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Lay Abstract 

 
Many devices in our day-to-day lives incorporate lateral flow biosensors, for 
example, home pregnancy test kits. These tests allow users to obtain results within 
30 minutes by simply applying a few droplets of urine onto a test strip. However, 
these biosensors are largely manufactured using manual processes: workers cut 
strips (also called substrates) from sheets, deposit reagents onto the strips, and then 
assemble the pretreated strips into devices. As such, these processes are time 
consuming and less productive. To accelerate the manufacturing process, we 
developed printable porous substrates and a clog-free printing process for 
depositing expensive reagents onto the substrates. 
 
Novel porous media can be flexibly printed into complex patterns using pigment-
based inks. Moreover, the use of different pigments within the designed patterns 
enables these porous media to control wicking velocity. In addition to printable 
porous substrates, the research in this thesis shows that the manufacturing process 
can be improved by using piezoelectric inkjet printers. The use of these printers not 
only allows the expensive reagents to be precisely deposited onto the substrates, but 
it also offers a more cost-effective method of doing so. Finally, in order to ensure 
the printing process remained clog-free, we systematically investigated clogging 
mechanisms by printing with different polymers and nanoparticles.  
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Abstract 

Lateral flow biosensors are analytical devices that detect biomaterials with 
physicochemical signals, such as optical signals. Unlike other biosensors, lateral 
flow biosensors are based on porous membranes, which use capillary force to 
transport biomaterials spontaneously. However, lateral flow biosensors are 
fabricated in batch mode, which means that membranes need to be cut from the 
rolls, pretreated, and assembled using a step-by-step process. Thus, there is a need 
for a more efficient manufacturing process. This thesis aims to accelerate the 
fabrication process by developing a method wherein the whole device is printed 
directly, including the printable substrates, as well as by developing a clog-free 
process for depositing expensive reagents.  
 
These novel printable porous media were developed using printing inks that 
contained various pigments and polymer binders. To this end, candidate 
formulations were screened from nine hundred inks formulations via wicking 
experiments. The results of these tests showed that the most promising formulations 
were based on calcium carbonates and latex polymers. This formulation was then 
used to develop printable porous media that can easily be printed into complex 
patterns, with changeable wicking speeds within each pattern. In addition, a bio-
colorimetric assay of alkaline phosphates conducted on these porous media showed 
strong color signals that were comparable to the traditional membrane-based lateral 
flow strips.  
 
Clog-free printing processes were investigated by using a piezoelectric inkjet 
printer to print silica sols and six nanoparticle inks. The results of these tests showed 
that the vibration of the piezoelectric layer and the deposition of particles on the 
printhead surfaces induced clogging issues. Over time, the silica sols formed 
multilayer deposits on the print head surface, which subsequently detached due to 
the vibration of the piezoelectric layer. Consequently, these large sheets of silica 
clogged the nozzles during printing. This clogging issue was eliminated by 
adjusting the pH value of the silica sol inks to 3.1. The hydrophobic cationic 
polystyrene nanoparticles form a sub-monolayer on the printhead surface, which 
causes air entrainment and promotes air bubble adhesion into the interior of the 
print head surface when the piezoelectric layer deforms. Thus, alternate surface 
chemistries for the print head and ink particle surfaces may be required in order to 
print hydrophobic ink materials. Overall, this enhanced understanding of these 
clogging mechanisms helps to explain why printer performance varies when 
different particles are used. 
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Chapter 1 
Introduction and objectives 

 
People are presently living longer and healthier lives than ever before. Indeed, the 
global life expectancy was 72.0 years as of 2016, which denotes an increase of 5.5 
years since 2000, when it was 66.5 years.1 One of the key reasons for this increase 
has been the development of effective early disease warning systems and diagnostic 
tools,2 such as biosensors. Biosensors are widely used in our daily lives, with 
applications ranging from food-quality testing,3 to health monitoring,4 5 to the 
detection of environmental contamination.6 
 
Compared to traditional analytical techniques, which are time consuming and 
difficult to operate, biosensors are speedy and simple. Thus, the global biosensor 
market is projected to exceed more than US$ 26 billion by 2022.7  
 
Lateral flow biosensors are commercially promising for two main reasons: (1) they 
can be fabricated using traditional materials (e.g., nitrocellulose membrane, paper 
sheets),8 and (2) they can be patterned using techniques such as such as screen 
printing,9 lithography,10 and inkjet printing.11 Inkjet printing is a particularly useful 
technique because it is flexible, low cost, and efficient.11 However, in order to 
ensure a reproducible fabrication process, it is critical that the inkjet printing 
process be clog-free. This is particularly important for commercial products.12 
Unfortunately, in addition to being expensive, inkjet print heads have a high 
clogging-potential.13 Thus, it is necessary to understand and remedy the sources of 
clogging if inkjet printing is to be meaningfully applied for the mass production of 
biosensors. This chapter begins with a discussion of the background of lateral flow 
biosensors before moving on to an overview of inkjet printing’s various 
applications in relation to biosensor fabrication, as well as the associated challenges.  
 
In general, the mass-production of commercial lateral flow devices is time 
consuming, as it requires the use of a discontinuous process.12 As such, a process 
that would allow the substrate to be fabricated and patterned simultaneously would 
be highly attractive. Therefore, the second objective of this chapter is to review the 
properties of existing porous substrates in order to identify the most promising 
porous media, consisting of pigments, for use as a substrate in lateral flow 
biosensors. 
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Literature review 

1.1 Lateral flow biosensors 

 
Biosensors are analytical tools that detect physiochemical signals created by 
biological components. Through specific conjugations between bioreceptors or 
biomolecules (e.g., proteins, enzymes, antibodies) and analytes, transducers 
transform signals into physiochemical signals, such as optical, electrochemical, and 
piezoelectric signals.14 Decades of development have resulted in the availability of 
simple, easy-to-use biosensors that can be used in a broad range of fields, including 
healthcare, food safety, and environmental science.15 
 
Since biomolecules are expensive16 and sample volumes tend to be limited, 
researchers have focused on miniaturizing biosensors in order to lower the costs 
associated with materials and manufacturing.17 Molecules are transferred to target 
zones along small channels using syringe pumps,18 electrolytic force,19 or capillary 
force.20 Unlike syringe pumps or electrolytic force, which require the use of 
external devices, capillary force is provided naturally by porous media, such as soil, 
membranes, or paper sheets.21 As a result, lateral flow biosensors function via 
capillary-driven microfluidics.22 23 24 
 

1.1.1 Overview of a lateral flow biosensor 

A classic lateral flow immunoassay biosensor is shown in Figure 1 - 1. As can be 
seen, lateral flow biosensors consist of four components.25 26 A sample pad, which 

stores and transfers liquid analyte mixtures. A conjugate pad, which stores labeled 
(e.g., gold nanoparticle) antibodies that have a specific conjugation with the 
analytes. Analytes and antibodies form bound structures that continue to migrate 
along the strip to the reaction pad. The reaction pad is patterned with a test line 
and a control line. A positive result is indicated by optical or fluorescent signals on 
the test line where the immobilized antibodies on the membrane surface interact 
with bound structures. Meanwhile, the excess bound structures move forward to the 
control line that contains immobilized anti-antibodies. Since these anti-antibodies 
did not interact with bound structures, the optical or florescent signals are differed 
to signals in the control line. Thus, the control line is used to indicate negative result. 
The final component of the lateral flow biosensor is the wicking pad, which is 
responsible for wicking all of the analytes through the reaction pad.  
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Figure 1 - 1. I Illustrative graph of a classic lateral flow immunoassay. Modified from 
Ref.26 

Since the EMD Millipore Company is the primary producer of nitrocellulose 
membranes for lateral flow biosensors, our discussion of the key aspects of test strip 
design and device assembly will be based on a Millipore model strip.27 28 29 A brief 
structural schematic for an EMD Millipore commercial lateral flow immunoassay 
test strip is provided in Figure 1 - 2. 

1.1.1.1 Membrane 

The membrane plays the most important role in a lateral flow strip, as it is where 
the signal is observed by users. Reagents and bioreceptors are immobilized onto the 
surface, forming as a test line and a control line. Conjugated analytes flowing 
through the membrane are captured by the bioreceptors on the test line, producing 
signals. Thus, another function of this membrane is to provide enough wicking 
ability to transport the analytes. The capillary flow rate is influenced by a number 
of membrane parameters, such as pore size, pore size distribution, and porosity. 
EMD Millipore currently offers 5 types of nitrocellulose membrane, HF180, HF135, 
HF120, HF090, and HF075, where the number represents sec/4 cm.  

The capillary rate affects signal generation by controlling the amount of time the 
moved analytes come into contact with the immobilized bioreceptors on the test 
line. Because test strips only have one direction of flow, the analytes cannot bind 
onto immobilized bioreceptors once they pass the test line. Thus, for a good signal 
generation, users need to choose a suitable flow-rate membrane and optimize the 

Analyte Antibodies conjugated
to colloidal gold

Test line
(Antibody)

Control line
(e.g. anti-IgG Antibody)

Capillary flow

Sample pad Conjugate pad Membrane Wicking pad

Test Line (Positive) Control Line (Valid Test)
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position of the test line. For example, a ‘slower’ nitrocellulose membrane (e.g., 
HF180) is ideal for high sensitivity tests. 
The membrane consists of nitrocellulose and nitrocellulose/cellulose acetate, 
resulting in a hydrophobic surface, and the addition of detergents and surfactants 
during the production process allows the membranes to wet easily in aqueous 
solutions. During production, the membrane can be cast onto a polyester film, 
which provides higher mechanical strength and prevents membrane breakage 
during routine operation. For lateral flow tests, the membrane usually cut into 
straight sections using a Guillotine cutter.30  
 
1.1.1.2 Sample pad 

 
The sample pad ensures that the analytes are evenly distributed to the conjugate pad 
and prevents the overflooding of samples in the device.  
 
Cellulose fibers and woven meshes are the most commonly used materials in 
sample pads. Aside from even sample distribution, woven meshes provide the 
advantage of good tensile strength, which allows them to retain their shape after 
cutting and packaging. However, woven meshes are limited by their low hold-up 
volume, normally 1-2 µL/cm2, which may not allow sufficient sample transfer to 
the test line. Hence, cellulose fibers are more commonly used, as they are less 
expensive and offer larger hold-up volumes of up to 25 µL/cm2. 
 
During production, sample pads are pretreated with blocking agents via dipping in 
order to eliminate binding between analytes and the membrane. Since sample pads 
become weak after dipping, it is important to handle wet sample pads with care and 
to allow them to dry before cutting.  
 
1.1.1.3 Conjugate pad 

 
The analytes interact with detector reagents (e.g., gold nanoparticle) on the 
conjugate pad before being transferred to the membrane. The amount of conjugated 
complex that is ultimately transferred to the membrane is what determines the 
biosensor’s sensitivity. Thus, the ideal conjugate pad should offer low non-specific 
binding, consistent flow rate, and good web handling. As such, treated glass fibers 
(less expensive) and cellulose filters are the most commonly used materials for 
conjugate pads, as they provide low nonspecific binding and good tensile strength. 
 
During the production process, conjugate pads are dipped into buffers and held up 
in order to reduce excess liquid. After the excess liquid has been allowed to drain, 
the wet pad is carefully placed on a nonabsorbent surface to dry. Once dried, the 
pads can be cut into strips. 
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1.1.1.4 Absorbent pad 

 
The absorbent pad, or wicking pad, increases the volume of liquids transported 
through the test strip. These extra liquids are useful because they wash unbound 
conjugated analytes away from the membrane, thus lowering the background signal. 
However, optimal sensor functionality can be achieved through proper test designs, 
for example, using a longer membrane or positioning the test line closer to the 
conjugate pad. Thus, an absorbent pad is not mandatory for a test strip; to lower the 
cost of a finished strip, users can simply use inexpensive cellulose fibers. Since 
there is no specific need to incorporate an absorbent pad, it can be cut directly from 
the list of required raw materials.  
 
1.1.1.5 Housing 

 
Commercial lateral flow strips are installed in a plastic housing, which protects the 
rest of the strip from exposure to the sample. To ensure easy-to-read test results, 
manufacturers can label the positions of test line and control line on the plastic 
housing. However, plastic housings must be biocompatible, as they use internal pins 
to hold the strip, thus making contact with it inevitable. 

 
Figure 1 - 2.  (A, B) Schematic image of a commercial lateral flow test device. 

Adapted for Ref.27 29 
 

1.1.2 Assembly of a commercial lateral flow test strip 

Table 1 - 1 lists the preparation process for each part of the test strip. In order to 
functionalize the device, the membrane, conjugate pad, sample pad, and absorbent 
pad must be aligned sequentially on an adhesive card (Figure 1 - 3), which consists 



 

Ph.D. Thesis – Yuanhua Li            McMaster University – Chemical Engineering 

 
6 

of a plastic support, an adhesive layer, and a release liner. To ensure a continuous 
flow during the test, these pads are aligned in a partially overlapping manner. The 
scored release line helps the user to position the pads and membrane. 
 
After alignment, the pads or membrane are fastened to the adhesive card using a 
lamination process. This pressure created by this process helps to bind the pads to 
the card and to reduce the space between them. Once the lamination process has 
been completed, the card can be cut into individual strips and secured in a plastic 
housing.  
 
Table 1 - 1.  Brief summary of the preparation process used for each part of a 

commercial lateral flow test strip. 

 Materials Preparation 
Membrane Nitrocellulose membrane Cut 
Sample pad Cellulose filter or woven mesh Dip into buffer, dry, and cut 
Conjugate 
pad 

Glass fiber Dip into solution, dry, and cut 

Absorbent 
pad 

Cellulose filters Cut 

Housing Biocompatible plastic Customer design 
 

 
Figure 1 - 3.  Schematic for laminating pads on an adhesive card. Adapt from Ref. 27 

1.2 Inkjet printing for fabricating biosensors 

As noted above, the membrane is the most important component of a lateral flow 
strip, as it is where the test line, which consists of bioreceptors and other reagents, 
is located.27 It is important to ensure that the bioreceptors are not washed off of the 
test strip when the fluid containing the labeled analytes particles flows through it. 
However, since test lines are often only 1 mm to a few millimeters wide,27 the 
volume of the deposited solution with bioreceptors is usually small. Assuming a 
135 µm x 5 cm nitrocellulose membrane with 70% porosity, the volume of liquid 
required to fill a 1 mm width pattern would be 2 µL. Thus, it is critical to select a 
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technique that is capable of accurately depositing these materials. One technique 
that has been used by many researchers in biosensor production is inkjet printing, 
which can print pico-sized droplets. 11, 31-33 
 

1.2.1 The mechanisms of inkjet printers 

While there are a variety of inkjet printers available in the market,34 this chapter 
will only focus on the drop-on-demand (DOD) piezoelectric inkjet printer. DOD 
piezoelectric inkjet printers operate via pressure difference, which is produced by 
the deformation of a piezo-ceramic material (see Figure 1 - 4).35 The deformation 
process involves vibrating the thin layer (~500 µm) of piezo-ceramic material, 
known as lead zirconated titanate, under an electric pulse for few hundred µs, thus 
resulting in a high printing frequency (1-100 kHz).13 The volume of an ejected ink 
droplet can reach to few picolitres. 36 

 
Figure 1 - 4.  Overview of a piezoelectric drop-on-demand inkjet printer. Modified 

from Ref. 11 

 

1.2.2 Inkjet printing inks 

The properties of an ink largely determine printing quality and the reproducibility 
of the printing system. Inks primarily consist of target printing materials (e.g., 
enzyme, protein, DNA) and additives (e.g., surfactant, viscosity modifiers, 
humectants), which serve to adjust the ink’s surface tension and viscosity and to 
ensure good printability. An ink’s printability can be assessed by analyzing three 
critical parameters: Reynolds number (Re), Weber number (We), and Ohnesorge 
number (Oh). Printability is often expressed as a Z parameter that is based on these 
three dimensionless physical parameters34: 

   Z =
#

$%
=

&'

√)'
=

*+,

-

.*+
/,

0

=
1234

5
 Equation 1 - 1 

Where ρ is the density of a fluid (kg/m3), u is the velocity (m/s), γ is the surface 
tension (N/m), and η is the dynamic viscosity of a fluid (Pa∙s). 
 

