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Suspended Manufacture of Biological Structures

Samuel R. Moxon, Megan E. Cooke, Sophie C. Cox, Martyn Snow, Lee Jeys,
Simon W. Jones, Alan M. Smith,* and Liam M. Grover*

In this study, we describe a novel method of suspended manu-
facture for the production of complex soft structures of closely
defined morphology, mechanical properties, and chemistry. The
process conditions are sufficiently mild that embedded popula-
tions of cells maintain high levels of viability and retain pheno-
type. Given the simplicity of the process, it can be used for all
existing gel materials without special modification. The method
of manufacturing uses a “bed” of micrometer sized gel parti-
cles (often referred to as fluid or sheared gels),! which behave
in bulk as a viscoelastic fluid and can self-heal thereby providing
support to the complete part.?! The final structure is formed
through the dispersion of a gelling material into the interstices
between the supporting fluid gel particles. This enables rela-
tively complex structuring while providing sufficient support to
prevent the structure collapsing under its own weight. Once the
scaffold structure has been formed the supporting phase may be
removed through the gentle application of shear. This manufac-
turing process allows for the use of a wide range of polymeric
materials, including many already approved by regulatory bodies.
Ultimately it has the potential to produce structures that could
make their way into clinical trial in the relative short term. Here
we demonstrate the power of this method by manufacturing
anisotropic structures with spatially controlled mechanical and
chemical properties, which support a coculture of viable cells.
These scaffolds could be used for the production of osteochon-
dral plugs for the augmentation of full-thickness cartilage defects.

Tissues are formed of populations of cells distributed within
an extracellular matrix (ECM), which is structured down to
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the molecular level. Local variations in organization and bio-
chemistry mean that the encapsulated populations of cells are
exposed to environments that differ both mechanically and
chemically. These environments have been shown to play a
strong role in shaping cell phenotype.®! For some time now
researchers have sought to recapitulate tissue structure using
a combination of isolated cells and polymeric hydrogels that
have a structural resemblance to the ECM.M Such specimens
have been manufactured using the process of gel-casting; this
allows for gross geometrical control, yet provides little control
over the microscale geometry and spatial and mechanical cues
important to controlling cell behavior.’! Additive layer manu-
facturing (ALM) offers the tantalizing possibility of creating
structures with a greater level of complexity than traditional
processing methods such as casting, and some degree of con-
trol over the distribution of cells and other important com-
ponents throughout the structure. While the ALM of hard
materials is relatively mature and a number of industries now
utilize such technologies, at present the ALM of soft mate-
rials remains challenging. ALM using soft materials has been
reported in the literature since the mid 2000s when Boland
et al. published on the production of “nose-like” specimens from
alginate.l’! In the years since many research groups have pub-
lished on the manufacture of structures from soft solids some
of which allow for the incorporation of cells.”] Most recently,
Hwang et al. reported the production of a cartilage-like struc-
ture for auricular reconstruction.®l Notably, the majority of addi-
tively manufactured soft-solid structures exhibit relatively low
complexity?®) and are typically broader at their base than at their
peak to reduce the risk of the structure collapsing. A number of
research groups are working on the development of novel poly-
mers for ALM,”1% but in the most part, the structures they form
with these polymers are highly simplistic, with a self-supporting
“waffle arrangement” frequently being used to demonstrate
process resolution.”*!1] Some papers report the use of harder
materials, such as poly(caprolactone) (PCL) and hydroxyapatite,
to support the structurel!?!3l or have extruded materials into
high viscosity liquids, for example Pluronic F-127 hydrogel.[!3]
Additionally, there have been reports of additive manufacturing
using a suspending medium that consists of either a shear-
thinning synthetic hydrogel™ or a slurry of gelatin particles, !
respectively. These elegant approaches resulted in structures of
previously unprecedented complexity, but neither group man-
aged to codeposit multiple cell types or could demonstrate any
localized modification in mechanical properties of chemistry,
both of which are critical to biological performance. Further-
more, neither of these methods is conducive to the manufacture
of structures that are suitable for the clinic, since the suspending
medium would be very challenging to completely remove from
the finished part. In this study, we have addressed these issues
by using a self-healing particulate or fluid gel material, which
is stable at room temperature and in culture conditions, as a
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supporting media. The strong surface inter-

1 : Pre gelled Load
actions between gel particles form short- R lmee
range adhesions when in close contact S .-

cell type

causing the paste-like material to thicken.[®!

