
P
os

te
d

on
A

u
th

or
ea

28
F

eb
20

21
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

45
41

40
.0

17
63

19
3/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Flexible material formulations for 3D printing of porous beds with

applications in bioprocess engineering

Simone Dimartino1, Giuseppe Galindo Rodriguez1, Ursula Simon1, Mariachiara Conti1,
Sulaiman Sarwar1, Selva Athi Narayanan1, Qihao Jiang1, and Nick Christofi2

1University of Edinburgh
2Recircle Ltd

February 28, 2021

Abstract

3D printing is revolutionizing many industrial sectors and has the potential to enhance also the biotechnology and bioprocessing

fields. Here, we propose a new flexible material formulation to 3D print support matrices with complex, perfectly ordered

morphology and with tuneable properties to suit a range of applications in bioprocess engineering. Supports for packed-bed

operations were fabricated using functional monomers as the key ingredients, enabling matrices with bespoke chemistry such

as charged groups, chemical moieties for further functionalization, and hydrophobic/hydrophilic groups. Other ingredients,

e.g. crosslinkers and porogens, provide the opportunity to further tune the mechanical properties of the supports and the

morphology of their porous network. Through this approach, we fabricated and demonstrated the operation of Schoen gyroid

columns with I) positive and negative charges for ion-exchange chromatography, II) enzyme bioreactors with immobilized trypsin

to catalyse hydrolysis, and III) bacterial biofilms bioreactors for fuel desulfurization. We expect this approach will enable simple,

cost-effective and flexible fabrication of customized supports in biotechnology and bioengineering.
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Abstract

3D printing is revolutionizing many industrial sectors and has the potential to enhance also the biotechnology
and bioprocessing fields. Here, we propose a new flexible material formulation to 3D print support matrices
with complex, perfectly ordered morphology and with tuneable properties to suit a range of applications in
bioprocess engineering. Supports for packed-bed operations were fabricated using functional monomers as
the key ingredients, enabling matrices with bespoke chemistry such as charged groups, chemical moieties
for further functionalization, and hydrophobic/hydrophilic groups. Other ingredients, e.g. crosslinkers and
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. porogens, provide the opportunity to further tune the mechanical properties of the supports and the mor-
phology of their porous network. Through this approach, we fabricated and demonstrated the operation
of Schoen gyroid columns with I) positive and negative charges for ion-exchange chromatography, II) en-
zyme bioreactors with immobilized trypsin to catalyse hydrolysis, and III) bacterial biofilms bioreactors for
fuel desulfurization. We expect this approach will enable simple, cost-effective and flexible fabrication of
customized supports in biotechnology and bioengineering.

Keywords

Biomaterials, Additive manufacturing, Chromatography, Immobilized enzyme bioreactor, Bacterial Biofilm
Bioreactor

Grant numbers

Industrial Biotechnology Innovation Centre (IBioIC), grant no. 2019-2-3.

1. Introduction

In the last decade we have witnessed the booming of additive manufacturing (AM, also 3D printing), including
its related fabrication technologies, materials, and applications. The biotechnology and bioprocessing fields
have been significantly influenced by AM, with reports spanning upstream and downstream processing,
including sorting and selection of cell strains (Lin et al., 2016), bioreactors (Saha et al., 2018), harvesting
(Shakeel Syed et al., 2017), filtration (Tan & Franzreb, 2020), chromatography (Salmean & Dimartino, 2019),
and extraction (H. Wang et al., 2017). One of the most popular AM methods employed in bioengineering
is digital light processing (DLP) where a three-dimensional model is built, layer upon layer, by selectively
curing a photo-sensible liquid resin. Reasons for the success of DLP in biotechnology include its relatively
low cost, fast speed (litre sized objects can be printed overnight), and high resolution (generally in the order
of 50 μm).