Continuous inkjet printer Drop-on-Demand (DOP) inkjet printer
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When the value of Z is too low, droplets will not be ejected due to energy dissipation 
in the nozzle; when the value of Z is too high, satellite droplets will form. As a 
general rule, stable ink jetting can be achieved by ensuring that the value of Z is 
between 1 and 14,37 but this has been questioned by researchers such as Lee et al., 
who have suggested that the printable range for ZnO nanoparticles is 2.5< Z< 2638, 
and Reis et al., whose findings suggested that Z values between 1 and 10 may be 
more suitable.39  
 

1.2.3 Inkjet printing for immobilizing the bioreceptors and 

reagents 

Enzyme-immobilization methods fall into one of two categories: physical 
entrapment or chemical attachment. 40-42 
 
Sassolas et al. 40 conducted a thorough review of enzyme-immobilization 
approaches that included: (1) entrapment in a three-dimensional matrix, such as gel 
or polymer; (2) adsorption with solid support via physical forces (e.g., electrostatic 
interaction); (3) covalent bonding to a polymeric substrate; (4) cross-linking to 
glutaraldehyde or inert proteins; (5) affinity binding between a protein sequence 
(e.g., biotin) and a functional group (e.g. avidin). �

 
 
Figure 1 - 5.  Different enzyme-immobilization methods. E: enzyme; P: inert protein. 

This figure is adapted from Ref.40 

 
Brennan’s group used a sol-gel-derived matrix to physically entrap enzymes on a 
paper structure in their successful development of a paper-based biosensor that is 
able to detect pesticides, heavy metals, and E. coli. 41, 43-44 First, they used 
piezoelectric inkjet printer to print an initial layer of a cationic polymer in order to 
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transform the paper’s surface from anionic to cationic. Next, they printed a layer of 
silica sol onto the cationic layer where immobilized the silica sol layer via 
electrostatic force. Once this had been done, another liquid layer of biomolecules 
was printed onto the silica sol layer, which was followed by the application of a 
final layer of silica sol. These silica sol-gel layers encapsulate the biomaterials by 
controlling the polymerization of silica sol in pH condition.  
 
When the pH is between 2 and 7, the monomer of aqueous silicates first hydrolyses 
with the product of water to form particles; these particles then link into chains before 
finally gelling into a porous three-dimension network,45 which entraps the enzymes. 
The entrapped enzymes form a sandwich-like structure that enables excellent 
colorimetric assays without enzyme leaching. Furthermore, their work also revealed 
that, in addition to entrapping enzymes, thin sol-gel layers also protected the enzymes 
from denaturization in the cationic layer and oxidization from the ambient environment.  

 
Figure 1 - 6.  Entrapment of biomolecules within a silica-sol-gel 3-D structure on a 

filter paper. Modified from Ref.41 

 

1.2.4 Inkjet printing for structure patterning on biosensors 

When developing a lateral flow biosensor, it is necessary to functionalize the sensor so 
that multiple tests can be integrated on one strip. To achieve this, different lateral flow 
channels must be created on the filter paper or nitrocellulose membrane. There are two 
common methods for creating channels on a substrate: separating the channels by 
printing chemical barriers (e.g., hydrophobic polymers),46-47 or mechanically cutting 
the channels.48-49 

Unlike the cutting technique, which usually requires an experienced technician, 
inkjet printing with hydrophobic inks is easy, requires no particular expertise, and 
can be used to design and print customize patterns onto a substrate.50-52 Wax is 
commonly used as a hydrophobic ink because the low cost (~$900/ton) and simple 
printing treatment that wax melts when heated (>120º) then solids at room 
temperature. 33 Carrilho et al. used a Xerox Phaser 8560N color printer to apply 
wax to chromatography paper in order to create complex microfluidic channels. 
The Xerox Phaser 8560N ejects liquid wax as 50-60 µm droplets, forming an 
effective hydrophobic barrier less than 300 µm width. This printing process is 
efficient and can print full wax patterns onto an 8.5 x 11-inch sheet in approximately 
5 min.50  
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Jingyun et al. used piezoelectric inkjet printing to explore the performance of 3 
hydrophobic barriers: wax, alkyl ketene dimer (AKD), and sol-gel-derived 
methysilsesquioxane (MSQ).51 The wax barriers were printed using a wax printer 
(Xerox Phaser 6580), the AKD ink was printed using a Canon PIXMA MP280 
inkjet printer, and the MSQ ink was printed using a Dimatix inkjet printer. Three 
rectangular (7.5 x 30 mm) were patterned on filter papers by these printed barriers 
of three polymers (1.5 mm wide). 
Although three barriers performed well for aqueous solutions, the MSQ barrier was 
the only one capable of maintaining its performance in cell lysing solutions and 
surfactant solutions (e.g., Triton X-100, CTAB, SDS).  
 
In addition to printing hydrophobic polymer on nitrocellulose membranes and filter 
paper, Koivunen et al. used an inkjet printer (Dimatix 2800) to print barriers of 
polystyrene and AKD onto calcium carbonate coated surfaces where multiple 
parallel channels were separated by hydrophobic barriers.52 By printing different 
amounts of hydrophobic polymers, they were able to change the rate of wicking.  
Koivunen et al. also used an inkjet printer (Dimatix 2800) to print polystyrene and 
AKD hydrophobic barriers onto a porous functionalized calcium carbonate coating 
surface.52 The patterned hydrophobic widths ranged from 0.5 to 1.0 mm, while the 
channels ranged from 0.2 to 2 mm. 
 

1.2.5 Clogging mechanisms during inkjet printing  

A typical piezoelectric printhead has a total ink-channel length of 5–20 mm and an 
orifice width of 0.01–0.05 mm.13 As such, piezoelectric printers can encounter 
problems with clogging, depending on the material being printed. 38 41 52Prior 
studies on printhead clogging53-58 have identified 4 main causes: (1) filtration; (2) 

jamming; (3) deposition; and (4) air bubbles.  

 
Filtration refers to channel blockage that occurs when the size of a regular particle 
or the geometry of anisotropic particles exceed width of the microchannels (shown 
in Figure 1 - 7 (A)). This is especially common with regular particles, such as 
polystyrene and silver particles, as they will block the channel if their particle-size 
diameter exceeds the width of the channel.59 For these particles, blockage problems 
can be remedied by sieving or filtering the large particles. Similarly, anisotropic 
rigid particles will cause clogging if one of the particle dimensions exceeds the size 
of a channel.60 This problem can be mitigated by controlling the orientation of the 
particles as they flow through the channel.  
 
Jamming occurs when the volume fraction of a colloidal stable dispersion reaches 
its jamming limit, thus causing a bridge-like structure in particle flow (Figure 1-7 
(B)).61 Since the particle/particle and particle/wall61 interactions are repulsive under 
this situation, the bridge structure is fragile that can only withstand large forces in 
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a direction. As such, jamming can be prevented by changing the fluid direction, 
such as using rotating vortices. 62  
 
 
Aggregation refers to the clumping of particles, which can occur via deposition or 
adsorption onto surfaces in stable and unstable suspensions. In view of the 
aggregation caused by self-assembly of colloidal particles present at high 
concentrations, as they are close to each other that they aggregate due to the 
attractive van de Waals forces. 63 In dilute suspensions, the aggregation occurs 
when particles first deposit on walls, followed by  successive deposition  between 
particles and walls, driven by van der Waals forces, gravitational and 
hydrodynamics forces. 64 
 
Air bubbles from the nozzle plate can cause a piezoelectric oscillated inkjet printer 
to stop printing.65-68 If air bubbles are not expelled from the printhead, they will 
keep growing due to rectified diffusion69 and eventually block the flow of ink. A 
series of papers from the Netherlands has documented detailed experimental and 
computation studies of air inhalation from the nozzle plate of a piezo-driven inkjet 
printer.65-68 These studies found that air bubble retention is promoted by the 
formation of an ink film on the nozzle plate. The same group also reported that air 
entrainment was influenced by the presence of dispersed ink particles on the print 
head.66  
 

 
Figure 1 - 7. Different clogged mechanisms of a microchannel at a constriction. 

Modified from Ref.53 70  
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1.3 Porous substrates for lateral flow biosensors 

Nitrocellulose membranes are the most commonly used membrane for commercial 
lateral flow test device (e.g., pregnancy test strip71 72), while filter paper or 
chromatography paper are most commonly examined in academic publications.27 
 

1.3.1 Nitrocellulose membranes 

Nitrocellulose membranes are cellulose nitrate that cellulose treated with nitric acid, 
which replaces the cellulose hydroxyl groups with nitrate groups, turning cellulose 
into cellulose nitrate.73-74 The nitrocellulose membrane is produced by dissolving 
nitrocellulose in an organic solvent, which is evaporated in a nonsolvent liquid, 
resulting in a precipitated and porous nitrocellulose membrane (see Figure 1 - 8).75 
Since nitrocellulose is naturally hydrophobic, surfactant and detergent are 
introduced during the manufacturing process.�
 

 
Figure 1 - 8.  An SEM image of a nitrocellulose membrane (HF18002, EMD) 

The EMD Millipore Corporation is the main manufacture of nitrocellulose 
membranes. By controlling the solvents, evaporation rate, temperature, and 
humidity during membrane production, the Millipore Company has developed 5 
Hi-FlowTM plus nitrocellulose membranes with different porosities and pore sizes 
for lateral flow tests.28 Specifically, the 5 developed membranes are the HF075, 
HF090, HF120, HF135, and HF180, where the number represents the sec/ 4cm 
wicking rate. The sensitivity of these membranes increases from HF075 (lowest) to 
HF180 (highest).27 
 
The Sartorius Stedim Biotech Company is another cellulose membrane 
manufacturer that is noted for its UniSart® nitrocellulose membranes.76 Besides 
offering nitrocellulose membranes with different capillary speeds, named UniSart® 
CN membranes, this company has designed a novel strip engraved with multiplex 
channels, as shown in Figure 1 - 9. This multiplex-patterned test strip, known as the 

Nitrocellulose
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UniSart StructSure® membrane, fulfills the goal of being able to test several targets 
with one device.  

Figure 1 - 9.  (A) Image of a multi-channel UniSart StructSure membrane. (B) An 
image of patterns cut into a UniSart StructSure® membrane. Adapted 
from Ref.76 

1.3.2 Filter papers. 

Paper is a natural, three-dimensional, porous, composite material that is mainly 
comprised of cellulose fibers. Cellulose fibers are hollow tubes that are typically 1-
3 mm long, 3-5 µm thick, and have a circular cross section that is 20-30 µm in 
diameter.77 Cellulose is a polysaccharide consisting of β-1,4 linked glucose units78 
(Figure 1 - 10), and it is this high density of hydroxyl groups that gives filter paper 
its hydrophilic qualities. In an attempt to capitalize on this porous structure and the 
hydrophilic surface, VTT (a research organization in Finland) explored the use of 
filter paper as a substrate of bioactive-paper.22 This seminal research was built upon 
by Whitsides’s group at Harvard University 10 and Pelton’s group at McMaster 
University,20 both of whom tested the efficacy of filter paper for lateral flow 
bioassays.   

Figure 1 - 10.  An SEM image of a filter paper (Whatman #1 filter paper). 

Cellulose
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1.3.3 Wicking behaviors of porous materials  

Porous materials are used as substrates in lateral flow devices because their natural 
wicking ability eliminates the need for an external pump. This advantage makes 
lateral flow biosensors attractive compared to other biosensors, such as electric 
field-driven immunosensors.79 Indeed, this wicking behavior is critical for 
completing tests with a lateral flow biosensor. The wicking behavior of a fluid 
relates to its characteristic (e.g., viscosity, surface tension), the porous structure, 
and the contact angle of the liquid on the solid surface.21 80 
 
Viscosity of a liquid. In Newtonian fluids, the dynamic viscosity is the ratio of the 
shear stress between two walls to the rate of shear velocity (Figure 1 - 11 (A) and 
Equation 1 - 2. ), expressed as the derivative of a liquid speed in the direction 
perpendicular to the plates.81 An increased viscosity can increase friction resistance, 
which will result in a slower wicking velocity. 
 

6 = 7
89

8:
 Equation 1 - 2  

Where, µ is the viscosity of the fluid, Pa • s, τ is the shear rate, and 
89

8:
 is the local 

shear velocity.  
 
Surface tension of a liquid. Surface tension is the net result of intermolecular 
liquid-liquid attraction and air-liquid interface attraction (Figure 1 - 11 (B)). Surface 
tension can be defined as the increased Gibbs free energy that accompanies an 
increased surface area. This relationship is expressed as,82 
 

; = <
8=

8>
?
@,B,C

 Equation 1 - 3 

Where, γ is the surface tension of the liquid, mJ/m2, G is the Gibbs free energy, mJ, 
A is the surface area, m2, T is the absolute temperature, K, V is the total volume, m3, 
and n is the number of molecules.  
 
Contact angle can be calculated from the sum of the interfacial tensions applied on 
the contacting line (also called triple line, Figure 1 - 11 (C)). This triple line is 
obtained from three phases: liquid (L), solid (S), and the gas (G). As such, the sum 
of these equilibrium forces on the triple line can be expressed as Equation 1 – 4, 
also known as Young’s relation: 83 
;
DE
− ;

DG
− ;

GE
HIJK = 0 Equation 1 - 4 

Where γSG, γSL, and γLG represent the interfacial energy of solid-gas, solid-liquid, 
and liquid-gas, respectively, and θ is the measured contact angle.  
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Porosity and effective pore size are the two main properties of porous media. 
Porosity refers to the ratio of the volume of empty or void space to the total 
volume.84 Effective porosity, which refers to the ratio of the volume of connecting 
voids over the total volume, is more meaningful for wicking flow84 because it 
relates to the total volume of liquid absorbed by the porous structure. The effective 
pore size is obtained through experiments85 wherein the micropore (d <2 nm) and 
mesopore (2 nm < d < 50 nm) are measured with a Brunauer–Emmett–Teller (BET) 
machine,86 and the macropore (d > 50 nm) is measured via mercury porosimetry.87  

 
Figure 1 - 11. Illustration of the properties of the wicking fluid: (A) the viscosity of the 
fluid; (B) the surface tension of the liquid; (C) the liquid contact angle on the solid 
surface. (D) porosity and pore size, which constitute the properties of the porous media  

1.3.3.1 The Lucas-Washburn equation 

 
The application of the Lucas-Washburn (LW) model88 to calculate the fluid wicking 
distance into a dry porous media is based on the following assumptions or facts: 
1. Although most porous media are tortuous, they are most approximated as a 
bundle of straight pores.74 
2. In porous media, where most of the Reynolds numbers are ~ 10-3, flow is laminar. 
89 
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3. Since little solution is imbibed within the structure, the effect of gravity is 
negligible.  
4. Fluid evaporation is ignored. 
5. The boundaries do not exert any effect. 
 
Thus, the LW model can be expressed as follows: 

G = .
2MNOPQ

RS
T Equation 1 - 5 

Where, L is the length of fluid migration into the porous media, m, γ is the vapor–
liquid interface tension, N/m2, r is the effective pore radius, m, K is the contact angle, 
7 is the fluid dynamic viscosity, Pa∙s, and t is the time, s.  
 
1.3.3.2 Darcy’s law 

 
When the porous media is fully wetted, Darcy’s law governs the laminar flow in a 
given porous media, and is expressed by Equation 1 – 690: 
 

Q = −
W>∆Y

S4
 Equation 1 - 6 

 
Where, Q is the total volumetric flow rate, m3/s, κ is the intrinsic permeability of 
the porous medium, m2, A is the cross-sectional area of the flow, L is the length of 
the fluid flows through the media, m, △P is the pressure drop over that length, Pa, 
and μ is the fluid dynamic viscosity, Pa∙s. 
 
Both the LW model and Darcy’s law have been widely used to demonstrate the 
wicking behavior of fluids in paper and nitrocellulose-based biosensors.91-96 
 

1.4 Calcium carbonate-based porous structures 

While reading the literature on producing lateral flow biosensors, we realized that 
neither nitrocellulose membranes nor filter papers are ideal substrates. For example, 
it has been reported27 that only the top 10 µm layer of nitrocellulose membranes 
contribute to the generation of a visual signal. The typical thickness of a 
nitrocellulose membrane or a filter paper is ~180 µm ,97 which  means ~80% 
volume of the porous media does not contribute to signal generation and 
unnecessary increases the volume of sample needed as well as the volume of 
expensive solutions containing the biomolecules needed to run the assay. In 
addition, the velocity of liquid is constrained by having a uniform porosity 
throughout the nitrocellulose membranes or filter papers27 - to provide additional 
level of spatial control over velocity profiles, researchers have resorted to  printing 
various  polymers on substrates, 98 or by folding the substrates, 99 which require an 
additional step in the fabrication process. Thus, the development of new media for 
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a lateral flow biosensor is a necessary and attractive endeavor. This media should 
feature a porous structure, be composed of low-cost biocompatible materials, and 
easy to fabricate. 
 