The interactions formed between the parti-
cles allow the particulate material to support a
secondary phase of similar (or in some cases
higher) density. This “true-gel’” (G" >>> G”)
particulate (Figures S1-S3, Supporting Infor-
mation) microstructure makes this system
physically distinct from highly viscous fluids,
such as commercial shower gels, that are
formed almost exclusively by polymer entan-
glement.'”! Importantly, since the gel parti-
cles are discrete entities they do not contami-
nate the surface of the manufactured sample
and can actually be formed from the same
material as that extruded into the particle bed
(Figure 1) likely simplifying the translational
pathway. Using particulate gels as a sus-
pending agent, supports the fragile construct
as it is formed, in a similar manner to the
way amniotic fluid suspends the developing
fetus. Using an XYZ stage, it was possible to
(with 100 um resolution) deposit the hydrogel
polymer in a discrete 3D location, the resolu-
tion of which is limited only by the size of the
droplet from the end of the extruding needle
and the viscosity of the supporting medium.
A variety of hydrogel materials may be
used for the production of the final part and
the supporting bed. Initial experimentation
demonstrated that it was possible to generate
structures using combinations of gelatin,
gellan, collagen, hyaluronic acid, agarose,
and alginate. As a consequence of its relative
robustness and capacity for physical modifi-
cation using seeded hydroxyapatite,'®! gellan
was selected for further use as the final part
and agarose as the supporting bed. The sup-
porting bed, formed from agarose with par-
ticles in the size range 2-11 um (Figure S4,
Supporting Information), was of sufficient
robustness to suspend a cross-linked gellan
gum structure such as the helix illustrated
in Figure 1. This helical structure was loaded
with colloidal hydroxyapatite nanocrystals
in order to increase radio-opacity enabling
micro-computed tomography (CT) imaging.
Following treatment with calcium chloride solution this helical
structure was removed from the particle bed and was shown to
be self-supporting (Figure 1). The shear forces applied during
the extrusion process were not of sufficient magnitude to cause
phase separation and were sufficiently mild that it was possible
to maintain the viability of a population of human primary
chondrocytes within the cultures (Figure 2). To investigate the
influence of supporting matrix viscosity on the resolution of the
printing method, samples were made using a controlled con-
centration of gellan gum (1.5%) and a hypodermic needle of
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Figure 1. A-D) A schematic showing the manufacturing process for a 3D soft solid structure
manufactured using the suspended deposition method. A) Briefly, a supporting “fluid-gel”
matrix is created in a vessel. B) A secondary phase may then be extruded into the particle
bed. C) The self-healing, fluid gel supports the gel structure during the cross-linking process.
D) Once cross-linked, the object may be removed from the particle bed. E) This was mani-
pulated to fabricate a simple helix loaded with hydroxyapatite nanoparticles and imaged with
micro-CT (scale bars =5 mm).

internal diameter 337 um. An increase in the viscosity of the
supporting medium resulted in a monotonic increase in resolu-
tion in the XY dimensions, but interestingly a smaller reduction
in resolution in the Z dimension (Figure 2). At this scale, reso-
lution is ultimately limited by droplet size, which is controlled
by the internal dimensions, flow rate of the extruding aperture
and other parameters of deposition, such as the viscosity of
the extruded solutions. To further investigate factors that may
influence resolution, structures were formed using a range of
needle diameters and it was demonstrated that resolution was
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Figure 2. Extrusion of a gellan matrix loaded with primary human chondrocytes into the “fluid-gel” structure through a 337 um internal diameter needle
maintained cell viability throughout the construct (left column, scale bars = 200 um). An increase in the internal diameter of the needle resulted in
a reduction in resolution (centre, top), as did a reduction in the viscosity of the matrix (centre, bottom). From these experiments, a fluid viscosity of
0.75 Pa's (at 1 s™' shear rate) and needle diameter of 337 um was set for manufacture of an osteochondral plug. A computer model of this plug (right
column) was generated from CT scans of a defect drilled into the tissue by a clinician. The model generated was used to inform the manufacture of a
plug with appropriate chondral and subchondral thicknesses to fit the tissue defect.

