxadiene, with adsorption capacity (i.e. loading) being a more 
significant parameter for material evaluation. 

3.3. Adsorption isotherms 

Adsorption equilibrium experiments were performed to study the 
effect of pore size and surface area on the adsorption capacity of 3D 
printed materials. Results of the equilibrium experiments are presented 
in Fig. 6. Equilibrium data of Sudan 1 and paclitaxel was fitted using a 
linear isotherm model: 

qe = KCe (9)  

where qe and Ce are the loading of the solute in the adsorbent and the 
concentration of the solute in solution at equilibrium, respectively, and 
K is the association constant describing the affinity of the solute for the 
adsorbent, summarised in Table 4 for the materials investigated. 

BEMA40 was the material which showed the highest affinity for both 
Sudan 1 and paclitaxel among all 3D printed materials tested. The 

association constant value for Sudan 1 adsorption on BEMA40 was 5.7, 
3.6 and 2.4 fold higher in comparison to BEMA30, BEMAP2 and 
BEMA60, respectively. In paclitaxel adsorption, the K value of BEMA40 
was 2.4, 2.4 and 1.8 fold higher in comparison to BEMA30, BEMAP2 and 
BEMA60, respectively. The fact that BEMA30 showed the lowest loading 
of Sudan 1 and paclitaxel despite displaying the largest surface area 
among the 3D materials suggests that a fraction of its pores was not 
accessible to the solute molecules and the diffusion in this material was 
significantly slower. 

On the other hand, Diaion HP-20 showed higher adsorption capacity 
for both Sudan 1 and paclitaxel than any of the 3D printed materials 
considered. The association constant of the commercial beads was 3.2- 
and 9.6-fold in comparison to BEMA40 for Sudan 1 and paclitaxel, 
respectively. The higher association constant in Diaion HP-20 was 
attributed to its much larger surface area which is 16.6-fold larger than 
BEMA40, suggesting significant gains can be made by increasing surface 
area in the printed material through narrower channel walls. 

Liu et at. observed that average pore size affected the adsorption 
capacity of divinylbenzene resins. In their results, they found that the 
loading capacity of smaller molecules was higher in resins with smaller 
pores, whereas resins with larger pores showed higher loading for larger 
solutes [44]. 

The results indicate that surface area plays an important role in the 
adsorption capacity of polymeric materials. There is a balancing act as 
the pore size directly influences the fraction of surface area that is 
available for adsorption. The exclusion of the solute to smaller pores 
reduces the active surface area of a material and consequently its 
loading capacity [45]. 

3.4. In situ recovery of taxadiene from S. cerevisiae cultivations using 3D 
printed adsorbents 

BEMA40 showed the greatest adsorption capacity for Sudan 1 and 
paclitaxel among the 3D printed adsorbers investigated in this work. 

Fig. 6. Adsorption isotherms on the 3D printed materials investigated and Diaion HP-20 for Sudan 1 (a) and Paclitaxel (b). Values represent mean standard deviation 
(n = 3). 

Table 4 
Sudan 1 and paclitaxel isotherm parameters on 3D printed materials and Diaion 
HP-20.   

Sudan 1 Paclitaxel  

K (-) R2 K (-) R2 

Diaion HP-20 1338.4 ± 25.1 0.998 309.4 ± 1.7 0.976 
BEMA30 71.0 ± 8.4 0.999 11.9 ± 0.8 0.975 
BEMA40 416.5 ± 94.7 0.990 32.3 ± 0.6 0.993 
BEMA60 170.0 ± 10.7 0.999 18.2 ± 0.3 0.989 
BEMAP2 116.1 ± 17.5 0.998 13.4 ± 0.5 0.990  
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Further testing for in situ recovery of taxadiene in small-scale (5 mL) 
S. cerevisiae cultivations were carried out using 3 % (v/v) concentration 
of the 3D printed BEMA40 fabricated in the form of schoen gyroid cubes. 
Taxadiene and biomass concentrations obtained from the cultivation 
with the 3D-printed material were compared with cultivations using 3 % 
(v/v) Diaion HP-20 and the cultivation with no adsorbent. Negative 
controls consisted of incubating BEMA40 and Diaion HP-20 in no 
inoculated culture media to verify aseptic conditions. Adsorbent con
centration was set to 3 % (v/v) to maximize cell growth and taxadiene 
titres as observed by Santoyo-Garcia et al. [12]. The results of biomass 
and taxadiene concentrations on BEMA40, Diaion HP-20 and no 
adsorbent cultivations are presented in Fig. 7. 