Calcium carbonate is one strong candidate, as it can be fabricated to have a porous 
structure, which allows it to use capillary force to transport molecules. This medium 
has been used for applications such as calcium-carbonate-coated paper and 
calcium-carbonate thin-layer chromatography. 100 Calcium carbonate is also 
abundant in nature or can be easily produced as precipitations, thus making it low 
cost. Furthermore, calcium carbonate is commonly used as an additive in food and 
medicine,101-102 which indicates that it is biocompatible.  
 
Gane’s group from Aalto University has extensively studied ink absorption on 
calcium-carbonated-coated papers and have recently turned their focus to the 
application of calcium carbonates in biosensors.103-110 Specifically, they tested their 
‘Pore-Cor’ model using a mercury intrusion porosimetry instrument in order to 
simulate ink absorption in a ground calcium-carbonate-based coating (Figure 1 - 12 
(A)). They visualized the wetting process using a three-dimensional structure 
constructed with cylindrical tubes, which represented the calcium-carbonate 
particles and the connective pores between them.103-104 Later, a modified ‘Por-Cor’ 
model was developed by rebuilding the three-dimensional structure using 
connected double-conical shapes. This updated model was able to simulate and 
predict the absorption of ink onto these porous calcium-carbonate coating 
structures.105 Gane et al’s work. emphasized how the inertial force of printing inks 
impacts overall ink absorption, such that the fine pores increase ink absorption in 
the first few milliseconds. After this initial period, however, overall ink absorption 
depends on the permeability of the coating structure.106 
 
Realizing the function of these fine pores, Gane et al. then modified the ground 
calcium-carbonate surface into a nano-dimensional structure (see Figure 1 - 12 (B)). 
These modified calcium-carbonates particles allowed them to create bi-modal pore-
size-distribution structures, wherein the fine pores accelerated ink absorption over 
a short period of time, and the larger pores increased overall permeability.106 
 
When applied on coating paper, these calcium carbonates need a binder (e.g., 
polyvinyl alcohol, latex binders) in order to bind to the paper surface. In a 
subsequent study, Lamminmaki, a member of Gane’s group, studied liquid flow in 
porous structures—constructed from paper, calcium carbonates, and binders—
during the inkjet printing process. 108 She concluded that swellable binders, such as 
polyvinyl alcohol, blocked the fine pores, resulting in slow ink absorption and low 
absorption capacity. In addition this swellable layer also fixed inks (e.g. dyes) in 
the structures, leaving a clear pattern on top of a coating layer. Conversely, the non-
swellable binder, which was applied later, facilitated faster ink absorption and 
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capacity, but poor color-fixing abilities. To improve the color fixing on the coating 
layers, Lamminmaki introduced cationic additives, such as PolyDADMAC.111 
 
Recently, Gane’s group explored the application of calcium carbonates on the 
biosensor area. Using a pilot-scale blade coater, they coated the calcium carbonates, 
especially the modified calcium carbonates, with different binders on a polyester 
film. Subsequent testing of the aqueous inks’ wicking speeds showed that these 
coating structures, which consisted of modified calcium carbonates and 
microfibrillated cellulose, provided changeable wicking behaviors. The wicking 
distances of a liquid during the testing period can be expressed as d =kt0.5, which 
corresponds to the Lucas-Washburn equation.110 Gane et al. then used this porous 
coating media (modified calcium carbonate and MFC) to pattern a test strip by 
inkjet printing hydrophobic barriers (see Figure 1 - 12 (C)). The resultant test strip 
was then applied as a lateral flow test strip to screen for the compound, 7-
hydroxycoumarin, in a cytochrome P450 assay.109 This research was the first 
documented application of a modified calcium-carbonate coating layer as a lateral 
flow test strip substrate in cytochrome P450 metabolism research, and it 
demonstrated that calcium-carbonate-based porous media has considerable promise 
as a lateral flow biosensor substrate.  
 

 
Figure 1 - 12. (A) An SEM image of ground calcium carbonate. (B) Modified calcium 
carbonate with hydroxyapatite, formed into a nano-dimensioned structure. Adapted 
from Ref.106 (C) A lateral flow test strip detecting 7-hydroxycoumarin in a cytochrome 
P450 assay. The test substrate is a blade coated with a modified calcium-carbonate-
based layer, which was patterned with hydrophobic inks by an inkjet printer. Adapted 
from Ref. 109 

1.5 Objectives 

The overall objective of this thesis was to contribute with methods, techniques and 
materials that facilitate the fabrication of lateral flow biosensors. The specific goals 
were:  
 

1. To design an accelerated screening process for obtaining promising 
formulations of pigments and binders for printing. 
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2. To develop proofs of concept that a printable porous media is applicable 
for lateral flow test bioassays. 
 
3. To identify the clogging mechanisms associated with the printing of silica 
sols, which is used as a protective layer for enzyme immobilization, and to 
evaluate possible solutions. 
 
4. To understand the clogging mechanisms associated with the printing of 
six model inks of dilute colloidal nanoparticles, each with a different 
particle charge, particle size, and softness. 

 

1.6 Thesis outline  

Chapter 1. This chapter reviews the background of this project, highlights the 
challenges associated with applying piezoelectric inkjet printing for biosensor 
fabrication, and introduces a promising porous substrate for lateral flow biosensors.  
 
Chapter 2. This chapter investigates colloidal stability and silica deposition on 
surfaces, both under normal flow and piezoelectrically driven oscillating flow 
through an inkjet cartridge. An extended silica-sol printing method is also 
investigated by modifying the pH values. This work has been published in Journal 
of Sol-Gel Science and Technology, 2018,  87, 3, 657-664.112 
 
Chapter 3. This chapter investigates the print head clogging mechanisms associated 
with six colloidal nanoparticle inks with different sizes, surface charges, and 
softness. Printing experiments were combined with nanoparticle deposition studies 
and with experiments wherein inks were pumped through printheads at a constant 
flow rate with a syringe pump. This work has been published in Langmuir, 2019, 
35, 16, 5517-5524.113 
 
Chapter 4. This chapter develops an accelerated process for screening pigments and 
binders that can be used to construct a porous media for use in a lateral flow test 
strip. This accelerated process includes an automated sample preparation, a parallel 
coating process, and parallel wicking tests. 
 
Chapter 5. This chapter introduces a novel printable porous media as a lateral flow 
biosensor substrate. In addition, the wicking behaviors and biocompatibility of this 
printed media are also investigated. This work has been submitted to Industrial & 
Engineering Chemistry Research. 
 
 
Chapter 6. Conclude my contribution. 
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Chapter 2 

Silica Sol-Gel Inkjet Printing 

In this chapter, the clogging mechanisms of inkjet printing silica sols for biosensors 
were investigated. The clogging results were compared under normal flow and 
oscillating flow. The optimal printing behavior was obtained after adjusting the pH 
values of silica sols, which relate to the polymerization of silica sols to gels.  
 
The experiment design, data analysis, and draft were conducted by me. My summer 
student Omar Dahhan helped me on data collection. Dr. Robert Pelton and Dr. 
Carlos Filipe contributed with vital discussion advice in the whole project. Dr. 
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Sol-Gel Science and Technology provided by Springer Nature and Copyright 
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Abstract
The inkjet printing of biocompatible silica sols has gained popularity, both for biosensor production and development of
holographic devices. However, there still remain significant issues related to premature clogging of inkjet printheads when
printing aqueous silica sols. To better understand the causes of clogging of piezoelectric inkjet nozzles, printing studies were
coupled with studies of colloidal stability along with silica deposition on surfaces, both under normal flow and
piezoelectrically driven oscillating flow through an inkjet cartridge. Our studies show that clogging most likely results from
deposition of silica colloids onto the internal surfaces of the printhead, followed by displacement of micron-sized pieces of
the deposited material upon piezoelectric deformation of the printhead surface, which then block the nozzles of the
printhead. Based on this result, we formulated a low-pH sol derived from sodium silicate and evaluated its colloidal stability,
binding to silica surfaces and resistance to clogging of inkjet nozzles under normal and voltage-driven oscillating flow. We
show that silica sols with a pH of 3.1 provide optimal printing behavior while allowing reproducible printing of spatially
controlled silica patterns on paper to produce enzyme-based biosensing devices.

Graphical Abstract
Use of low-pH-biocompatible silica sols allows long-term piezoelectric inkjet printing of silica inks without clogging,
allowing high-throughput production of printed biosensors
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Highlights
● Oscillations during jetting can cause printhead clogging when inkjet printing silica sols.
● Use of low-pH sols (pH 3.1) allows printing with minimal clogging of nozzles.
● Low-pH silica sols can be printed reproducibly to create enzyme-based paper sensor strips.

Keywords Silica ● Inkjet printing ● Clogging ● Enzyme entrapment ● Biosensor

1 Introduction

Since 2007, there has been an explosion of publications
describing paper-based biosensors [1–4]. In many cases,
these devices are fabricated by inkjet printing of bioactive
inks onto filter or chromatography paper or nitrocellulose
membranes. Inkjet printing is an ideal method for dispen-
sing expensive and sensitive reagents onto paper surfaces.
In our laboratory, and many others, the DMP-2800 (Fujifilm
Dimatix Inc., USA) piezoelectric printer has been favored
because (1) it is a piezo printer (i.e., no heating); (2) most
printing parameters are under user control; and (3) it is
scalable to commercial production lines [5].

A significant amount of work from our groups has
focused on printing of silica sols to create paper sensors
that contained fragile enzymes trapped between layers of
inkjet-printed silica [6, 7]. The structures were prepared
by sequentially printing three layers. The first and third
layers were silica sols at pH ~4 and the second (middle
layer) was an enzyme solution in Tris buffer (100 mM, pH
7.8). Before drying, the silica layers intermixed with the
buffered middle layer, increasing the pH and promoting
gelation. The resulting dried sensor consisted of a 35-nm-
thick porous silica coating on the filter paper fiber sur-
faces, which was able to retain protein activity over many
months [8].

Although this biosensor format is a very promising
technology, a significant issue with scalable production
of such sensors is printhead failure due to clogging of
nozzles when printing the top and bottom silica sol ink
layers. The silica sol inks typically contain 82 wt% water,
which is essential for maintaining protein activity, but
leads to an unstable sol composition that seriously affects
printing reliability. While it is possible to overcome the
clogging of inkjet nozzles by using sols with very high
alcohol content and limited or no water [9], or by
printing alternative sols, such as those formed from tita-
nia [10], such compositions can denature the fragile
enzymes used in our biosensors. Herein, we describe our
efforts to elucidate the factors that lead to clogging of
inkjet nozzles when printing aqueous silica sol inks
and describe an optimized sol composition that allows
printing of aqueous silica-based inks for extended
durations.

2 Experimental section

2.1 Materials

Sodium silicate solution SS338-1 (SiO2:Na2O mole ratio
~3:2, ~60 wt% water) was obtained from Fisher Scientific.
Dowex 50WX8-100 cationic exchange resin, anhydrous
glycerol, Triton X-100, acetylcholinesterase from Electro-
phorus eletricus (AChE, type VI-S), poly-L-arginine
hydrochloride (>70 kDa), 5,5′-dithiobis(2-nitrobenzoic
acid) (DTNB), and acetylthiocholine iodide (ATCh) were
purchased from Sigma-Aldrich. Whatman #1 paper and
0.45-µm syringe filters were purchased from VWR. All
solutions were prepared using distilled deionized water
(Milli-Q Synthesis A10 water purification system).

2.2 Preparation of silica sol ink

Sodium silicate sols were prepared by mixing 2.6 g of the
sodium silicate solution (pH ∼13) and 10 mL of water,
followed by the addition of 5.5 g of Dowex cation exchange
resin, which had previously been soaked in 0.1 M HCl for
1 h and then washed three times with water to charge the
resin. The sol was stirred with the Dowex resin for ~30 s to
replace Na+ with H+ and bring the final sol pH below 4 and
the silica content to 6.2%. An aliquot of 0.1 M HCl was
added to bring the final sol pH to values of 3.1, 3.4, or 3.8.
Silica inks were prepared by mixing the sol with glycerol
and Triton X-100 to obtain final concentrations of 30% v/v
glycerol and 0.1 wt% Triton X-100. The dispersion was
vacuum-filtered through Whatman No. 1 filter paper in a
Büchner funnel and then passed through a 0.45-μm mem-
brane syringe filter to produce the final silica sol ink with a
silica content of ~4.0 wt%, assuming no loss of silica during
the filtration steps. The final ink had a viscosity of 10.0 ±
0.2 mPa s, a surface tension of 32.0 ± 0.5 mN/m, and a
reciprocal Ohnesorge number of 1/Oh= 33. The contact
angle of a sessile drop of silica sol ink on a clean glass side
was 16 ± 0.3o.

2.3 Inkjet printing

All inkjet-printing experiments were performed with a
Fujifilm Dimatix DMP-2800 fitted with a DMC-11610
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printhead.�The� firing� frequency�was� set� to� 5�kHz,� and� the�
single-nozzle� voltage� was� adjusted� to� 40�V.� The� built-in�
Drop� WatcherTM� imaging� system� was� used� to� capture�
images�of�the�droplets�ejected�from�each�nozzle�at�25�frames�
per� second�with�printing� continuing�until� significant�print-
head�clogging�was�observed�either�by� imaging� the�nozzles�
during�printing,�or�by�measuring� the�quantity�of� ink� trans-
ferred�when�printing�a�pattern�for�a�fixed� time.�For� transfer�
measurements,� the�mass�of� the� inkjet�printer� cartridge� and�
the� cleaning�pad�was� determined� before� and� after� printing�
80�copies�of�1�cm2� squares�over�30�min.

2.4�Pumping� ink� through� the�printhead

Experiments�were� conducted� in�which� clogging�was�mea-
sured�when�ink�was�pumped�through�the�printhead� in�near-
steady-state� flow� rather� than� by� voltage-driven� oscillatory�
jetting.�The� experimental� configuration� is� shown� in�Figure�
S1.�Tubing�was�connected� to�a�DMC-11610�printhead�and�
the�printhead�nozzles�were�imaged�with�a�macroscope�(Wild�
M420,�Wild�Heerbrugg,�magnification� at� 1.25�×�20)� fitted�
with�a�Pixelink�PL-E535CU�5�megapixel�color�camera�that�
recorded� images� at� 7�fps.� The� silica� sol� ink� was� forced�
through� the� printhead�with� either� a� peristaltic� pump� (Mas-

terflex®)�at�a�flow�rate�of�2.4�mL/NJO�or�with�a�syringe�pump�
(NE-1600,�New�Era�Pump�System,�Inc.)�fitted�with�a�60-mL�
syringe� delivering� 1.8�mL/NJO� over� a� period� of� up� to� 180�
min,�with�syringe�changes�as�needed.

2.5�Surface� tension,�viscosity,�and�particle�size

A� Krüss� Drop� Shape� Analysis� System� DSA� 10� running�
DSA� software� (version� 1.80.0.2)�was� used� to�measure� the�
silica� sol� surface� tension� in� pendant� drop� mode� with� a�
No.18� needle� (diameter� 1.2�mm).� Measurements� were�
recorded�after�2�min�of�drop�aging� time.�The� silica� sol� ink�
viscosity�was�measured�with� a�Vibro�Viscometer� (SV-10,�
A&D�Company).�The� sample� size�was�10�mL�and� the� fre-
quency�was�30�Hz.�Dynamic� light� scattering� (DLS,�Model�
BI-APD,�Brookhaven�Instruments�Corporation)�was�used�to�
determine� the�hydrodynamic�diameters�of�particles�of�aqu-
eous� silica�with� a� detector� angle� of� 90°.� The� duration� of�
each�measurement�was�3�min�and�the�results�were�analyzed�
by� BIC� dynamic� light� scattering� software� (Windows�
9KDLSW�version�3.34)�using� the�EXSAMP�model.

2.6�SEM� imaging

Printheads�were�used� to�print� silica� sols�of�varying�pH� for�
specific� periods� of� time.� Following� printing,� the� printhead�
was�flushed�with�30%�v/v�glycerol�and�0.1�wt%�Triton�X-
100� solution� for�5�min�and� then�dried�at� room� temperature�
overnight� and� coated�with� 5�nm� of� platinum� before� being

imaged. The deposition of silica on the printhead surface
and the print channel cross-section morphology were
examined using a scanning electron microscope (JEOL
7000F) in the secondary electron image mode with a vol-
tage of 10 kV and a magnification of ×2500.