directly related to needle diameter, increasing up to the point
that the hydrocolloid could no longer be extruded (Figure 2).
The peak resolution achievable for the 1.5% gellan gum and
the agarose supporting medium was 250 um. Given the scale
of the tissues to be produced for osteochondral repair and the
need for cell viability, the needle diameter was set at 337 um
and extrusion rate no more than 125 pL s™. To demonstrate the
complexity achievable with the suspended manufacturing pro-
cess, scaffolds that mimic the structuring and cellular organiza-
tion of an osteochondral defect were manufactured. This com-
plex tissue region lies between articular cartilage and bone on
an articulating joint surface and may be severely damaged
following traumal®”! or can deteriorate during the progression
of osteoarthritis.?!l At present the standard of care is microfrac-
ture in the kneel?? or the transplantation of tissue that has been
isolated from a cadaver or nonarticulating region of the joint.1??!
Neither method has been shown to be absolutely successful
and this has driven research into the development of a range
of synthetic osteochondral plugs.?*l The main reason for failure
of these synthetic grafts is through delamination at the hard—
soft tissue interface.?* Native osteochondral tissue exhibits a
gradual structural change from disordered mineralized collagen
at the subchondral bone,?! through to collagen II and glycosa-
minoglycan (GAG) - rich cartilagel?®! allowing stress to be dis-
tributed across the interface without stress localization and
delamination occurring.??”] The region consists of four prin-
ciple cells types, which secrete and organize their local environ-
ments.[?>2¢ Although a number of groups have attempted this
in vitrol?®! the processes that they have employed did not mimic
the structuring of this complex structure at a length-scale that
is appropriate to the size of the defects encountered clinically.

wileyonlinelibrary.com
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Here, the suspended manufacturing process was used to
form composite hydrogel structures with anisotropic mechan-
ical properties mimicking the native osteochondral envi-
ronment. Femoral condyle tissue was retrieved from patients
following knee replacement and an osteochondral defect was
introduced using a surgical drill. Excess retrieved tissues were
digested to release the cells from the cartilage and bone sam-
ples. The structure was scanned using micro-CT and a 3D
model of the defect was created. This 3D model was used to
guide the manufacture of an osteochondral implant where the
lower surface was loaded with sol-HA, gellan, and osteoblast
cells (Figure 3). The upper surface of the construct was manu-
factured using gellan gum alone, loaded with populations of
chondrocytes (Figure 3). The suspended manufacturing pro-
cess allowed for the production of osteochondral structures that
fit tightly into the defects and matched the layer thicknesses
for the bone and cartilage components. These samples were
then placed in culture for a period of four weeks in order to
identify whether the cell types in the different regions of the
defect maintained phenotype. Over the course of four weeks of
in vitro culture the osteochondral plugs maintained their struc-
tural integrity; they could be easily handled and extracted from
the defect without deterioration (Figure 3).

Mechanical spectra of the osteochondral constructs high-
light the successful integration of two different materials
into a single structure (Figure 3). Constructs were sliced into
four regions and stress sweeps were conducted on each sec-
tion to determine mechanical strength and elasticity. Samples
were subjected to increasing stress (0.1-1000 Pa) and a range
of mechanical properties was observed throughout the con-
struct. The weakest areas with the shortest linear viscoelastic