Historically, AM was primarily in the domain of the automotive, aerospace, and biomedical industries which
favoured materials with mechanical properties over chemical characteristics and fabricated non-porous struc-
tures where strength and stiffness are key. On the other hand, bioprocess applications often require porous
materials to maximize the total surface area available for cell adhesion, adsorption, and allow intraparti-
cle mass transfer. Besides, materials in the biotechnology industry heavily exploit chemical characteristics
such as electrostatic charge and hydrophobic behaviour to appropriately modulate their interactions with
species as diverse as cells, proteins, and small metabolites. This requirement contrasts the status quo where
the composition of commercially available AM materials is IP protected, making it impossible to rationally
design material-species interactions of interest. Proprietary compositions also complicate compliance with
FDA or EMEA requirements, hindering adoption of 3D printing in the biomanufacturing industry.

Here, we present a novel polymeric formulation for DLP 3D printing which can be easily tuned to adjust
its chemical, porous, and mechanical properties of printed parts. The formulation consists of a few sim-
ple ingredients, including monomers and crosslinkers to create the polymeric network (Figure 1a), a UV
photoinitiator to trigger the photopolymerization reaction, a photoabsorber to increase the resolution of
the printed model, and porogenic components. The key feature of the proposed formulation lays in the
use of bifunctional monomers bearing both a (meth)acrylate functionality for photopolymerization and a
suitable chemical moiety for biomolecular interactions, e.g. charged groups, alkyl or aryl groups, or reactive
groups for successive covalent immobilization of a desired ligand. By appropriate selection of the bifunc-
tional monomers, different materials with different surface derivatizations to suit a range of applications in
bioprocess engineering can be obtained. Furthermore, the nature and relative concentration of the compo-
nents making up the overall formulation will directly impact on the propagation kinetics of the free-radical
polymerization reaction, in turn affecting the morphology of the resulting polymeric network and its porous

2



P
os

te
d

on
A

u
th

or
ea

28
F

eb
20

21
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

45
41

40
.0

17
63

19
3/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. microstructure (e.g. surface area, average pore size, pore size distribution) (Barner-Kowollik et al., 2014;
Buback, 2009). In this work, we manipulated these characteristics to produce different formulations for
DLP printing, and obtain porous monoliths with different chemical and macroporous properties for use in
chromatography, immobilized enzyme bioreactors, and biofilm bioreactors.

A Schoen gyroid topology was selected for fabricating the structured monoliths (Figure 1b,d,f). Gyroids are
members of Triply Periodic Minimal Surfaces (TPMS), highly versatile geometries with maximized surface
area for mass transfer (Femmer et al., 2015) and excellent load-bearing stiffness. TPMS are described
by simple equations and their properties in terms of size, surface area, hydraulic diameter, bed porosity,
tortuosity, wall thickness, etc. can be tuned by altering the equation parameters (Schoen, 2012). We
first simulated fluid flow and solute dispersion to validate the suitability of the gyroid topology for packed
beds. The gyroid structure showed 5 fold higher efficiency (measured in terms of minimum reduced plate
height, Figure 1b) and 4 fold higher permeability (6.4 X 10-14m2) compared to traditional random packing
of spherical particles (1.61 X 10-14m2) (Schure et al., 2004). In particular, the interconnected gyroid lattice
ensured appropriate radial intermixing, in turn reducing axial dispersion and band broadening, while showing
minimal flow resistance with lower pressure drops than random beds.

Use of porogens enabled formation of a highly interconnected porous network defined by polymeric globules
(Figure S1). The final porous microstructure was principally determined by polymer chemistry, with acrylate-
based formulations producing smaller pores (271 ± 120 nm for the AETAC and 289 ± 112 nm for the CEA
materials, Figure S1,d) than methacrylate-based formulations (905 ± 410 nm for the MAETAC material).
This is consistent with the higher reactivity of acrylates over methacrylate groups (Barner-Kowollik et al.,
2014), with acrylates generating a higher number of polymerization nuclei, in turn leading to smaller globules
and smaller pores than methacrylates. Fine tuning of the porous characteristics of the 3D printed matrices
can be achieved by adjusting the overall composition as its nature and concentration directly affects the
kinetic and thermodynamic properties of the mixture. This ultimately enables modulation of diffusional
mass transfer within the 3D printed scaffold and the surface area available for adsorption and reaction.