2.7 Silica sol ink deposition on silica QCM-D sensors

Quartz crystal microbalance measurements (QCM-D, Q-
Sense E4, Gothenburg, Sweden) were used to measure
silica particle deposition on silica QCM chips. The silica
sensor surface was first equilibrated by flowing an aqueous
solution of glycerol (30% v/v) and Triton X-100 (0.1 wt%)
for 30 min at a flow rate of 0.1 mL/min, followed by the
flow of the aqueous silicate sol ink with pH values of 3.1,
3.4, or 3.8 over a period of 50 min, and then addition of the
original aqueous glycerol and Triton X-100 solution with-
out silica particles for a further 30 min. The experiment was
repeated three times. The absorbed mass (Δm) was esti-
mated by the Sauerbrey equation using the frequency dif-
ference between the initial and final equilibration steps [11].

2.8 Enzyme-based pesticide sensors printed with
silica sols

The AChE biosensor was prepared, as described elsewhere
[7] by sequential printing of four ink layers, comprised of a
bottom layer of 2 wt% poly-L-lysine, a lower layer of pH
3.1 silica ink, a layer of AChE (500 U/mL in 100 mM Tris
buffer, pH 7.8 with 30% v/v glycerol and 0.1% Triton X-
100), and a top layer of pH 3.1 silica ink. The wet density of
each layer was 25 mL/m2 using a 20-μm drop-to-drop spa-
cing, a nozzle voltage of 40 V, and a firing frequency of
5 kHz at room temperature and humidity. To evaluate both
the effects of printing time after ink formulation, a pattern
containing a 13 × 13 rectangular grid of AChE sensors
(sensor size of 5 × 2 mm, with a 2-mm gap) was printed,
with the bottom silica layer of silica sol ink printed column
by column with a 30-min interval ranging from 0 to 6 h
(denoted as tB) after formulation, followed by printing of the
enzyme layer, drying for 30 min, and then printing of a top
layer of silica sol row by row with a 30-min interval ranging
from 0 to 6 h after formulation (denoted as tT). The final
pattern of the grid showing the specific ink-printing times is
provided in Figure S2. Control sensors were also printed
using an AChE layer without the underlying cationic layer
and without the top or bottom silica sol layers to evaluate
the role of each layer, and also by printing sensors without
AChE to obtain background values for color changes from
the sensors.

To evaluate the sensor responses, an aqueous mixture of
ATCh (2 mM) and DTNB (1 mM) at pH 7.0 was printed
onto each of the sensor elements using the Dimatix printer
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with the same settings as described above for sensor fab-
rication. A total of 250 nL of the mixture was printed onto
each element, and the total printing time was 5 min for the
169 sensor elements. After 1 h, an image was taken with an
iPhone 8 camera with the flash turned off, and the color
intensity was determined using ImageJ software, as
described elsewhere [8]. In brief, the image was converted
to an 8-bit format, inverted into gray scale, and then the
difference of color intensity (ΔCI) was measured between
the sensor element and a background obtained for samples
containing no enzyme [8].

3 Results and discussion

3.1 Overview of inkjet clogging

Before outlining the results obtained from printing of silica
sols, it is useful to understand the basic features of the
Dimatix printhead and the general mechanisms that induce
clogging. The DMC-11610 printhead for the DMP-2800
printer has 16 printing nozzles. Figure S3 shows a cross-
sectional diagram of one channel and nozzle including the
relevant dimensions, while Figure S4 shows a photograph
of a printhead and a nozzle. Ink flows by gravity from a
small (1.5 mL) cartridge into the printhead, and is then
driven through an ink channel (100 × 100 μm2) by the
oscillations of the piezoelectric layer and ultimately is
ejected at a truncated pyramidal orifice (i.e., a right frustum)
with a 20-μm wide opening, producing 10-pL drops with a
spherical diameter of ~27 μm. The ink-contacting surfaces
are silica formed by the oxidation of the silicon printhead.

Clogging of such microfluidic orifices by colloidal inks
has been well studied, and a recent review by Dressaire and
Sauret gives an excellent summary of microfluidic clogging
research [12]. They propose three clogging mechanisms: (1)
filtration (sieving), where particles larger than the channels
are trapped, partially or completely blocking flow; (2)
deposition (aggregation), where colloidal particles form
aggregates in the liquid phase and spontaneously deposit
onto channel surfaces, decreasing orifice diameters; and (3)
jamming (bridging), where a cluster of particles in a con-
striction become mechanically trapped, blocking flow. In
addition, it has been reported that inhalation of small air
bubbles into the printhead can occur during printing, which
has the potential to block flow [13–16]. Hence, the dis-
persed particle size in inks should be much smaller than the
size of restrictions in the ink path; the ink colloids should be
colloidally stable and resistant to deposition on printhead
surfaces; the volume fraction of dispersed solids should be
far below the jamming limit; and ink layers should not be
allowed to build up on the nozzle plate. To avoid clogging,
most inkjet printers, including the Dimatix printer,

incorporate a cleaning operation involving a purge process
to remove trapped air; a spit process where droplets are
jetted at high voltage; and a blot process, where excess fluid
on the nozzle plate is adsorbed onto a cleaning pad. Typical
cleaning frequencies can range from 30 s to 15 min; how-
ever, unstable inks can require very frequent nozzle clean-
ing, which is incompatible with scalable manufacturing.

3.2 Colloidal stability of silica sol inks

Prior to printing experiments, the pH and colloidal stability
of the silica sols were investigated. Interestingly, each ink
showed a slow change toward basic pH as the aging of the
ink continued. For example, the ink with an initial pH of
3.1 slowly increased to 3.4 over 24 h, while the pH 3.4 ink
increased to pH 3.7 after 10 h and the pH 3.8 ink increased
to pH 4.1 in 5 h. Such shifts were not observed in ink
samples that contained glycerol and Triton X-100 without
silica present, and thus must be related to the silica chem-
istry. Under acidic pH conditions, a key reaction is that of
silica condensation: SiO− + SiOH → Si–O–Si + OH−,
which produces OH−, a stronger base than Si–O–, and thus
would cause small shifts to more basic pH over time. At
more basic pH values, the rate of condensation would be
expected to be higher, and thus the pH shift should be more
rapid, as observed. Hence, the inks are not expected to be
indefinitely stable, which is consistent with our observations
that the inks will become viscous and eventually gel over a
few days.

The proposed condensation reaction should also lead to
slow growth of silica colloids with time. Figure 1 shows the
average silica particle diameter obtained from dynamic light
scattering (DLS) measurements as a function of aging time
for each initial pH value tested. Initially, the particles were
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very small (ca. 25-nm diameter) and weakly scattering at all
pH values. However, at longer aging times, all of the inks
showed an increase in particle diameter, which was much
more pronounced at higher initial pH values. Based on the
DLS results, the pH 3.1 ink remained stable (defined as less
than a twofold change in particle diameter) for close to 50 h,
while the pH 3.4 ink remained relatively stable for 30 h, and
the pH 3.8 ink colloids grew relatively quickly and began to
aggregate in less than 10 h. At longer times (ca. 50 h), both
the pH 3.4 and pH 3.8 inks showed substantial aggregation,
as evidenced by the particle size data, consistent with sig-
nificant silica condensation. These results suggest that the
fresh silica ink should not cause clogging problems at any
pH below 3.8, but lower pH inks should remain stable for
much longer times, and lead to decreased nozzle clogging.

3.3 Clogging of nozzles with silica inks

Figure 2 shows the number of clogged nozzles from print-
ing silica ink as a function of the printing time and ink pH.
The cleaning cycle time was deliberately set to the longest
interval of 15 min to assess the most challenging conditions
that could be used during printing. Experiments using a
much shorter cleaning cycle generally led to fewer clogged
nozzles for each of the inks tested (Fig. S5), however, this
leads to an unreasonably long printing time as each cleaning
cycle requires 3 min, and also causes substantial loss of ink.
As shown in Fig. 2, the number of clogged nozzles, as
determined with the camera built into the printer, increased
with printing time regardless of the pH of the silica ink (see
Fig. 3 for images of unclogged and clogged nozzles).
However, it is noteworthy that even with a 15-min cleaning
cycle, the pH 3.1 ink varies randomly between 2 and 5
clogged nozzles and does not lead to increased clogging
with time, while both the pH 3.4 and 3.8 inks lead to
increased numbers of clogged nozzles with time, and

ultimately to clogging between 12 and 14 of the 16 nozzles
(75+%) after 3.5 h of printing.

As shown in Fig. 3, the clogging occurs owing to the
formation of spanning clusters of silica colloids, which are
composed of aggregates of roughly 1–2 μm in diameter
along with larger rectangular “sheet-like” structures of
2–5 μm in length with flat surfaces (see outlined area of one
sheet-like structure). The images were obtained after 3.5 h of
printing for a pH 3.1 (left) and pH 3.8 (right) sol, and clearly
show substantially more silica deposited in the nozzle at pH
3.8 relative to pH 3.1. Given that the DLS data indicate that
the average particle size is only 50 nm or less at this time, it
is likely that an additional effect is in play during piezo-
electrically driven printing that allows formation of larger
aggregates and sheet-like structures, and ultimately reduces
the time needed to clog the nozzles of the printhead.

3.4 Consistency of printing over time

Our key focus was on evaluating the printer performance as
a function of time for each of the silica inks at the three
initial pH values. Printer performance was evaluated by
measuring the density of wet ink printed in a fixed pattern
over time. As shown in Fig. 4, the ink at pH 3.1 can be
printed consistently for at least 6 h, by which time the ink in
the cartridge would be fully expended if continuous printing
was done. At pH 3.4, printing performance begins to
decline after 3.5 h, while at pH 3.8, the performance drops
dramatically after 2.5 h. This observation is consistent with
the nozzle-clogging data provided above and suggests that
the printing performance begins to decline when roughly
half of the nozzles are clogged. However, the decline in
printing performance also occurs much more quickly than
would be expected based on the DLS results, and well
before there are noticeable changes in the colloid diameter,
as measured by DLS. The data suggest that clogging is not
strictly dependent on colloidal stability, as measured by
DLS, but also depends on the propensity of silica particles
to deposit onto the surfaces of the printhead, which is dis-
cussed in more detail below.

3.5 Pumping of inks through the printhead

To assess the effects of the piezoelectric oscillations on nozzle
clogging, we compared printhead clogging based on piezo-
electric printing (Fig. 2) to the case where ink was forced
through the printhead with a pump. In the latter case, we
employed a peristaltic pump to facilitate long experimental
times. The results (Figure S6) show that over 6 h, no nozzles
were plugged by pumping regardless of the ink pH. Based on
these results, it appears that there is a process unique to pie-
zoelectric printing that induces substantial clogging of the
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printheads, and which can be tuned to some degree by careful
selection of pH.

3.6 Evaluation of silica deposition on surfaces under
flow

Given the data above, it was clear that deposition of silica
onto printhead surfaces likely played a role in nozzle clog-
ging. To further evaluate the potential mechanism of silica
deposition, we examined the deposition of silica inks with
varying pH onto the silica surface of a quartz crystal
microbalance (QCM-D). As shown in Fig. 5, each of the
inks results in a significant increase in Sauerbrey mass,
which is consistent with deposition of silica from the ink
solution onto the silica surface of the QCM crystal. To better
evaluate the role of silica deposition alone, the control
solution (30% v/v glycerol and 0.1 wt% Triton X-100) was
reintroduced. It is clear that none of the sensors return to
their initial values, showing that silica deposits at all pH
values. The corresponding dissipation curve is shown in
Figure S7. The ratio of frequency change to dissipation was
approximately constant and less than 1/10th of the frequency
change; therefore, we can calculate the deposition of silica

sol ink on silica sensor using the Sauerbrey equation. The
Sauerbrey values of 10, 8.5, and 7 mg/m2 were obtained for
silica inks at pH 3.8, 3.4, and 3.1, respectively. If we assume
that the silica is present as 25-nm-diameter spheres (based on
DLS results), then we can calculate that 43%, 36%, and 30%
of the sensor surface is covered with adsorbed silica at pH
3.8, 3.4, and 3.1 (see ESI for calculation of surface cover-
age). These results are consistent with the expected increase
in condensation rate at higher pH values.

An important observation is the continuous deposition of
the pH 3.8 ink over time, which suggests that inks at this pH
continuously deposit onto the QCM surface, and thus may
lead to substantial deposits after several hours. Hence,
deposition of silica onto the silica surfaces of the printhead is
highly likely and most likely increases as the pH of the silica
ink increases.

3.7 Model for clogging of silica-based inks

Based on the data above, a model for clogging of nozzles
when printing silica-based inks can be proposed, and an
optimal printing process can be suggested. It is clear that
silica sols become more basic, and thus less stable, with
time. When subjected to flow without an oscillating electric
field, these inks can be driven through the printhead for
many hours, but eventually will still clog, likely due to
initial deposition on the nozzle surface (as suggested by
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pH = 3.1 pH = 3.8Fig. 3 SEM images for printing
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and a clogged nozzle
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QCM-D studies) coupled with longer-term destabilization
of the colloidal sol over many hours. When using piezo-
electrically driven printing, the clogging is significantly
accelerated. Based on our data, it appears that the clogging
is caused by the presence of large “sheet-like” structures
several microns across, which are sufficiently large to jam
the printhead. Once present, smaller colloids can deposit
onto and around these sheets, until the nozzle is filled with
silica species and can no longer jet the silica ink. Hence, the
clogging appears to be a combination of the three main
processes outlined in section 3.1, where large sheets initially
jam the orifice, followed by deposition of colloidal particles
onto the sheets and filtration of particles, which completely
blocks the channel.

Given that large silica sheets are not present in the nozzle
when pumping ink through the printhead, the origin of the
large silica sheets must be related to the piezoelectric printing.
Based on the QCM-D data, it is clear that the deposition of
silica colloids onto surfaces increases as the pH of the silica
ink increases. Hence, the surfaces of the printhead are slowly
coated with a layer of silica as printing continues. As shown in
Figure S3, the piezoelectric surface of the Dimatix printhead is
along the channel that is at a right angle to the nozzle. This
channel has a large surface onto which silica can deposit, and
hence a thin sheet of silica will deposit along the length of the
channel. Under piezoelectrically driven printing, the surface of
the channel will be oscillating at high frequency (unlike during
pumping) and hence it is likely that after a significant amount
of silica deposits, the mechanical flexing of the channel surface
will cause pieces of the deposited silica to detach and produce
the “sheet-like” structures observed by SEM. Once formed,
these structures are sufficiently large to jam the nozzle orifice,
followed by further deposition of silica onto the nozzle, and
then finally obstruction. At lower pH values, the degree of
deposition and the overall rate of silica condensation are
decreased, and hence it is possible to print for much longer
periods of time before clogging becomes an issue.

3.8 Enzyme-based pesticide sensors printed with
silica sols

Given the ultimate desire to use printed silica inks for
fabrication of biosensors, we evaluated the performance and
reproducibility of previously reported enzyme-based pesti-
cide sensors printed on filter paper [6]. The sensor consists
of four sequentially printed layers: L1 poly-L-arginine to
promote silica adhesion to cellulose; L2 silica sol–gel; L3
the enzyme acetylcholinesterase AChE, which is deacti-
vated by exposure to pesticide; and L4 the silica sol–gel top
layer. The nanoscale structure and composition of the
resulting sensor have been described in detail [8]. An array
of sensors were printed using the pH 3.1 ink, wherein the
silica sol ink aging time before printing the L2 and L4

layers was independently varied between 0 and 6 h in 30-
min increments. Inks at pH 3.4 and 3.8 were not evaluated
as these had already proven to have irreproducible deposi-
tion of silica on paper surfaces (see Fig. 4).

As shown in Fig. 6, the size and shape of the rectangular
sensors appeared to be independent of ink aging time of 6 h,
suggesting no extreme clogging of nozzles. Analysis of the
color intensities showed a slight decrease with ink aging
time. In the extreme, 6-h aging of ink for both the L2 and L4
layers before printing, the sensor gave a color intensity of
ΔCI= 17 which was only 25% less than the intensity of
sensors prepared with fresh silica sol ink (see Fig. 6). The
data clearly show that functional sensors can be printed over
a relatively long period of time when using the low-pH ink,
demonstrating that inkjet printing can potentially be used for
scalable manufacturing of sol–gel-based sensors on paper.

4 Significant findings

The fabrication of paper-based biosensors using the inkjet
printing of aqueous silica-based inks was reported almost
10 years ago [6], but our ability to scale up the process to
allow reproducible printing of a large numbers of tests has
been curtailed by issues related to clogging of inkjet
printheads by the silica sol, which led to an inability to print
sensors over even a 1-h period [8]. In this work, we
undertook a study of how the initial pH of the silica-based
ink affects this clogging phenomenon, including how pH
affects the stability of silica sols (via DLS), the ability of
silica to deposit on silica surfaces using QCM-D, and the
effect of voltage-driven oscillatory flow (piezoelectric
printing vs. pumping) on clogging. Our data indicate that
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silica inks deposit onto silica surfaces, such as those of the
printhead, and that the amount of deposition increases at
higher pH. When present in a channel that is undergoing
piezoelectrically driven mechanical deformation, the silica
deposits can detach as “sheet-like” structures that jam the
nozzles of the printhead, leading to clogging. Our data show
that adjusting the pH of the silica ink to a value of 3.1 (or
likely lower) can sufficiently reduce the rate of deposition
so as to allow reproducible inkjet printing over at least 6 h
(sufficient to expend all ink in the cartridge) while still
being compatible with the fabrication of printed enzyme-
based sensors. This finding has significant impact on the
viability of silica inks for scalable manufacturing of sensors
that incorporate sol–gel-derived layers and should help
move this field forward.