Adv. Mater. 2017, 29, 1605594
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Figure 3. A) Samples manufactured using suspended manufacturing were cultured before being cut with a razor blade and mechanically characterized
using a rheometer. B) The storage modulus of the construct reduced significantly from the core “boney” area of the structure (Regions C and D) into
the chondral region (Regions A and B). Mechanical data reflected trends seen in native tissue with an increase in modulus from hyaline cartilage
(Region A) through the osteochondral interface (Region B) to subchondral bone (Regions C and D).?% This demonstrates that it is possible to not only
define geometric but also the mechanical properties exhibited by the resulting structure. C) Stress relaxation measurements show that the addition of
hydroxyapatite (GG + HAp) results in a faster relaxation response than gellan gum alone (GG). D) Following 4 weeks of culture within the human tissue
defects (n = 6), the construct was removed and cells within the cartilage (CH), interfacial (IF) and bone (OB) regions were recovered for RNA isolation
and mRNA was analyzed by gRT-PCR. The cells in the cartilaginous section of the scaffold expressed the highest levels of coll Il and aggrecan (ACAN)
and the bone region expressed significantly more coll IAT (mean £ SEM). This suggests that the cells deposited into discrete regions maintained not
only viability but also their phenotype (*: P<0.05, 7: P=0.0793). E) Fluorescent immunohistochemistry (IHC) (DAPI (4,6-Ddamidino-2-phenylindole) =

blue, aggrecan = green) shows the production of aggrecan in the cartilaginous region of the structure (scale bars =200 um).

region were the chondral region and the uppermost surface of
the construct (Regions A and D). Region C exhibited signifi-
cantly higher gel strength and elasticity. This can be attributed
to the nanocrystalline hydroxyapatite (nano-HA) interacting
with gellan helices during gelation to create a highly homog-
enous structure exhibiting higher strength in comparison with
unloaded gellan (Figure 3). Interestingly, the incorporation of
HA into the gellan hydrogel resulted in a more rapid relaxa-
tion response than the gellan alone (Figure 3C). This is sig-
nificant since matrices of elastic modulus >17 kPa that exhibit
more rapid stress relaxation encourage mineralization to a
greater extent when compared with those with slower stress
response.??) Region A was comprised entirely of gellan gum
without nano-HA, which explains the lower gel strength. It is
likely that the nano-HA began to sediment prior to gelation due
to its higher density compared with the gel phase (3.16 com-
pared with =1 g cm™) resulting in the top of the osteogenic
region showing a lower modulus. At the interface (Region B),
the construct exhibited mechanical properties intermediate to
Regions A and C providing evidence for a successful integra-
tion of the two different materials (Figure 3). Interestingly,

Adv. Mater. 2017, 29, 1605594
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the trend in mechanical properties observed in regions A-C
shows some similarity to reported changes in modulus across
osteochondral tissue (Figure 3). A 2012 study by Campbell
et al. outlined indentation moduli of three osteochondral
regions, namely subchondral bone, hyaline cartilage, and the
osteochondral interface.?” Subchondral bone exhibited the
highest modulus, hyaline cartilage the lowest with calcified car-
tilage (the interface) falling between the two, albeit closer to the
modulus of bone. Indentation moduli of tissue regions were
orders of magnitudes greater than storage moduli of respective
construct regions and methods used to determine both differed
greatly. However, parallels between the two trends highlight
the level of control exhibited over mechanical properties within
each region of osteochondral constructs.

Polymerase chain reaction (PCR) data collected from the
retrieved samples demonstrated that the expression of both col-
lagen type II and aggrecan (ACAN) (both markers of cartilage
formation) was highest in the chondral region of the scaffold
(Figure 3) and collagen type I expression was lowest at this
point. Immunohistochemical (IHC) analysis of the samples
demonstrated the presence of aggrecan around the encapsulated
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cells in this area of the scaffold (Figure 3). Remarkably, the ratio
of collagen II to collagen I changed gradually throughout the
structure inline with what would be expected with the native
tissue region. This indicated that while the two sections of the
osteochondral scaffold were well integrated, the embedded
cell population retained their native phenotype. This is some-
thing that has proven challenging with existing technologies
for tissue structuring. In comparison with the majority of ALM
methods, where high temperatures, pressures, or cross-linking
agents are a necessity, the suspended manufacture method
allowed us to maintain viability and behavior while subtly mod-
ifying the local composition of the matrix.

In this paper, a new method was reported to manufacture
comparatively complex soft-solid structures by extruding a
gelling polymer into a supporting particle-based matrix. The
method allowed the structuring of soft-solid materials such
that they exhibited distinct chemical and physical properties
on the microscale. It was shown that suspended manufacture
could recapitulate the structure of the osteochondral region as
defined by CT scanning. The printed structure maintained its
morphology and mechanical robustness over a period of four
weeks of culture during which the encapsulated cells retained
their phenotype. Our findings suggest that this novel method
of producing 3D tissue-like structures has significant promise
for the regeneration and study of complex tissue structures and
interfaces.