We first demonstrate use of the proposed formulation for chromatography applications. In particular, strong
anion and weak cation exchange monoliths were fabricated using resins with bifunctional acrylates bearing
positive quaternary amine (AETAC monomer) and negative carboxyl groups (CEA monomer) respectively
(Figure 1a). Ion-exchangers with varying ligand densities were obtained by altering the concentration of the
functional monomers in the formulation, enabling adjustment and optimization of the adsorption characte-
ristics towards the target solute. The ion exchangers were initially 3D printed as hollow cylinders (Figure
1c-e), and adsorption of pure Bovine Serum Albumin (BSA) and lysozyme (LYS) was measured in batch
conditions on the AETAC and CEA materials, respectively. Maximum binding capacities of 104.2 ± 10.6
mg of BSA per mL of AETAC-based support, and 108.1 ± 25.9 mg of LYS per mL of CEA-based material
were recorded (Figure 2a and 2b), about 5 fold higher than for commercial monoliths (Hahn et al., 2002)
and chromatographic membranes (Boi et al., 2020) and in line or above standard chromatographic resins
(Staby et al., 2005). Testing in dynamic conditions was carried out using Schoen gyroid columns (Figure
1f-h) by loading BSA and myoglobin (MYO) onto the AETAC material (Figure 2c, Simon et al., 2020) and
BSA and LYS on the CEA material (Figure 2d). The chromatograms reveal elution pattern in line with
the electrostatic interactions established at the buffer’s pH, thus confirming the availability of the surface
quaternary amine and carboxyl groups to establish appropriate electrostatic interactions with the protein
models. Also, approximately 90% of the proteins adsorbed were recovered during elution for both materials,
demonstrating that the strength of the electrostatic interactions can be appropriately tuned to enable bind
and elute operation of the ion-exchangers.

The potential to fabricate immobilized enzyme bioreactors for biotransformations was tested by covalently
immobilizing trypsin onto the free carboxylic groups of the CEA material. In particular, 3D printed supports
were exposed to trypsin solutions having different enzyme concentrations, leading to materials with progres-
sively increasing immobilized trypsin, up to a maximum density of 7.5 ± 0.04 mg of trypsin per g of support,
corresponding to 66% utilization of the theoretical carboxyl groups. Enzymatic activity was tested in batch
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. experiments by introducing N-α-benzoyl-L-arginine ethyl ester hydrochloride (BAEE) to 3D printed hollow
cylinders, and monitoring the formation of N-α-benzoyl-D,L-arginine (BA) as the product of the enzyme
catalyzed reaction. Results indicated that the immobilized trypsin retained its hydrolytic activity (Figure
3a). Dynamic experiments were carried out using 3D printed gyroids to demonstrate the operation of the
bioreactor in steady-state, continuous mode. Five flow rates in the range of 0.5 – 8 mL/min were tested and
product formation was verified for all of them. As the flow rate increased, the concentration of product in the
effluent stream descreased due to a combination of mass transport phenomena and actual reaction kinetics
(Figure 3b). Yet, productivity, expressed in terms of product formed per unit time, showed a proportional
growth with increased flow rates due to higher throughputs. This is consistent with other case studies for
continuous packed bed reactors bearing immobilized enzymes (Halim et al., 2009).