5 Conclusions

In an effort to understand the origin of printing challenges
with aqueous silica sol inks, we coupled printing studies
with experiments in which ink was pumped through the
printhead in steady flow and compared the colloidal stabi-
lity and degree of deposition of silica inks of varying pH
onto surfaces. Our results demonstrated that a key factor
affecting the ability to print silica sols was the deposition of
silica onto printhead surfaces, which increased with ink pH
and ultimately clogged the printhead. The use of silica inks
at pH 3.1 reduced the rate of silica deposition and con-
densation (relative to higher pH values) and allowed
printing of silica inks over at least 6 h. Importantly, even
when using inks at pH 3.1, it was possible to print enzyme-
based sensors with good enzyme activity and high repro-
ducibility between sensors printed at early and late times.
Overall, the study demonstrates that tuning the pH of the
silica sol can minimize the clogging of piezoelectric nozzles
and thus allow this method to be utilized for scalable
manufacturing of printed paper-based biosensors.
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Figure S1. Photographs the Dimatix cartridge and printhead, and the experimental setup for pumping 
ink through a printhead.  A peristaltic pump was used for long experiments whereas a syringe pump was 
used for shorter experiments. 
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Figure S2. The printing pattern for AChE sensor with specific silica printing time interval. The 
sub figure is a four-layer structure with a poly-L-arginine layer as a cationic layer, a bottom 
layer(tB) with silica sol, an AChE layer, and a top layer (tT) with silica sol. The bottom silica 
layer and the top silica layer are printing with a 30 min interval presenting a 13*13 grid pattern. 
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Figure S3. Top: Schematic diagram of the Diamatix printhead.  Bottom: SEM images of printhead cross 
section (left) and a close up of the nozzle (right), with relevant dimensions noted. 

38 

Yuanhua Li



Figure S4. SEM Images of a Dimatix printhead and nozzle. 
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Figure S5. A comparison of the clogged nozzle amount for two different cleaning cycle frequencies 
using the pH 3.4 silica ink. 

pH=3.4
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Figure S6.  A comparison of printhead clogging by silica sol using jetting versus pumping the ink 
through a passive printhead.  Flow rate with pumping was 2.4 mL/min corresponding to a Reynolds 
number of 4.3 in each nozzle opening.  The “pH = 3.4” and “pH = 3.1” pumping results were shifted 
down from zero for clarity. 
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Figure S7. The dissipation change of three silica sol inks on a silica QCM-D sensor surface as a 
function of time.   
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Figure S8.  Comparison of printing different materials on Whatman #1 filter paper after applying 
ATCh/DTNB mixture.  
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Chapter 3 

Model Nanoparticle Inks Inkjet Printing 

In this chapter, the clogging mechanisms of different nanoparticle-based inks 
during the inkjet printing process were investigated. These nanoparticles vary with 
particle sizes, surface properties, and softness. The depositing submonolayer by 
hydrophobic nanoparticles on printhead surface cause clogging problems by 
inducing the air bubbles during inkjet printing. This chapter is to show varies 
printing results with different nanoparticle inks for later printing expensive 
bioreagents. 
 
The experiment designs and data collection were conducted by me with the 
assistance with my summer student Omar Dahhan. I analyzed the data and wrote 
the draft. Dr. Robert Pelton, Dr. Carlos Filipe and Dr. John Brennan contributed 
with vital discussion. Dr. Robert Pelton also helped me re-write parts of the draft 
as necessary. 
 
This chapter and the supporting information are allowed to reprint with permission 
from Langmuir provided by American Chemical Society. 
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ABSTRACT: Piezoelectric inkjet printing is susceptible to printhead clogging when printing
with inks that contain dispersed particles. This paper investigates the mechanisms by which
28−530 nm nanoparticle dispersions induce printhead clogging without forming large
aggregates or thick deposited layers on printhead surfaces. Printing experiments were
combined with nanoparticle deposition studies and with experiments where inks were
pumped through printheads at a constant flow rate with a syringe pump. Submonolayer
coverages of hydrophobic cationic polystyrene nanoparticles adhering to printhead surfaces
promote rapid clogging by trapped air that enters from the nozzle opening. We propose that the deposited particles distort the
shape of the ink/air meniscus, possibly causing air entrainment, and promote air bubble adhesion to the interior printhead
surfaces. The printer’s purge-blot cleaning procedure removes air clogs, but the clogs quickly reform when printing is resumed
because the adsorbed nanoparticles are not removed by the cleaning procedure. Nondepositing anionic hydrophobic
nanoparticles cause much less clogging, possibly because of filtration of trace large aggregates. Colloidal stability is a necessary
but not sufficient criterion for ink dispersions; the ink particles must not adsorb onto the printhead surfaces. Thus, alternate
surface chemistries for the printhead and ink particle surfaces may be required to print hydrophobic ink materials.

■ INTRODUCTION
Piezoelectric inkjet printing is an ideal method for dispensing
expensive and sensitive reagents during the fabrication of
biosensors.1,2 Inks that are homogenous solutions generally
display trouble-free printing behaviors, provided that the surface
tension and viscosity are within the limits prescribed by the
manufacturer. In contrast, inks containing dispersed particles
can induce significant printhead clogging. We recently reported
results of a detailed investigation of the mechanism by which the
silica sol inks induced clogging.3 If the pH of the silica sol was
greater than 3.1, silica nanoparticles formed multilayer deposits
on the inside surfaces of the printhead.With time, large sheets of
silica deposits were released and clogged the printhead nozzles.
Furthermore, evidence suggested that deposits were released
from the vibrating transducer surface during printing. Herein, we
expand our investigation of clogging mechanisms to include
model inks that are dilute, colloidally stable nanoparticle
dispersions.
Dressaire and Sauret gave an excellent summary of micro-

fluidic clogging research.4 They proposed three clogging
mechanisms: (1) filtration (sieving), where particles larger
than the channels are trapped, partially or completely blocking
the flow;5 (2) thick deposition (aggregation), where colloidal
particles form aggregates in the liquid phase and spontaneously
deposit onto channel surfaces, decreasing orifice diameters;6,7

and, (3) jamming (bridging) where a cluster of particles in a
constriction become mechanically trapped, blocking flow.
Jamming, in contrast to deposition, is a printhead failure
mechanism, where the particle/particle and particle/wall
interactions are repulsive. The requirement for jamming is the

presence of multiple particles near a constriction.8 Note, the
terms in brackets are Dressaire’s nomenclature. In addition to
these three mechanisms, we add (4) air inhalation, where air
bubbles enter the printhead via the printhead nozzle. Ideally, air
bubbles that enter the nozzle during the inhalation step are
immediately exhaled when flow is reversed. If the air bubbles are
retained in the printhead, they can grow and block flow.9−13

In summary, the clogging literature teaches that the dispersed
particle size in inks should be much smaller than the size of
restrictions in the ink path; the ink colloids should be colloidally
stable and resistant to deposition on printhead surfaces; the
volume fraction of dispersed solids should be far below the
jamming limit; and ink layers should not be allowed to buildup
on the nozzle plate.
This paper probes the mechanism by which small colloidally

stable ink particles can clog large printhead nozzles. We show
that sparse layers of deposited nanoparticles near the nozzle
openings can induce catastrophic clogging. All evidence suggests
that the deposited nanoparticles trap air bubbles entering from
the nozzle, and that trapped air is a clogging agent. This is a
generic phenomenon which could be operative on any
microfluidic device ejecting droplets in air with oscillating
pressure-driven flow.
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■ EXPERIMENTAL SECTION
Materials. Four polystyrene latexes were purchased from Thermo-

Fisher Scientific: two were cationic polystyrene amidine latexes, CPS-
90 (Cat. # A37313) and CPS-510 (Cat. # A37317) and two were
anionic polystyrene latexes, APS-530 (Cat. #S37494) with surface
sulfate groups and APS-28 (Cat # C37261) with surface carboxyl
groups. AMG-120 is an anionic microgel based upon poly(N-
isopropylacrylamide), and CMG-450 is a cationic microgel prepared
by adsorbing a polyamide epichlorohydrin polymer onto an anionic
supporting microgel. Details of the microgels preparation and
characterization have been published; AMG-120 has the designation
A2 in ref 14 and CMG-450 was designated P69-A12 in ref 15.
Six Model Inks. The inks were prepared by diluting a concentrated

nanoparticle dispersion in an ink solution, giving a final nanoparticle
concentration of 0.02 wt %. The ink solutions were 1 mMNaCl, 30 vol
% glycerol, and 0.1 wt % Triton X-100. The pH of the cationic
polystyrene latex (CPS) inks was 4.0, whereas the other inks were
adjusted to neutral pH.
Ink Characterization. For surface tension, a Krüss Drop Shape

Analysis System DSA 10 running DSA software (version 1.80.0.2) was
used in the pendant drop mode with a no. 18 needle (diameter 1.21
mm). Measurements were recorded after 2 min of drop aging time. Ink
viscosities were measured with a Vibro Viscometer (SV-10, A&D
Company) with the temperature controlled at 28 °C. The sample size
was 10 mL, and the frequency was 30 Hz.
Dynamic light scattering (Model BI-APD, Brookhaven Instruments

Corporation) was used to determine the hydrodynamic diameters. The
duration of each measurement was 3 min, and the results were analyzed
by BIC dynamic light scattering software (Windows 9KDLSW version
3.34) using the EXSAMP model.
Inkjet Printing. All printing experiments were performed with a

DMP-2800 (Fujifilm Dimatix, Inc.) fitted with a DMC-11610
printhead. Diagrams and photographs of the printhead are shown in
Figures 1 and S1 of the Supporting Information. The waveform used to

drive the printhead was the DimatixModel Fluid 2see Figure S2. The
firing frequency was set to 5 kHz, and the single nozzle voltage was
adjusted to maintain ink velocity between 7 and 10 m/s. Printing runs

were 20 min in duration, followed by a cleaning sequence of 0.5 s purge,
followed by the blotting procedure. After the cleaning process, the
printhead and its cartridge were stored in a resealable plastic bag at
room temperature.

The printing performance was followed two ways: (1) the number of
clogged nozzles was measured with the drop watcher system at 5 min
intervals and (2) the mass of printed ink over 20 min was determined
from the change in mass of the cartridge and the blotting pad.

Pumping Ink Through Printheads. The six model inks were
pumped through a printhead, not installed in the printer. Steady-state
flow was maintained with a syringe pump (NE-1600, New Era Pump
System, Inc.) fitted with a 60 mL syringe delivering 1.8 mL/min. The
corresponding average flow rate through 16 nozzles during printing was
1.7 mL/min, a value estimated as follows. The mass of particle-free ink
was measured over an elapsed printing time of 5 min. The
corresponding time when the ink was actually flowing out the nozzles
was determined from waveform and piezo frequency. Full details of the
calculations are given in the Supporting Information. Images of the ink
streams leaving the printhead were captured with an iPhone camera
see Figure S3.

Nanoparticle Deposition on QCM-D Silica Sensors. Quartz
crystal microbalance measurements (QCM-D, Q-Sense E4, Gothen-
burg, Sweden) were used to measure the deposition of nanoparticles on
a silica sensor. The flow rate was 0.1 mL/min. Ink solution (i.e., ink
without nanoparticles) was pumped through the silica sensor for at least
30 min before introducing the inks. The coverages (mass/area) of
adsorbed nanoparticles were calculated with the Sauerbrey equation.

Contact AnglePolystyrene Films from Nanoparticles.
Polystyrene nanoparticle samples were dried and dissolved in
tetrahydrofuran (THF) (0.65 wt %). The solutions were spin coated
(SPIN 150 Wafer Spinner running rev: 3.25 software) on glass at 3000
rpm for 90 s, giving thick smooth films. The water contact angles were
measured with a Krüss Drop Shape Analysis System DSA 10 (version
1.80.0.2). Each measurement was repeated three times. The water
contact angles are a measure of the nanoparticle hydrophobicity insofar
as the function group density on the thin films matches the surface
chemistry of the parent nanoparticles.

Contact AngleGlass with Adsorbed Nanoparticles. Glass
coverslips (VWR, Borosilicate glass, 18 × 18 mm) were cleaned by 5
min exposure to UV/ozone (ProCleaner Bioforce Nanosciences, Inc.).
The cleaned coverslips were immersed for 1 h in 10mL of model inks in
a 20 mL glass vial without mixing for 1 h at room temperature. Weakly
bound nanoparticles were removed by soaking in 1 L of water in a
beaker for 1 h. The coverslips were dried by holding over a flow of
nitrogen gas. Sessile drops of ink solution were formed with a #26S
stainless steel needle giving a typical volume of 2 μL. Two min after
forming the sessile drops, contact angles were measured.

Scanning Electron Microscopy Imaging. Dry glass coverslips
and QCM-D silica sensors with adsorbed nanoparticles were coated
with a 5 nm platinum layer. These samples were examined using a
scanning electron microscope (JEOL 7000F). The densities of
adsorbed nanoparticles were estimated by ImageJ software (Version
1.51s).

Optical Microscopy. An Axioplan microscope (Carl Zeiss
Microscopy, LLC) fitted with a 10x objective and a camera (Excelis

Figure 1. Schematic cross-section of the Dimatix printhead, showing
the ink flow path to one of the 16 nozzles in the printhead. The
piezoelectric transducer induces flow by bending into the ink channel.
The backflow baffles are two parallel rows of square posts with <20 μm
wide channels between the postssee SEM image in Figure S4.

Table 1. The Properties of Six Model Inksa

name description diam., PDI (nm) E.M. (10−8 m2/V s) surface tension (mN/m) viscosity (mPa·s) water contact angle (deg)

AMG-120 anionic microgel 120, 0.08 −0.6 ± 0.05 28 ± 0.4 4.7 ± 0.06
CMG-450 cationic microgel 450, 0.13 +1.1 ± 0.07 30 ± 0.5 5.2 ± 0.07
APS-530 anionic polystyrene 485, 0.15 −0.9 ± 0.05 31 ± 0.5 5.5 ± 0.04 72 ± 0.2
APS-28 anionic polystyrene 28, 0.1 −1.2 ± 0.03 27 ± 0.4 5.8 ± 0.05 69 ± 0.2
CPS-90 cationic polystyrene 90, 0.04 +0.8 ± 0.03 32 ± 0.6 5.4 ± 0.03 70 ± 0.5
CPS-510 cationic polystyrene 448, 0.15 +0.5 ± 0.02 30 ± 0.7 5.7 ± 0.05 73 ± 0.3

aE.M. is the electrophoretic mobility. The names of polystyrene particles include the average diameters given by the supplier. The nanoparticles
were dispersed in 1 mM NaCl, 30 vol % glycerol, 0.1 wt % Triton X-100. All inks were adjusted to pH 7 except for CPS inks, which were at pH 4.
Water contact angle measurements were performed on smooth polystyrene films.
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HD, AU-300-HD) was used to examine the nozzles. After printing with
model inks, the printhead was flushed with the background solution and
dried in an ambient environment. Optical micrographs were taken with
bright field illumination with polarization in a reflective mode.