Experimental Section

Fluid Gel Formulation: Fluid gels were manufactured by cooling
solutions of 0.5% w/w agarose from 85 to 20 °C under constant shear
using a magnetic stirrer rotating at 700 rpm. This created a constant
angular velocity of 74 rad s7'. Fluid gels were sterilized for cell culture
applications by autoclaving agarose solutions prior to cooling.

Suspension of Helical Polymeric Structures: Aliquots of fluid gel
were prepared in 6 mL Bijoux tubes. Solutions of 1.5% w/w low acyl
gellan mixed with 10% nanocrystalline hydroxyapatite/HA at 60 °C
(formulated by a precipitation method)B% were extruded into fluid gel
samples through a hypodermic needle with a 337 pm inner diameter
using a 5 mL syringe. During extrusion, the syringe was manipulated
precisely with respect to geometric position to enable the generation
of the helix. The suspensions were then left at room temperature for
40 min to enable gelation to occur. Prior to extraction, samples were
observed using micro-CT (Bruker Skyscan 1172—Bruker, Belgium) and
reconstructed data were visualized in 3D using CTVox software (Bruker).
Helices were then extracted and excess fluid gel was washed away with
deionized water.

Tuning Resolution of Suspended Constructs: Low acyl gellan gum
solutions of varying viscosity (as controlled by polymer concentration)
were extruded into separate aliquots of fluid gel (contained in petri
dishes of 60 mm diameter and 15 mm depth). Gelation was triggered
by temperature and ionic interaction via injection of 200 x 1073 m
CaCl, around constructs at 20 °C. After 30 min, gelled structures were
extracted and the resolution of each construct was measured.

Evaluation of Cell Culture Applications: Osteochondral tissue was
donated by patients undergoing elective knee replacement surgery.
This study was approved by the United Kingdom National Ethics
Research Committee (Hertfordshire Research Ethics Committee 12/
EE/0136). Articular cartilage was removed from human femoral condyle
tissue before mincing and digestion by 2 mg mL™' collagenase for
4 h under agitation at 37 °C for release of chondrocytes. Bone chips
(4-5 mm3) from subchondral trabecular bone were cultured for release
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of osteoblasts. Both cell types were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum,
1% L-glutamine, 1% PenStrep, and 1% nonessential amino acids.
At passage 1, cells were trypsinized, counted, and resuspended at a
density of 3 x 10° cells mL™" before being mixed with sterile 1.5% low
acyl gellan gum. Cell-laden gellan gum was extruded into sterile agarose
fluid gel to create linear constructs. Gelation at 20 °C was triggered with
200 x 107 m CaCl, and excess calcium ions were washed away after
30 min using Dulbecco’s phosphate buffered saline (PBS). Cell-loaded
constructs were cultured at 37 °C/5% CO, in culture media (as above).
Cell viability was visualized using Calcein-acetoxymethyl (AM) and
ethidium homodimer-1 fluorescent dyes.

Defect Formation and Reconstruction: Defects were introduced into
femoral condyle tissue following surgery using an orthopedic drill. The
resulting tissue was imaged using microCT (Bruker Skyscan 1172) and
reconstructed data were viewed using CTVox software (Bruker). The
defect was then measured for reconstruction of the defect space in
Simpleware (Synopsys, UK).

Implant Fabrication and Culture: Prior to implant fabrication cells
were isolated and cultured as above. Primary human osteoblasts and
chondrocytes were trypsinized, counted, and resuspended at a density
of 1 x 10 cells mL™". Osteoblasts were loaded into 1.5% low acyl gellan
mixed with 5% nano-HA while chondrocytes were mixed with 1.5%
gellan. Guided by dimensions obtained from defect reconstruction,
single implants were fabricated containing a layer of chondrocyte-
loaded gellan and a thicker layer of osteoblast-loaded gellan/HA via
extrusion into sterile agarose fluid gel. Gelation at 20 °C was triggered
with injection of 200 x 1073 m CaCl, around each suspended structure
and constructs were extracted after 30 min. Excess fluid gel was washed
away and constructs were implanted into tissue defects. The construct-
filled defects were then cultured as above in a humidified incubator at
37°C, 5% CO, for 30.d (n = 6).