The addition of BEMA40 and Diaion HP-20 had no effect on cell 
growth compared to a cultivation with no adsorbent (Fig. 7a), as also 
confirmed by one-way ANOVA (p = 0.72). Therefore, the presence of the 
adsorbers in the cultivations did not affect cell growth, in agreement 
with previous results using the same microorganism [12]. Biocompati
bility can be defined as the ability of a material to perform properly 
without affecting the biological host [46]. By this definition, we can 
conclude that BEMA40 is a biocompatible adsorbent to recover tax
adiene in S. cerevisiae cultivations. 

Taxadiene titres at the end of the cultivations were 46 ± 2, 54 ± 4 
and 31 ± 2 mg/L for BEMA40, Diaion HP-20 and no adsorbent, 
respectively. One-way ANOVA analysis indicated significant difference 
between the three groups with a confidence level of 99 % (p = 0.001). 
Tukeýs test was used to determine the difference between groups. Tukey 
criterion (T = 14) with a confidence level of 99 % indicated that tax
adiene concentration in the no adsorbent culture was significantly 
different from cultures with Diaion HP-20 and BEMA40. 

Taxadiene loadings on the adsorbent materials were 1.0 ± 0.1 and 
1.2 ± 0.1 on BEMA40 and Diaion HP-20 respectively, indicating no 
significant difference in the recovery of taxadiene between the two ad
sorbents. In other words, the 3D printed material performed as good as 
the commercial material despite the different association constants ob
tained in the characterization experiments with Sudan 1 and paclitaxel. 
It is worth noting that the 3D printed adsorbent material here presented 
is a first-of-its-kind, with reasonable improvements in adsorption per
formances achievable through optimisation of the formulation and of 
the 3D printing settings [19]. In addition, the design freedom of 3D 
printing enables fabrication of adsorbents that can be adapted to diverse 
bioreactor types such as rotating bed reactor, external recirculation 
columns, etc. Such 3D printed adsorbents can be designed to minimise 
shear stress on the adherent cells, improve flow distribution within the 
bioreactor and have customized chemistry and pore structure to fit the 
requirements of bespoke operations in biotechnology. All of these 

considerations suggest the opportunities of 3D printed adsorbents to 
overcome the limited performances of traditional bead-based 
adsorbents. 

Future opportunities for 3D printed adsorbents mostly relate to 
development of new materials and 3D printing methods. The first one 
highlights the need to provide for materials fully compatible with ad
ditive manufacturing technologies and with specific properties for ap
plications in adsorption, separation and purification processes [26]. On 
the other hand, it is expected that improvement of 3D printers and resins 
formulations will reduce printing times, scalability and ease the fabri
cation of structures with finely controlled features at high resolution (<1 
μm) [19]. 

4. Conclusions 

We successfully 3D-printed materials with controllable pore struc
ture by tailoring porogen composition and concentration, and demon
strated that pore size in 3D printed materials can be modulated with the 
porogen concentration in the resin mixture. This approach expands the 
possibilities to control the pore structure in 3D printing with photo
polymer resins. 

The analysis of SEM photographs revealed that decreasing the 
porogen content from 60 % to 30 % (v/v) reduced the average pore 
diameter from 123 nm to 26 nm. The material with the smaller average 
pore diameter (BEMA30) showed lower adsorption rate and capacity, 
suggesting that a fraction of its pores was not accessible for adsorption. 
On the other hand, the material prepared with 40 % porogen (BEMA40) 
displayed the highest adsorption capacity for Sudan 1 and paclitaxel. 

BEMA40 was tested and compared with commercial Diaion HP-20 
beads for the in situ recovery of taxadiene in small-scale (5 mL) culti
vations. Taxadiene concentration on BEMA40 and Diaion HP-20 were 46 
± 2 and 55 ± 4 mg/L, respectively. Biomass concentration obtained in 
the culture with BEMA40 and the control with no adsorbent were 4.4 
and 4.6 g/L, respectively. These results indicated that the presence of the 
3D material did not affect cell growth in these conditions and demon
strated for the first time the potential of 3D printed materials to recover 
biological products. Furthermore, the relative ease to fabricate 3D 
printed materials and the design freedom open the possibility to explore 
their implementation in different bioreactor types and to explore more 
applications in bioprocesses. Future advances in 3D printing technolo
gies coupled with optimisation of 3D printable formulations hold a 
further promise for adsorption materials and adsorption processes with 
improved performances. 

Fig. 7. Biomass (a) and taxadiene (b) concentration obtained in cultivations with BEMA40, Diaion HP-20 and no adsorbent control at small-scale (5 mL). Error bars 
represent mean standard deviation (n = 3) (**p < 0.01; Tukeýs honest significant difference). 
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