■ RESULTS AND DISCUSSION
Model Inks. Six model inks were prepared as 0.02 wt %

nanoparticles dispersions in ink solutions (1 mMNaCl, 30 vol %
glycerol, and 0.1 wt % Triton X-100). The pH of the CPS inks
was 4, whereas the other inks were adjusted to neutral pH. Some
ink properties are summarized in Table 1. The microgels are
hydrophilic,16 deformable particles that are colloidally stabilized
by both electrostatic and steric mechanisms. In contrast, the
polystyrene particles are hydrophobic and are electrostatically
stabilized. The average diameters listed in Table 1 were
measured by DLS. The names of polystyrene latexes include
the diameter given by the suppliers. For APS-530 and CPS-510,
the DLS averages were less than the suppliers values and the
PDIs were high, possibly indicating some aggregation. The
average particle diameters did not change significantly with
storage time.
The water contact angle measurements in Table 1 were

performed on smooth polymer films formed by dissolving the
polystyrene nanoparticles in THF and spin coating the polymer
solution. The values range from 69 to 73, indicating significant
hydrophobicity as expected for polystyrene. To the extent that
the surface functional groups on films represent the surface
chemistries of the nanoparticles, these contact angles are a
measure of nanoparticle hydrophobicity. The microgels are
hydrophilic, and contact angles are not a good indicator of the
surface energy of these gels.16

Inkjet Printing Model Inks. All printing experiments were
performed with a DMP-2800 piezoelectric inkjet printer
(Fujifilm Dimatix, Inc.) fitted with a DMC-11610 printhead.
Figure 1 shows a schematic diagram of the printhead, and
photographs of the printhead are shown in Figure S1 of the
Supporting Information. Each printhead has a row of 16 nozzles
each with 20× 20 μm2 nozzle openings. A camera on the printer
facilitated real-time monitoring of the number of clogged
nozzles.
Figure 1 includes a drawing showing the nozzle geometry

which has the shape of a hollow square frustum. The flow versus
time behavior through a nozzle is complex, and is determined
partly by the printing frequency (5 kHz) and the time-
dependent piezoelectric actuation signals (see Figure S2 for an
image of the waveform setup screen on the Dimatix). On the
basis of the setup parameters, we estimated that the average
volumetric flow rate through the 16 nozzles during the short
drop ejection time was 1.7 mL/min, which corresponds to a
Reynolds number of 10 (for details see the Supporting
Information). The nozzle opening was a 20 μm square, and
for the ink, CPS-510, containing the largest particles, the ratio of
the particle diameter to nozzle width was about 0.026.
Figure 2 compares the printing performance of CPS-90, the

most clogging ink, with APS-28, which is the least troublesome.
The y-axis shows the number of unblocked nozzles up to a
maximum of 16. The x-axis labels correspond to six consecutive
printing runs performed with the same printhead. The first three
print runs were performed on day 1. After each printing, the
printhead was given a purge-blot cleaning cycle and the
printhead was stored in a sealed plastic bag for 3 h before the
next printing run. After three printings, the printhead,
containing ink, was stored for 5 days before the final set of

three printing runs, which were a test of the ink colloidal
stability. Note the “0” time measurements were made
approximately 20 s after starting jetting.
Printing performance was poor with the cationic CPS-90 ink.

For every 20 min print run, all of the nozzles were completely
clogged between 5 and 10 min. However, in every case the
purge-blot cleaning procedure cleared the clogs, as evidenced by
the restoration of the “0” time result. Because cleaning was
effective, the six repeated print runs gave similar results.
The anionic APS-28 gave much better performance.

However, in every case, at least 1 nozzle was clogged. Like the
cationic ink, the purge-blot cleaning rejuvenated the printhead,
giving six similar printing runs. In view of the stochastic nature of
the clogging, the experiments were exceptionally reproducible.
The clogging performance of the six model inks are compared

in Figure 3 where for each ink, the three printing run results for
day 1 were averaged. None of the model inks was perfect. In
every case, at least one nozzle was clogged. The two CPSs and
the cationic microgel showed the greatest clogging. By contrast,
the small anionic APS-28 was the best performing, with the
anionic microgel second best. The large anionic APS-530 ink
performed better than the cationic nanoparticle inks but far
worse than the other anionic nanoparticle inks. Similar results
were recorded for the day 6 measurementsee Figure S5. The
error bars in Figure 3 denote the standard deviation of three
consecutive measurements with the same printhead.
We also measured the mass of ink printed in 20 min, and the

results for the six inks are compared in Figure 4. The theoretical
maximum printed mass was estimated to be about 1 g based on
10 pL drop volume × 16 nozzles × 5000 Hz × 20 min. None of
the inks gave the theoretical printed mass, which is consistent

Figure 2.Nozzle clogging by CPS-90, an ink with CPS, and APS-28, an
ink with anionic polystyrene latex. Each ink/printhead combination
underwent six print runs, the first three printing runs were made on day
1 and the last three on day 6. The “0” time reading was made about 20 s
after initiating jetting. The printheads were cleaned with purge-blot
cycle after every 20 min print run. The anionic ink gave much less
clogging than the cationic ink.
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with observation that at least one nozzle was blocked in every
experiment (see Figure 3).
Figure 5 shows optical images of the six nozzles from six

printheads after the sixth printing run on day 6. Before imaging,
the printhead underwent a purge-blot cleaning, a rinse with
particle-free printing solution, followed by a pure water rinse.
Whereas all of the nozzles showed nanoparticle deposits on the
nozzle plate surrounding the nozzles, there was no evidence of
large aggregates blocking the nozzle.
According to the Dimatix printer manual, the purge process

removes air trapped in the printhead. Does the purge cleaning
cycle also remove adsorbed nanoparticles? Scanning electron
microscopy (SEM) was used to determine if any CPS-90 or
CPS-510 particles remained on the inside surfaces leading to the
nozzle opening after cleaning. The drawing in Figure 6 shows a
cross-sectional diagram of the pyramidal nozzle-feed channel
leading to the nozzle opening. Because of the slope of the nozzle-
feed channel, SEM can only “see” adsorbed nanoparticles near
the nozzle opening. Figure 6 shows SEM images of the nozzle
openings after printing with the two cationic polystyrene inks,
CPS-510 and CPS-90. In both cases, sub-monolayer deposits of
polystyrene particles are present on the nozzle-feed channel near
the nozzle opening. In summary, the clogging results suggest
that purge-blot washing removes trapped air, but the SEM
images show that purging does not remove all of the adsorbed
cationic particles.

Inspired by the literature, we hypothesized that small air
bubbles were inhaled during the oscillatory flow during printing
and adsorbed on the nanoparticle-coated printhead surfa-
ces.9−12 To test this hypothesis, APS-28, CPS-510, and CPS-

Figure 3. Comparison of the printing performance of the six model
inks. Each bar shows the average and standard deviation of three
consecutive day 1 printing runs, each separated by a purge-blot cleaning
cycle. The “0” time reading was made about 20 s after initiating jetting.

Figure 4.The average total mass of printed ink over 20min for the three
printing runs with six inks in day 1. The blue bars denote polystyrene
latex inks, whereas the red bars are the microgel inks. The error bars
portray the standard deviations of triplicate measurements.

Figure 5. Optical micrographs of nozzles after 20 min printing after
cleaning. The white spots are clumps of nanoparticles. The square
nozzle openings are 20 μm square.

Figure 6. SEM images showing CPS-510 and CPS-90 nanoparticles
adsorbed inside the printhead near the nozzle opening. Because of the
angle of the pyramidal nozzle-feed channel, only the nanoparticles
deposited near the nozzle opening were visible to the SEM beam. The
higher magnification inserts show images of adsorbed nanoparticles just
below the nozzle opening. These images showed that purge-blot
cleaning did not removal all, or possibly any, of the deposited
nanoparticles.
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90 inks were pumped through the printheads at a constant rate
with a syringe pumpsee a photograph of the apparatus in
Figure S3. With steady flow pumping, air inhalation from the
nozzle opening is impossible. The pumping rate was set to give
the volumetric flow rate of 1.8 mL/min in the pumping
experiments in an attempt tomatch the average flow rates during
jetted drop ejection. Therefore, hydrodynamic forces on
deposited particles in the jetting and pumping should be similar.
The results of the pumping experiments are shown as

photographs in Figure 7. After 20 min pumping, CPS-510 gave

one blocked nozzle and one nozzle with a deflected stream. This
result is in marked contrast to the printing results (Figure 3),
where all nozzles were blocked before 10 min printing. With the
small cationic CPS-90, the comparison was more dramatic. With
pumping, there was some stream deflection, however, none of
the nozzles was blocked, whereas with printing, all nozzles were
blocked by 10 min. Finally, in pumping experiments, the APS-
28, the best printing ink, gave some distorted streams and
blocked nozzlesit was no better than CPS-90, the worst
printing ink. To summarize, the pumping experiments gave
much better performance compared to normal jetting,
suggesting that some of the clogging is associated with the
oscillatory flow during printing.
Ink Deposition on Silica. The results in Figure 6 suggest

that clogging may be related to nanoparticle adsorption on the

interior printhead surfaces. However, nanoparticle deposition
on printheads is difficult to measure quantitatively, thus, we
employed surrogate surfaces for adsorption studies. Dimatix
printheads are fabricated from silicon, and the exposed surfaces
will be oxidized to silica. Quartz crystal microbalance measure-
ments were used to measure the deposition of ink nanoparticles
onto silica QCM-D sensor surfaces. Figure 8 summarizes the

QCM-D results. The Sauerbrey equation was used to convert
frequency shifts to coverages of adsorbed nanoparticles. The
corresponding dissipation results, in Figure S6 and Table S1,
reveal that the Sauerbrey model is valid for the hard polystyrene
particles, whereas application of Sauerbrey to the microgel
results was marginal. The soft, water-swollen microgels
displayedmore viscous dissipation than did the hard polystyrene
particles.
Each experiment started with 40 min of flowing ink solution

(no dispersed particles), followed by the ink dispersion. After
125 min, the QCM-D sensor was rinsed with ink solution. Only
the three cationic nanoparticles displayed significant adsorption
onto silica. CPS-90 gave the highest coverage, with the much
larger CPS-510 nearly 10 times less. Finally, the cationic
microgel had a small adsorption tendency, whereas the anionic
microgels and the polystyrene nanoparticles did not adsorb.

Ink Deposition on Glass Coverslips. In order to perform
sessile drop contact angle measurements, we exposed cleaned
glass coverslips to the inks to promote nanoparticle adsorption.
Figure S7 compares SEM images of the QCM-D surface to the
glass surface after saturation adsorption of CPS-90 CPS. The
coverages, estimated by image analysis, were remarkably
similar30% for the silica sensor and 33% for the glass slide.
These results are typical of the previously reported cationic latex
deposition studies on glass.17

Figure 9 compares SEM images of glass coverslips after
exposure to the six inks for sufficient time to give saturation
coverage. The insets show images of ink solution sessile drops on
coverslips. Paralleling the QCM-D experiments, CPS-90 gave
the highest coverage. The larger cationic CPS-510 appeared
clumped together. As the ink showed no signs of aggregation, we
believe that latex adhesion to glass was insufficient to overcome
capillary forces during drying, which drew particles together
forming 2-D clumps on the glass. The cationic microgel CMG-
450 also appeared to have a few very small aggregates; these were
present in the parent microgel dispersion.15

Figure 7. Images of CPS-90, CPS-510, and APS-28 inks being pumped
(1.8 mL/min) through the Dimatix printhead. With pumping, most of
the nozzles were functioning after 20 min.

Figure 8. The deposition of ink nanoparticles onto QCM-D silica
sensors. The inks were added without dilution. Ink solutions (i.e., inks
with no nanoparticles) were used for initial conditioning and for the
rinsing step at the end. The Sauerbrey mass is based on the third
overtone, and the corresponding dissipation curves are shown in Figure
S6 and ΔD/Δf ratios are shown in Table S1 in the Supporting
Information.
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The anionic microgel AMG-120 and the smaller anionic
polystyrene, APS-28 showed virtually no adsorption, agreeing
with the QCM-D results (Figure 8). The anionic APS-510 did
not deposit in the QCM-D experiments, however, there was
some deposited particles on the glass coverslip including one
aggregate.
The advancing contact angle of the ink solutions on dry,

nanoparticle decorated coverslips were measured and are
summarized in Table 2. Exposure of the glass coverslips to

anionic nanoparticles gave very low coverages (Figure 9),
therefore the contact angles of ink solutions were close to the
value for clean coverslips not exposed to nanoparticles. CPS-90
gave the highest angle, reflecting the high (33%) coverage and
the hydrophobic character of polystyrene. Previously, we have
shown that hydrophilic glass surfaces decorated with poly-
styrene nanoparticles do not display reversible wetting
behaviors.17 When water is removed with a needle from a
sessile water drop to give a receding contact angle, the water
drop does not contract. Instead, the drop footprint is fixed and
the receding contact angle decreases as water is removed. This
behavior is called “pinning”.17,18 In the current work, coverslips
treated with the three cationic inks or with APS-530 gave pinned
ink solution sessile drops. Pinning corresponded to the most
troublesome inks.
Finally, the contact angle results (Table 2), nanoparticle

adsorption results (Figure 8), and printing performance results

(Figure 4) are compared in Figure 10. Each vertical pair of points
corresponds to a specific ink. The three independent types of

measurements are correlated. The best inks have the lowest
tendency to deposit, giving the lowest contact angles.

Clogging Mechanisms. The Dimatix 2800 is an excellent
printer, which we have used for years with great results.
However, printhead clogging can occur. The inks in this study
were chosen to be problematic with a view to understanding
clogging mechanisms. Any proposed clogging mechanism must
explain the main observations that include the following: all six
inks showed some level of clogging; neither SEM nor optical
microscopy showed any examples of thick layers of adsorbed
particles or large aggregates trapped in a nozzle opening,
blocking flow; the cationic nanoparticles that spontaneously
adsorbed on silica were the most potent cloggers; the cationic
polystyrene nanoparticles gave much less clogging when
pumped; purge-blot cleaning removed clogs but did not
dislodge adsorbed nanoparticles; and, the poorest printing
inks also displayed pinning during attempts to measure receding
contact angles.
Of the four clogging mechanisms described in the

introduction (filtration, thick deposit formation, jamming, and
air inhalation), we can immediately reject thick deposit
formation because no thick deposits were observed. Jamming
also seems unlikely as the particle volume fractions were low,
∼0.0002 for the polystyrene inks. The ratio of particle diameter
to orifice diameter is an important parameter for jam-
ming.4,5,8,19,20 APS-530 was the largest nanoparticle and the
corresponding ratio is 0.530/20 = 0.027. However, the literature
suggests that the ratio should be 0.3−0.4,20 an order of
magnitude larger than our inks. In summary, jamming and thick
deposit formation seem unlikely, leaving filtration and air
inhalation. We now link the key findings to the possible clogging
mechanisms.
Figure 2 shows that the small anionic polystyrene latex ink

gave some clogging. Although aggregates were not visible and
dynamic light scattering did not indicate aggregation, it is
possible that a low concentration of large aggregates was present
in the ink and was trapped by filtration in the baffles (no large
aggregates were observed in the nozzles). Sauret et al. recently
promoted microfluidic clogging as a tool to analyze the
concentration of large aggregates that are difficult to measure
by other techniques.5 Therefore, we propose that filtration of
low concentrations of large particles was responsible for the few
clogged nozzles with the anionic inks.

Figure 9. SEMs of glass surfaces after exposure to the six model inks.
The inset shows images of sessile drops of ink solution on the dried
nanoparticle-treated glass surfaces.

Table 2. The Contact Angle of Ink Solutions (i.e., Inks
without Dispersed Nanoparticles) on Glass Coverslips with
Adsorbed Nanoparticlesa

nanoparticle contact angle (deg) pinning

none 10 ± 1.0 no
CPS-90 40 ± 2 yes
CPS-510 28 ± 0.6 yes
CMG-450 25 ± 1 yes
APS-530 17 ± 0.2 yes
APS-28 14 ± 0.3 no
AMG-120 18 ± 0.4 no

aPinning refers to sessile drops whose three-phase contact line does
not smoothly contract when liquid is removed from the drop.

Figure 10. Relating the contact angle of the printing solution (no
nanoparticles) on dry coverslips previously exposed to inks and the
mass coverage of adsorbed nanoparticles on QCM-D silica sensors to
the printing performance measured by mass transferred in 20 min. (●)
contact angle; (□) Sauerbrey mass.
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The most potent clogging inks were the cationic polystyrene
particles that formed sub-monolayer deposits on silica and glass.
In another work related to mineral flotation, we have shown that
adsorbed polystyrene particles on glass surfaces display four
dramatic effects:

1. Pinning of the three-phase contact line was observed
when water was withdrawn from a sessile drop on glass
with a sparse polystyrene nanoparticle coating.17 Pinning
was also observed with some of the nanoparticle inks
listed in Table 2; the inks displaying pinning correspond
to the poorest printing inks.

2. Adsorbed polystyrene particles promote the attachment
of air bubbles to glass surfaces.21 It is relatively difficult for
an air bubble suspended in water to adhere to a smooth
glass surface. In contrast, adsorbed nanoparticles are
hydrophobic asperities on more hydrophilic glass
surfaces, promoting the formation of glass/water/air
three phase contact lines and, thus, bubble adhesion.