Determination of Collagen 1, Collagen 2, and Aggrecan (ACAN)
Expression: Following 30 d of culture, constructs were removed from
the tissue defects and separated into cartilage, interface, and bone
regions for gene expression analysis. RNA was isolated using TRIZol
reagent (Life Technologies, UK) and the manufacturer's instructions
were followed. RNA was quantified using photospectrometry (NanoDrop
2000, NanoDrop Technologies). Quantitative-realtime polymerase chain
reaction (Q-RTPCR) was performed using a Lightcycler 480 (Roche).
The expression of collagen type |, type Il, and aggrecan (ACAN) were
measured and normalized to 18S expression. Validated TagMan probes
were purchased from Life Technologies. Gene expression was quantified
using the Pfaffl method.B"

Fluorescent  Immunohistochemistry:  Constructs were fixed with
4% paraformaldehyde before blocking in vehicle (10% goat serum,
0.1 m PBS, 0.3% Triton-X-100). For aggrecan, cells were incubated with
mouse antiaggrecan primary antibody (1:100, ThermoFisher) and then
Alexa 488 goat antimouse secondary antibody (1:500, Invitrogen).
Nuclei were stained with 4,6-Diamddino-2-phenylindole (DAPI) (1:5000,
Sigma-Aldrich) and constructs were imaged using a Leica DM 6000B
microscope.

Mechanical Spectra of Implants: Layered constructs were sliced
laterally into four separate regions (see Figure 3—mechanical spectra
figure). Stress sweeps were conducted on each region using a Bohlin
Gemini rheometer (Malvern, UK) with 25 mm serrated parallel plate
geometry. Elastic and viscous moduli (G" and G”, respectively) were
analyzed in response to increasing stress from 1 to 100 Pa at a constant
temperature of 37 °C. For stress relaxation, gellan gum and gellan
gum/hydroxyapatite constructs (height 8 mm, diameter 14 mm) were
displaced 2 mm and held for 300 s while load was recorded (Bose
ElectroForce 5500).

Rheological Measurements: All  rheological measurements were
performed on a Bohlin Gemini rheometer (Malvern, UK) using a 55 mm
2° cone and plate geometry at an isothermal temperature of 37 °C which
was maintained by a Peltier controlled lower plate.

Stress Sweeps: Samples of 0.5% agarose fluid gels were prepared and
loaded onto the bottom plate of the rheometer. The samples were then
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subjected to a shear stress range of 0.1-100 Pa at a constant oscillatory
frequency of 10 Rad s™'. Elastic and viscous moduli were measured in
response to increasing shear stress. Results were analyzed to determine
the linear viscoelastic region.

Frequency Sweeps: Elastic and viscous moduli of 0.5% agarose fluid
gels were analyzed in response to increasing oscillatory frequencies
from 0.1 to 10 Rad s™' at a constant strain of 0.05%.

Shear Sweeps: Shear ramps were performed at 37 °C on 0.5% agarose
fluid gel samples. Shear rate was increased from 0.001 to 100 s™' over
a 10 min period and dynamic viscosity in response to increasing shear
rate was subsequently analyzed.

Particle Size Distribution: Fluid gel samples were loaded onto glass
slides and allowed to dry under a coverslip for 10 min. Samples were
then visualized on Keyence VHX 2000 digital microscope (Keyence, UK).
Particle sizes were analyzed with VHX 2000 communication software.
Particle size distribution was evaluated using images of fluid gel
particles within an area of 135 um x 120 pm. Images were divided into
12 grids of 11.25 pm x 10 pm. Within each grid, the number of particles
was recorded and divided into categories based on size. A total of 96
grids and =2300 particles were counted. Particle size distribution was
subsequently determined by comparing the number of particles within
each size range and calculating cumulative undersize.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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