The bioreactor concept was extended to whole-cell biocatalysis. We selected the biodesulfurization reaction
catalyzed by immobilizedRhodococcus opacus as a case study for an emerging eco-friendly alternative to
traditional desulfurization techniques employed in oil refineries (Mohebali & Ball, 2016). R. opacushas
negatively charged cell membrane rich in mycolic acid. Accordingly, the support material was engineered
with positively charged and hydrophilic bifunctional monomers displaying quaternary amine (MAETAC) and
hydroxyl groups (HEMA, Figure 1a) to enhance cell immobilization. A methacrylate functionality was chosen
to enable autoclaving of the supports for repeated use. Immobilization experiments with standard culture
medium revealed that R. opacus bacteria formed stable and healthy biofilms on the 3D printed supports
(Figure 4a). In particular, a biofilm covering the external surface of the supports was obtained, with rod-like
morphology typical of filamentous aggregates of matureRhodococcus cells (approximately 4.0 and 0.5 microns
in length and width, respectively). Since the pore size of the matrix is between 0.4 and 1.0 microns, the
biofilm could penetrate into the porous architecture, aiding cell adhesion and biofilm stability. The gyroid-
based bioreactor was tested for the biodesulfurization of benzothiophene (BT) in perfusion mode. Results
reveal conversion of BT into phenolic end products (Figure 4b,c), proving the biodesulfurization potential
of the 3D printed bacterial biofilm bioreactor. In addition, production of phenolic compounds increases over
time, indicating adaptation of the biofilm to the reacting conditions and confirming the biocompatibility of
the support material with a thriving bacterial population.

Taken together, the versatile material formulation here presented could be used to create complex three-
dimensional matrices for chromatography and bioreactors. The chemical, physical, mechanical and mi-
croporous properties of the supports can be easily tuned by changing the composition of the DLP resin
formulation. For example, a combination of bifunctional monomers bearing alkyl chains and polar groups
could be employed to tune the hydrophobic/hydrophilic as well as charged state of the matrices. We expect
this versatility, coupled with cost-effective and rapid DLP 3D printing (all models were 3D printed in a few
hours), will truly enable fabrication of complex three dimensional architectures to suit a range of diverse
experimental requirements for a multitude of applications in bioprocess engineering.

2. Materials and Methods

2.1. Composition of material formulations

All chemicals employed are listed in the SI. All fomulations included 48 % v/v cyclohexanol and 12 % v/v
dodecanol as porogens, and 1% w/v omirad 819 as photoinitiator. A mixture of poly(ethylene glycol) diacry-
late (PEGDA, 12 % v/v) and alkoxylated pentaerythrioltetraacrylate (SR494, 12 % v/v) as crosslinkers, and
0.125 % w/v Tinuvin 326 as photoabsorber was employed for the acrylate (AETAC and CEA) formulations.
The relative concentration of AETAC and CEA was varied to adjust the ligand denisity (0, 4, 8, 12, 16 %
vol), with di(ethylene glycol) ethyl ether acrylate (DEGEEA) as non-functional monomer to obtain a total
monomer concentration of 16 % vol. The methacrylate formulation was composed of MAETAC (12 % v/v)
and HEMA (12 % v/v) functional monomers, ethylene glycol dimethacrylate (EDMA, 16 % v/v) crosslinker
and Tinuvin 326 (0.1 % w/v) photoabsorber.

4



P
os

te
d

on
A

u
th

or
ea

28
F

eb
20

21
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

45
41

40
.0

17
63

19
3/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. 2.2. Model Design, Fabrication, and Characterization

Computer-Aided Design (CAD) models of hollow cylinders and gyroidal columns were created on Fusion
360 (Autodesk, USA), exported as STL files and sliced using Netfabb 2017 (Autodesk, USA). A Solflex
350 (W2P Engineering, Austria) DLP printer was employed to fabricate all parts. Post-printing, the parts
were washed three times in IPA in an ultrasonic bath (Allendale Ultrasonics, UK) and then fully cured
in water with a xenon Otoflash G171 unit (NK-Optik, Germany). The parts were stored in sterile 0.1 M
phosphate buffer until use. A TM4000Plus SEM microscope (Hitachi, Japan) and a Zeiss Crossbeam 550
FIB SEM (Jena, Germany) were used for SEM imaging, with samples prepared by freeze-fracturing with
liquid nitrogen, dring in ethanol, followed by a final wash in HMDS before sputter coating using an Emscope
SC500 (Bio-Rad, UK). Mean pore sizes and distributions were evaluated from the SEM images.