3. The force required to dislodge a 50 μm glass bead from a
large air bubble was increased by more than two orders of
magnitude by adsorbing onto the glass surfaces a sub-
monolayer coating of cationic polystyrene particles
similar to the CPS-90 particles used herein.22

4. CPS particles strongly adhere to glass. Based on AFM-
colloid probe measurements, the laminar flow shear rate
required to dislodge a 317 nm CPS adsorbed on glass was
estimated to be 2.4 × 106 s−1.23 This is a substantial shear
rate, which may not be present during jetting. For a given
shear rate, the displacement forces on a deposited
spherical particle in laminar flow increase with the square
of particle radius, so the smallest particles are the least
likely to be removed by hydrodynamic forces.24

The above three phenomena are most extreme when the
polystyrene surfaces are not covered with surfactant or with
many hydrophilic groups. The contact angle results for the
particles in Tables 1 and 2 suggest that the surfaces of the
polystyrene nanoparticles used herein were close to pristine
polystyrene. Arguments are now presented to support the
hypothesis that a sub-monolayer of adsorbed cationic
polystyrene nanoparticles induces air clogging.
A series of papers from the Netherlands has reported detailed

experimental and computation studies showing that the
alternating directions of ink flow during normal inkjet printing
can entrain air bubbles in the ink flowing back into the nozzle
feed channel from the nozzle opening.9−12 This air inhalation
process was directly observed by de Jong et al. who used high
speed photography and a transparent nozzle on a homemade
printhead.13,25

The Dimatix printhead also produces oscillatory flow. With
electrical stimulation, the piezoelectric element in the printhead
bends down forcing the ink to move. The ink can flow in two
directions: (1) back through the baffles toward the reservoir and,
(2) out of the nozzle as a jetted ink drop (see Figure 1). The
Dimatix generates drop volumes of about 10 pL; we do not know
the corresponding flow volume through the baffles toward the
reservoir. In the reverse cycle, the piezoelectric element retracts,
causing ink to flow back into the ink channel from the same two
directionsfrom the reservoir and from the nozzle. Therefore,
at the nozzle opening, there is an alternating flow direction of ink
through the nozzle at the printing frequency (5 kHz).
The Dutch group also showed that the presence of an ink film

on the nozzle plate promotes retention of the entrained bubbles.

They also reported that dust particles adsorbed at the ink/air
interface influence air entrainment. Specifically, they state, “It is
therefore believed that these particles disturb the normal jetting
process by creating an asymmetric meniscus, which then could
lead to the entrapment of air”.10

Herein, we propose a related mechanism whereby cationic
hydrophobic particles adsorb on the surface of the printhead
feed channel, pinning and, thus, perturbating the moving
meniscus, as well as facilitating the attachment of inhaled
bubbles to the printhead wall. Trapped air bubbles were not
directly observed because the Dimatix printhead is not
transparent. On the other hand, we have much indirect
evidence. First, the extreme clogging behaviors of the cationic
polystyrene inks were not observed when the inks were pumped
through the printhead in steady-state flow, a situation where air
cannot not enter from the nozzle opening. Second, extreme
clogging was only observed with adsorbing polystyrene
nanoparticles. Third, the clogs were easily removed by the
Dimatix purge procedure, suggesting that the clogs were air.
However, the adsorbed polystyrene particles were not removed,
and clogs quickly reformed when printing was resumed.
The role of nanoparticle surface hydrophobicity was not

quantitatively evaluated in this work. The water swollen
microgels surfaces are less hydrophobic than polystyrene,16

and the printing results in Figures 3 and 4 show that the
microgels were less potent cloggers than the polystyrene
particles of similar size and charge.
The ink formulation lessons from this work include the

following: ink colloidal stability is not enough for trouble free
printing; dispersed particles in ink should have little tendency to
deposit on silica surfaces; and because some ink deposition is
inevitable, the dispersed ink particles and the printhead must
have hydrophilic surfaces.

■ CONCLUSIONS

The piezoelectric inkjet printing performances of colloidally
stable nanoparticle inks were systematically investigated in an
effort to understand the origin of inkjet printhead clogging.
Experiments with six model inks led to the following
conclusions:

1. Sub-monolayer coverages of hydrophobic cationic nano-
particles adhering to printhead surfaces promote clogging
with trapped air that enters the printhead from the nozzle
opening. We propose that the deposited particles distort
the shape of the ink/air meniscus, possibly causing air
entrainment and promoting air bubble adhesion to the
interior printhead surfaces.

2. Nondepositing anionic hydrophobic nanoparticles cause
much less clogging, possibly due to filtration of trace large
aggregates.

3. The printer’s purge-blot cleaning procedure removes air
clogs, but clogs quickly reform when printing is resumed
because the adsorbed nanoparticles are not removed by
the cleaning procedure.

4. A sub-monolayer coating of deposited nanoparticles will
induce air bubble clogging if the nanoparticles are as
hydrophobic as polystyrene.
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SUPPORTING INFORMATION 
DEPOSITED NANOPARTICLES CAN PROMOTE AIR CLOGGING OF 
PIEZOELECTRIC INKJET PRINTHEAD NOZZLES 

Yuanhua Li, Carlos D.M. Filipe, John D. Brenan, and Robert H. Pelton * 
Department of Chemical Engineering, a Department of Chemistry, b McMaster University, 
Hamilton, Ontario, L8S 4L7, Canada 

Figure S1 Photographs of a Dimatix printhead and cartridge. 
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Figure S2 Printing wave form and the cleaning settings. 
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Figure S3 Photographs the experimental setup for pumping ink through a printhead. The syringe 
pump drove a steady flow of ink and images of the flow from the 16 nozzles were 
captured with an iPhone camera.  

Figure S4 SEM of a broken printhead showing the baffle posts. 
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Figure S5 Summary of day 6 nozzle printing results. 
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Figure S6 Dissipation results for nanoparticle deposition on QCM-D silica sensors. The 
dissipation curves were based on the third overtone 

Table S1 Validity of the Sauerbrey analysis. The microgels barely obey Reviakine’s criteria for 
the Sauerbrey model ((∆D/-∆f <<4 x 10-7/Hz) 1 whereas the hard polystyrene particles 
formed Sauerbrey deposits. These data were based on the third overtone 

Name ∆f3/3 (Hz) DDx10 6 (∆D/-∆f3/3) x 107 
Hz 

AMG-120 -3.0 0.7 2.4 
CMG-450 -16.7 4.8 2.9 
APS-530 -4.5 0.2 0.4 
APS-28 -1.9 0.1 0.4 
CPS-90 -336.2 17.4 0.5 
CPS-510 -93.1 3.6 0.4 
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Figure S7  SEMs comparing the deposition of CPS-90 onto the QCM-D silica sensor with 
deposition on glass 
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Estimating flow rate and Re during Dimatix printing
Measuring mass of printed water+glycerol+surfactant

≔Nd =⋅⋅5000 16 300 ⋅2.4 107 ≔ρink 1.07 ――
gm
mL

≔pL ⋅10-12 L

≔Vd =365.5 ―――
mg
⋅ρink Nd

14.233 pL Approximate verage drop volume - seems
reasonable

Printing time:
The actual time is the time ejecting the droplet, not the entire process (aspiring and 
dispensing), so we need the waveform setting. For a segment control, the slew rate means
the aspiring time, uptake the solution. So the ejection time for a droplet (or cycle) is
≔tc =⋅(( -11.520 3.584)) 10-6 s ⎛⎝ ⋅7.936 10-6⎞⎠ s

The droplet ejection 
frequency

≔f 5 kHz
The total time over 5 min 
that fluid is exiting the 
nozzle

≔ttotal =⋅⋅5 min f tc 11.904 s

=―
1
f

⎛⎝ ⋅2 10-4⎞⎠ s

Therefore, the total mass
flow rate for 16 nozzles is 

≔Qm16 =――――
365.5 mg

ttotal
1.842 ――

gm
min

≔Qv16 =――
Qm16

ρink
1.722 ――

mL
min

Non-Commercial Use Only
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≔Qv16 =――
Qm16

ρink
1.722 ――

mL
min

Re estimation:

The fluid flow in diamatix printing is through a pyramidal shaped nozzle.  This is a simplified 
estimate of a relevant Reynolds number

≔L 20 μm Assumed characteristic linear dimension

≔Aa16 =⋅16 ((20 μm))
2 ⎛⎝ ⋅6.4 10-5⎞⎠ cm 2 Area of 16 nozzle exits

≔uaverage =――
Qv16

Aa16
4.484 ―

m
s

The dynamic viscosity of the fluid 
≔ηink ⋅⋅10 10-3 Pa s

≔Re =―――――
⋅⋅ρink uaverage L

ηink
9.595

Non-Commercial Use Only
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Chapter 4 

Rapid Screening of Pigments and Binders for Printable Lateral 

Flow Media 

 
In this chapter, a library of 900 different formulations that contain calcium 
carbonates or diatomaceous earth pigments with polymer binders was developed. 
By testing the wicking distance of liquid in these coating media, the calcium 
carbonate-based pigments with latex binders were concluded as promising printable 
formulations for their broader wicking distances range.  

In Chapter 4, the experiment design, data collection and analysis were mainly 
conducted by me. Lisa Tran (my summer student) helped me on coating 
experiments and testing wicking distances. Dr. Robert Pelton and Dr. John Brennan 
contributed with vital discussion advice in the whole project. I wrote the draft and 
Dr. Carlos Filipe re-wrote parts of the draft as necessary. 

This chapter is being prepared for future publication. 
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Introduction 

 
Many point-of-use diagnostic assays rely on capillary-driven flow in porous media 
to move fluid as part of the analyses process. One such example is the pregnancy 
test, a lateral-flow device where the porous media consists of a porous 
nitrocellulose membrane driving the wicking of the fluid along the device. For the 
last ~15 years, filter paper has been extensively used as a platform to create a variety 
of tests and assays that take advantage of the porous nature of paper to drive the 
movement of liquids.1-5 The main advantages of paper are its low cost, availability, 
compatibility with many biologically-based reactions and the ability to directly 
print the reagents required to conduct the assays on the paper. There are also 
disadvantages associated with these two materials: a relatively large volume of 
liquid (sample and/or reagents) required to drive flow;6 the variability in terms of 
performance for filter paper and nitrocellulose;7 the complexity of design needed to 
create complex flow patterns,8-10 which is not compatible to additive manufacturing 
and potential 3D printing of the entire device. A potential solution to these problems 
is through the creation of printable porous media that can be deposited as thin films 
on a variety of surfaces (plastic, glass, etc.) to create lateral flow devices. 
 
The “ink” used to create the printable porous media consists of a pigment and a 
binder, such as polyvinyl alcohol (PVA) or latex binders. The pigments are micron-
size colloidal particles, such as precipitated calcium carbonate (PCC), 11 which are 
traditionally used in paper coating. Recently, several reports12-14 have appeared in 
the literature on the creation of pigment-based thin films using coating techniques 
in industrial-scale operations. In this paper, we report on a rapid screening method 
to identify the most promising pigment/binder combinations to generate printable 
porous media with the goal of ultimately replacing filter paper or nitrocellulose in 
lateral flow assays.   
 

Experimental  

Materials 

 
Fifteen different pigments were tested in this study, consisting of 8 different 
calcium carbonate and 7 diatomaceous earth (DE). These pigments had a variety of 
shapes (rhombohedral, spherical, scalenohedral, prismatic and cubic. Figure S4 - 1 
(in the supplementary information section) shows electron micrographs of several 
of the pigments used in this study.  
 
 
 
 
Table 4 - 1.  CaCO3 and diatomite pigment used in this study. 



 

Ph.D. Thesis – Yuanhua Li            McMaster University – Chemical Engineering 

 65 

Pigment Type Supplied as: Form 

CaCO3 from Omya Canada Inc.   
Covercarb 85 GCCa0 Dispersion, 

70.5 wt% 
Rhombohedral 

Hydrocarb 90 GCC1 Dispersion, 
76 wt%  

Rhombohedral 

OmyaJet 5010 MCCb Dispersion, 
50 wt%  

Spherical 

Syncarb S160 PCCc0 Dispersion, 
22.5 wt% 

Scalenohedral 

 

CaCO3 from Specialty Minerals Inc. 
  

ViCALity Light  PCC1 Powder Scalenohedral 
ViCALity ALBAFIL  PCC2 Powder Prismatic 
ViCALity Extra Light  PCC3 Powder Scalenohedral 
ViCALity Heavy  PCC4 Powder Cubic 
 

Diatomite from Imerys S.A. Inc. 
  

Celite 221-M Natural, DEN0 Powder -- 
Celpure-C25  Natural, DEN1 Powder -- 
ALMDE Natural, DEN2 Powder -- 
LOMDE Natural, DEN3 Powder -- 
Celpure-C100  Calcinedd, DEC Powder -- 
ALMDE-AW Acid washede, 

DEAW0 
Powder -- 

LOMDE-AW Acid washed, 
DEAW1 

Powder -- 

aGCC is ground calcium carbonate. 
bPCC is precipitated calcium carbonate (PCC) and it is by reacting CO2 with Ca(OH)2 reaction.  
cMCC is modified calcium carbonate consists of 70 % calcium minerals, 20 % calcium silicate, and 
10 % amorphous silica.15 
dCalcinated diatomaceous earth is the product of natural diatomaceous earth after a calcination 
treatment under 1000ºC, which results in the melting individual diatomaceous earth into large 
particles.  
eFor acid washed DE, an acid wash step (sulfuric acid) is used to wash the natural DE before 
calcination.    
 
Three different binders where tested as parts of the screening process : (1) Acronal 
S 728  (BASF Canada) is a styrene/n-butyl acrylate copolymer with an average 
diameter of 200 nm and a glass transition temperature (Tg) of 23 ºC with a solids 
content of 50 wt%; (2) Styronal BN 4606 X (BASF Canada) is a carboxylated 
styrene-butadiene copolymer, with an average diameter of 150 nm and a Tg=6 ºC 
with a solids content of 50 wt%; (3) polyvinyl alcohol (PVA) with a molecular 
weight of 205 kDa and a degree of hydrolysis 87.7 mol% was purchased from 
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Sigma (as Mowiol® 40-88). The porous media were deposited on polyester (PE) 
films (Mohawk Synthetic Premium Polyester film, No. 7 plastic, white, item No. 
90-51134, 100 µm thickness) from Mohawk Fine Papers Inc. Both nitrocellulose 
membranes (Hi-Flow Plus HF075, MilliporeSigma) and Whatman #1 filter paper 
disks (18.5 cm diameter) were cut with a paper trimmer/cutter (Kutrimmer, Ideal, 
Germany) into 5 mm wide strips, with lengths of 8 cm. 
 
 
Accelerated Screening Process 

 
Ink Preparation. In this study, a total of 900 different inks were evaluated, which 
account for all possible combinations of 15 possible pigments (Table 4 - 1) at five 
contents (3, 6, 9, 12, 15 wt%) with 3 binders at four different dosages (2.5, 5, 7, 10 
pph - pph is defined as the mass of binder in the coating formulation divided by the 
total dry mass of pigment in the formulation). The porous pigments used in the ink 
formulations were prepared as slurries at 20 wt% in 1 mM NaHCO3 and pH =8. 
The latex suspensions used in the ink formulations were prepared by diluting the 
50 wt% initial latex suspensions to a final 5 wt% dispersion in 1 mM NaHCO3 at 
pH =8. 5 wt% of PVA was prepared by adding solid PVA into 1mM NaHCO3 
solution under mixing and heating at 90º and heating was stopped after the solution 
was clear, followed by overnight mixing at room temperature. The pH of the final 
solution was adjusted to pH =8 using 10 mM HCl or NaOH. The ink library was 
created using a Tecan Freedom Evo 200 liquid handling automated system that 
dispensed each of the 900 possible formulations on a series of 96 deep well plates 
(BRADN® polypropylene with a 2.2 mL volume in each well). The total mass of 
ink in each well was ~1.0-1.5 g, depending on the formulations.   
 
Coating Porous Media as Parallel Channels. The inks were coated onto plasma 
treated (using a Harrick PDC-001, for 45 s at a high RF power (30 W) with a partial 
air pressure of 700 mTorr) PE films, with a wax defined pattern. The wax pattern 
was printed with a Xero Phaser 6580 printer with a black wax ink - ColorQube 
8570/8580 Black Solid Ink - in “high-quality printing” mode. Figure 4 - 1 shows 
the process to create the patterns in the PE films. The pattern consisted of eight 
parallel channels (5.5 cm height, 6 mm width), separated with a 2 mm wax barrier 
and this pattern was repeated four times in a single page (see Figure S4 - 2 in 
supplementary information for details, including information regarding the masks 
used to fabricate the patterned PE films).  
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Figure 4 - 1.  Sequence of steps to create patterned polyester films for coating the ink 
library. 

 
A variable speed drawdown coater (EC-200, ChemInstruments Inc.) was used to 
coat library of inks onto the patterned PE films. Each channel received 50 µL of 
ink, followed by drawdown with the coater set at the speed of 3.7 m/min (speed =3) 
using a #40 size wire wound rod, generating films with 100 µm wet thickness. The 
inks were allowed to dry overnight at room temperature and 45% RH to generate 
solid porous coated media. 
 