2.2. Chromatography

3D printed hollow cylinders were employed in batch experiments by inserting the cylinders into 96-well plates
and reading the absorbance using a Modulus II microplate reader (Turner BioSystems, USA). Batch adsorp-
tion on the AEX material (based on the AETAC monomer) involved an initial equilibration in phosphate
buffer (20 mM, pH 7.4) for a minimum of 48 h, followed by addition of a BSA solution (0–32 mg/mL) in
phosphate buffer. Similarly, CEX materials (based on the CEA monomer) were equilibrated in binding buffer
(20 mM phosphate, pH 7.4) before loading a LYS solution (0–4 mg/mL). Flow experiments were carried out
at 1 mL/min using gyroidal columns (50% external porosity, 500 μm wall thickness) slotted into 10 mm i.d.
SNAP® glass housing (Essential Life Solutions, USA) and connected to an ÄKTA Purifier 10 system (GE
Healthcare, USA) equipped with a UV detector to record absorbance at 280 nm.

2.3. Immobilized Enzyme Bioreactor

Trypsin was immobilized on CEA supports via the EDC protocol. Briefly, the 3D printed materials were
equilibrated in a 0.1 M sodium phosphate (pH 7.4) activation buffer, followed by a 35-min immersion on
activation buffer containing 1:10 molar excess of EDC with respect to carboxylic groups. After extensive
washing in activation buffer, coupling of the enzyme was obtained by soaking the 3D printed models in
trypsin solutions (1–10 mg/mL) in 0.1 M phosphate buffer pH 7.4 for 2 hours at room temperature. Non-
bound trypsin was removed by washing with 0.1 mM Tris buffer (pH 8). The amount of trypsin immobilized
on the 3D printed materials was calculated as the difference of the initial and final concentration of trypsin
using the BCA assay (Smith et al., 1985). A control experiment was run by adding trypsin solutions to
non-activated cylinders. Similarly to chromatography runs, the activity of the immobilized trypsin was
tested both in batch (hollow cylinders in multi-well plate format) and dynamic conditions (gyroids with
50% external porosity, 500 μm wall thickness, 25 mm diameter, 10 mm bed height, flow rate ranging 0.5–8
mL/min). In both cases, after equilibration in 50 mM Tris buffer pH 8, a 1 mM BAEE substrate solution
in 50 mM Tris buffer pH 8 was fed to the 3D printed models, and formation of the hydrolysis product (BA)
product was monitored at 253 nm.

2.4. Bacterial Biofilm Bioreactor

Biofilms of Rhodococcus opacus IEGM 248 cells were obtained by perfusing fresh cultures (exponential growth
phase) for 3 days in recirculation mode (1 mL/min) through gyroidal supports (50% external porosity, 2 mm
wall thickness,10 mm diameter, 40 mm height) in a glass column, followed by column washes with quarter
strength Ringer’s solution to remove non-adsorbed biomass (free cells). The obtained biofilms were then
grown by continuous feed (2 mL/min) of a mineral salts medium (MSM, 2.0 g/l sucrose, 7 g/l Na2HPO4, 6
g/l KH2PO4, 2 g/l NH4Cl, 0.2 g/l MgCl2·6H2O, 0.03 g/l CaCl2·2H2O, 0.001 g/l FeCl3·6H2O) spiked with 0.2
mM BT as sole sulphur source. According to the biodesulfurization reaction, BT is converted intoa phenolic
compounds (principally hydroxyphenylacetaldehyde) whose presence in the perfusate was confirmed using
the Gibbs test (Gibbs, 1927; W. Wang et al., 2013).
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Figure legends

Figure 1. Schematic flow diagram for the design, manufacture and experimental testing of porous monoliths
for applications in bioprocess engineering. (a) chemical structures of bifunctional monomers (CEA, AETAC,
MAETAC, HEMA) employed, displaying (meth)acrylate groups for polymerization (blue) and active groups
(red). (b) Simulated reduced plate height vs reduced velocity (Peclet) for the gyroidal scaffold (this work)
and random packing of spherical particles (extracted from Schure et al., 2004). (c,f) CAD models of hollow
cylinder and gyroid structures, respectively, together their 3D printed counterparts (d,g). Experimental
characterization of (e) hollow cylinders using 96 multi-well plate set-up in static (batch) mode and (h)
gyroid scaffold in column for dynamic testing.

Figure 2. Adsorption isotherms of (a) bovine serum albumin (BSA) on anion exchangers (based on AETAC
monomer, adapted from Simon et al., 2020), and (b) lysozyme (LYS) on cation exchangers (based on CEA
monomer). Ligand densities of 0 (control), 0.57, 1.14, 1.73, 2.33 mmol/mL and of 0 (control), 0.77, 1.56,
2.36, 3.23 mmol/mL were tested for the anion and cation exchanger, respectively. Isotherms were fitted with
Langmuir model (continuous lines). Dashed lines corresponds to maximum binding capacity of equivalent
commercial materials (Boi et al., 2020; Staby et al., 2005). (c) Separation of BSA (16 mg/mL) and myoglobin
(MYO, 6 mg/mL) on AETAC-based anion exchangers (1.6 mL column volume (CV), 1.73 mmol/mL ligand
density). 500 μL injection in binding buffer (20 mM Tris, pH 8.0) followed by linear gradient from 0 to 30
% elution buffer (20 mM Tris, 1 M NaCl, pH 8.0) over 20 CV at 1.0 mL/min. First peak is flow-through of
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. overloaded BSA and MYO, second and third peaks correspond to MYO elution at 7.4 CV (3.1 mS/cm) and
BSA elution at 18.7 CV (19.0 mS/cm) in line with the electrostatic interactions established at the buffer’s
pH of 8 (pIBSA = 4.8; pIMYO = 7.0). (d) Separation of BSA (16 mg/ml) and LYS (4 mg/ml) on CEA-
based cation exchangers (2.5 mL CV, 3.23 mmol/mL ligand density). 300 μL injection in binding buffer
(25 mM phosphate, pH 7.4) followed by linear gradient from 0 to 100 % elution buffer (25 mM phosphate,
1 M NaCl, pH 7.4) over 20 CV at 1.0 mL/min. First peak is flow-through of non-binding BSA (pIBSA =
4.8) and overloaded LYS, second peak corresponds to LYS elution at 7.6 CV (33.4 mS/cm) in line with the
electrostatic interactions established at the buffer’s pH of 7.4 (pILYS = 11.4).

Figure 3. (a) Formation of the BA hydrolysis product over time using a 3D printed monolith with 7.31 mg/g
immobilised trypsin. (b) BA conversion (blue) and productivity (red) obtained from continuous operation
of immobilized enzyme bioreactor with Schoen gyroid bed geometry in steady state mode at different flow
rates.

Figure 4. (a) SEM of MAETAC monomers revealing bacterial biofilm adhered onto 3D printed support
after 3 days incubation withR. opacus culture in exponential growth phase. BT is desulfurized by R. opacus
into phenolic end products, as detected using Gibbs test on perfusate samples visualized by blue colour (b)
and measured at 610 nm (c).

8



P
os

te
d

on
A

u
th

or
ea

28
F

eb
20

21
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

45
41

40
.0

17
63

19
3/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

9