Wicking Experiments. Vertical wicking measurements were used to characterize the 
printed porous media. To initiate wicking, the coated PE films supporting the coated 
porous media were lowered into 1 mM NaHCO3 buffer oriented so that the capillary 
flow was the same direction that the media was originally printed. The wicking was 
recorded with an iPhone and the wicking distance was extracted after 2 min of 
starting the wicking experiment. 
 
Figure 4 - 2 provides a general overview of the complete accelerated screening 
process. 
 

 
Figure 4 - 2.  Overview of the accelerated screen process including the generation of 
the ink library, coating and assessment of wicking properties. 
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Material Characterization 

 

Particle Size Measurements. A Malvern Mastersizer 2000 (running software 
version V5.1) was used to measure the hydrodynamic diameter of pigments based 
on the Mie theory. The concentration of the sample was ~ 0.01 wt% in 1 mM 
NaHCO3 at pH = 8.0. Three indexes were used to charaterize particle size particle 
and size distribution: D (0.1) 10% of all the particles in the sample have a diameter 
smaller than this value. D (0.5) 50% of the particles in the sample are smaller than 
this value. D (0.9) 90% of the particles in the sample are smaller than this value. 
These results are based on the volume fraction. Each measurement repeated three 
times.  
 
Electrophoretic Mobility. The electrophoretic mobility of each pigment was 
measured using a ZetaPlus analyzer (Brookhaven Instrument Corp., US) using the 
phase analysis light scattering mode running ten cycles with ten scans for each cycle.  
 

Specific surface area. The specific surface area for each pigment powder was 
measured through the BET-N2 method (Autosorb iQ, Quantachrome Instrument, 
USA), and analyzed by ASiQwin (Version 5.2). 
 
Contact Angle Measurements. Contact angles were measured with a Krüss Drop 
Shape Analysis System DSA 10 running DSA software (version 1.80.0.2). Sessile 
drops of 1 mM NaHCO3 solution were formed with a #26S stainless steel needle, 
giving a typical volume of 2µL. Contact angles were recorded after 2 min of drop 
aging time -each experiment was repeated for three times. 
 
SEM Imaging. A dry coated sample was placed on a 45º SEM pin stub a cross-
section surface was cut using a razor blade (0.22 mm, VWR), followed by coating 
with a 5 nm gold layer. These samples were examined using a scanning electron 
microscope (JEOL 7000F) with a 2.5 keV or 5.0 keV in the secondary electron 
image. The thickness of the coated layer was measured by ImageJ software 
(Version 1.51s).  
	

Results and Discussion 

Characterizing Pigments and Binders 

    
Table 4 - 2 summarizes key characteristics for the 15 pigments used in this study. The 
electrophoretic mobility of the pigments (dispersed in 1 mM NaHCO3 and pH =8) 
shows that all of the DE pigments and most of the CaCO3 pigments are anionic, except 
MCC and PCC0 - the only two cationic pigments in this study. The average mass 
median diameter (D (0.5)) for the DE pigments were in the ~5-35 µm range, whereas 
the CaCO3 pigments were in the 0.5-10 µm range. The DE pigments had substantially 



 

Ph.D. Thesis – Yuanhua Li            McMaster University – Chemical Engineering 

 69 

broader particle distributions when compared to CaCO3 pigments, which can be an 
issue when attempting to create very uniform porous media. The specific surface area 
(SSA) of the CaCO3 pigments were mainly in the 3 to 13m2/g range (with MCC being 
an exception), while the DE pigments had substantially larger SSA, in the 10 to 44 m2/g 
range.  
 
Table 4 - 2. Properties of porous pigments dispersed in 1 mM NaHCO3 at pH = 8.0 
solution. The standard derivations reported are for three repeated measurements. The 
results of particle size were based on the volume concentration.  

 
Pigment Electrophoretic 

Mobility 

(10
–8

 m
2
/ (V∙s)) 

Specific 

Surface 

Area (m
2
/g) 

D (0.1) 

(µm) 

D (0.5) 

(µm) 

D (0.9) 

(µm) 

Calcium Carbonate-based     
GCC0 -3.5±0.04 12.5a 0.2 0.7 1.5 
GCC1 -2.5±0.1 12.5 a 0.7 1.3 2.3 
MCC 1.1±0.1 30.0 a 1.0 2.0 6.7 
PCC0 0.3±0.05 9.0 a 1.8 4.5 9.8 
PCC1  -3.0±0.3 7.8 a 2.4 5.2 9.9 
PCC2  -1.8±0.4 7.0 a 2.2 4.9 9.6 
PCC3  -1.7±0.2 8.5 a 2.1 4.5 8.4 
PCC4  -3.9±0.2 3.3 a 1.8 5.7 12.4 
 
Diatomaceous Earth-based 

    

DEN0 -3.2±0.04 44.2 5.8 16.6 44.3 
DEN1 -4.4±0.06 11.7 3.2 13.3 42.1 
DEN2 -3.2±0.1 25.4 1.7 10.1 20.3 
DEN3 -4.4±0.08 24.5 1.0 4.9 17.4 
DEC -3.9±0.05 14.4 4.0 13.6 45.9 
DEAW0 -2.1±0.07 35.6 10.0 35.5 79.0 
DEAW1 -3.5±0.11 36.3 1.5 8.1 32.8 

a Values reported by supplier. 

 
The main properties for the two latex binders (dispersed in 1 mM NaHCO3 and pH 
=8) used in this study are shown in Table 4 - 3. The particle diameter for both 
binders is about ten times smaller than the size of the pigments listed in Table 4 - 2. 
PVA is a non-ionic water-soluble polymer, hence particle diameters are not 
applicable for this binder. 
 
Table 4 - 3. Properties for the two latex binders used in this study. Samples were 
dispersed in a 1 mM NaHCO3 solution at pH =8. The standard derivation was 
calculated from three repeated measurements. 
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Binder Electrophoretic 

Mobility 

(10
–8

 m
2
/ (V∙s)) 

Diameter 

(nm) 

Tg 

(ºC) 

Acronal S 728 (Latex1) -3.6±0.12 200 23a 

Styronal BN 4606 X (Latex2) -3.3±0.08 150 6a 
a Values reported by supplier. 

 
When a pigment is combined with a binder, the particle size and the distribution 
associated with the mixture changed to varying degrees, compared to the size and 
distribution associated with pigment and binder on their own. Table 4 - 4 shows this 
using the pigment PCC1 as an example. The addition of PVA or Latex1 (10 pph) 
resulted in no difference on the particle size and distribution of the pigment on its 
own, indicating that pigment aggregation did not occur. On the other hand, the 
addition of 10 pph Latex2 resulted in a substantial increase in particle size and a 
broadening of the size distribution for the mixture, indicating aggregation of the 
pigments. The library of 900 inks generated in this study will contain formulations 
where pigment aggregation occurs upon mixing the pigment with the binder and before 
coating takes place. 
 
Table 4 - 4. The particle size and size distribution associated with PCC1 (15 wt%) in 
the absence or in the presence of 10 pph binder (PVA, Latex1, or Latex2). All final 
mixtures were in 1 mM NaHCO3 and pH = 8.0.  

 
Pigment Binder Binder Dosage 

(pph) 

D (0.1) 

(µm) 

D (0.5) 

(µm) 

D (0.9) 

(µm) 

PCC1    2.4 5.3 9.9 
PCC1  PVA 10 2.3 5.4 11.0 
PCC1  Latex1 10 2.3 5.0 9.5 
PCC1  Latex2 10 7.0 24.8 55.2 

 
Coating and the Importance of Plasma Treatment 

 

The ink library was deposited on plasma treated PE films with wax barriers defining 
the region onto each ink was placed, followed by spreading using a drawdown 
coater with a wire-wound rod (see schematic shown in Figure S4 - 3). Each region 
(exposed PE film surrounded by wax barriers) received 50 µL of ink. Plasma 
treatment of the PE film was needed to ensure good wettability and spreading of 
the inks. Figure 4 - 3 shows the PE surface after coating with an ink containing 12 
wt% of PCC0 and 10 pph of Latex2 in 1 mM NaHCO3. Prior to plasma treatment, 
the water contact angle of the PE film was ~54º resulting in poor wettability and 
non-uniform coating. After a 45 s plasma treatment, the water contact angle 
decreased to ~25º and a uniform coating could be obtained. It is important to note 
that the wax barriers needed to be masked during the plasma treatment step to 
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preserve the ability of the barrier to contain the ink during the coating process 
(Figure S4 - 4 in supplementary information).  
 

 
Figure 4 - 3. Images obtained after drawdown coating of an ink containing PCC0 as the 
pigment and Latex2 as the binder on a PE film with or without plasma surface treatment. 

 
Figure 4 - 4 shows images of the porous media (dried ink) for the two types of 
pigments used in this study (CaCO3 and diatomite-based). The coating layers were 
highly uniform and perfectly contained within the wax barriers. Due to larger 
particle size and broader size distribution, DE coatings were coarser than the CaCO3 
based coatings. CaCO3 is white while the diatomite-based pigments have different 
colors, depending on its components of silica, ferric oxide, and alumina. The natural 
color of DE pigments might be a source of interference when performing 
colorimetric assays on the media. 
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Figure 4 - 4. Images of porous media (dried coating layers) on plasma treated PE films 
(black regions are wax). Panel (A) is for CaCO3 based coatings. Panel (B) is for DE-
based coatings.  

 
Wicking Kinetics for the Coated Ink Library 

 

We evaluated a total of 900 different inks, which account for all possible 
combinations of 15 possible pigments (Table 4 - 1) at five different contents (3, 6, 
9, 12, 15 wt%), with 3 binders at four different dosages (2.5, 5, 7, 10 pph). Wicking 
experiments were performed to characterize the various porous media in the library. 
These experiments were done by partially immersing the PE films, each containing 
8 channels coated with 8 different ink formulations and measuring the wicking 
distance of 1 mM NaHCO3 solution after two minutes have passed. Since we did 
not observe any differences when either inks of 3%, 6% and 9% pigment contents 
were used (Figure S4 - 5 for CaCO3 and Figure S4 - 6 for diatomite -based pigments. 
Reason is explained later in this paper), we only compared the results among 
formulations of 3%, 12% and 15% of pigment. The results obtained from the library 
are presented as supplementary information that Figure S4 - 7 and Figure S4 - 8 
contain the results for 360 different formulations. Figure 4 - 5 shows the results for 
the wicking distance (at 2 minutes) for formulations obtained using two pigments 
PCC1 and DEN1. We selected these two pigments to be included in Figure 4 - 5 
since they exhibited a wide range of wicking speed as a function of formulation and 
because the wicking speeds were amongst the highest obtained in the library.  
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Figure 4 - 5. The wicking distances of 1 mM NaHCO3 solution in 2 min within PCC1 
and DEN1 based coatings, addition of PVA binder.  

 
When pigment content was low (3 wt%), the wicking distance was very short for 
these two pigments and that distance did not depend on the dosage of binder used. 
The reason for this is that the amount of pigment was so small that the coverage of 
the PE film was essentially in the form a discontinuous monolayer as shown in the 
SEM pictures in Figure 4 - 6 (Latex2 was the binder used to generate those films). 
Higher pigment contents resulted in a substantial increase in the wicking speed and 
Figure 4 - 6 shows that the porous media formed consisted of uniform and 
continuous 10-15 µm thick films. Figure 4 - 5 also shows that as the binder dosage 
increases, the wicking distance decreases, potentially due to PVA swelling in 
solution and blocking pores. 16 A similar decrease in the wicking distance with 
increasing of the PVA dosage was observed for all pigments when present in 
contents equal to or great than 12% (see Figure S4 - 7 and Figure S4 - 8). 
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Figure 4 - 6. SEM images of the surface and cross sections for media coated with inks 
of PCC1 at 3 wt%, 12 wt% and 15 wt% with 7.5 Latex2 as the binder.  

 

For the latex binders used in this study (Latex 1 and Latex2), the effect of dosage 
on the wicking distance was not as large as was the case with PVA. Figure 4 - 7 
shows that increasing the dosage of the latex binders does result in a decrease of 
the wicking distance, but that decrease is substantially smaller than that observed 
for PVA, suggesting a lower extent of pore blocking for the latex binders. Above 5 
pph dosage of latex binders, the wicking distance is essential independent of the 
dosage for the binder. This is a very useful feature when there is the need to produce 
porous media with very high levels of reproducibility and uniformity (i.e. small 
deviations in applied dosage will result in little or no difference in performance).   
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Figure 4 - 7. Comparing the effect of the binder dosage on the wicking distance (after 
2 minutes) for PVA (A) and two latex binders (B) when using two different pigments 
– PCC1 and DEN1.  

 
The properties of the pigment particles dominate the wicking behaviors. Table 4 - 
5 classified pigments into four groups. The detailed wicking characteristic also 
depend upon the binder type and pigments solids contents. Based on these results, 
we choose four pigments (PCC1, PCC2, PCC3, and PCC4) for detailed assessment 
as pigments for printable porous media – see Chapter 5. 
 

Table 4 - 5.  A summary of the wicking distances in 1 mM NaHCO3. 

 
Description  Porous 

pigment 

Form Wicking distance of 

buffer in 2 min(mm) 

Slow GCC0 Rhombohedral 0-10 
 GCC1 Rhombohedral  
 MCC Spherical  
Medium PCC2 Prismatic 10-20 
 PCC4 Cubic  
 DEN3 --  
 DEAW1 --  
 DEN0 --  
 DEAW0 --  
Fast PCC0 Scalenohedral 20-35 
 PCC1 Scalenohedral  
 PCC3 Scalenohedral  
 DEC   
 DEN1   
 DEN2   
 Whatman #1 

filter paper 
  

Ultrafast Nitrocellulose 
membrane 

 >35 

    

Conclusion 

We developed a simple and effective method to generate and test a library of 900 
different formulations to create printable porous media. The focus is on the future 
use as printable porous media to support lateral flow assays, substituting filter paper 
and nitrocellulose. The library consisted of combinations of 15 different pigments 
and 3 different binders at various concentrations and it was created using an 
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automated liquid handler. The formulations were coated as a series of 8 parallel 
channels on PE films and parallel wicking experiments were conducted to rapidly 
identify formulation that resulted in low, medium and high wicking rates. It was 
found that the pigment content needs to be equal or greater than 12 wt% to generate 
a continuous uniform coating and produce reasonable wicking rates. Scalenohedral 
precipitated CaCO3 pigments were superior to ground calcium carbonates and DE 
pigments as they led to larger wicking distances, with the ability to tune the wicking 
distance through changes in formulation. Latex binders are preferred to generate 
printable media as compared to PVA, since the wicking distance is highly sensitive 
to the dosage of PVA, whereas that dependence is much lower for latex binders. 
This means that latex binders will result in more repeatable and uniform printable 
porous media product. 
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Supporting Information 

 

 
Figure S4 - 1. SEM images for the eight CaCO3 pigments used in this study and DEN1 
as an example of DE pigments. Only one DE pigment is shown because all seven had 
similar structures. 
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Figure S4 - 2.  The design of parallel coating channels, and masks I, II. 

 
Masks design: The masks were made from Mylar film (polyethylene terephthalate, 
transparent, 50 µm thickness, Tekra, USA), they were designed using AutoCAD 
(2018) and cut by a laser cutter (Speedy 300, Trotec Laser, Canada). To avoid the 
presence containments on non-printed zones during the wax printing process, a 
Mylar film mask (Mask I) was attached onto the polyester film using a double-sided 
tape. After the wax printing step, Mask I was removed. A patterned PE film was 
cut into four repeating patterns using a paper trimmer (Kutrimmer, Ideal, Germany). 
Mask II covered the wax printed areas, leaving the parallel coating channels on the 
PE film, exposed to receive plasma treatment (PDC-001, Harrick, Ithaca, NY) for 
45 s at high RF power (30 W) with a partial air pressure of 700 mTorr). 
 

96 deep well plate

Coating zones
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Figure S4 - 3. The diagram for a variable speed drawdown coater. This figure is 
modified of the images of the EC-200, ChemInstruments Inc.  

 

 
Figure S4 - 4. Water contact angle of a wax delineated channel in a PE film for three 
different surface treatment: (I) Wax printed channel and PE original surface before 
plasma treatment; (II) The same as in (I) but after exposing both the wax and PE surface 
to plasma treatment; (III) The same as in II but using a Mylar mask to cover the wax 
patterns before exposing the film to plasma treatment, thereby protecting and 
maintaining the integrity of the wax barrier . 

Clip

Drawdown Coater

1
2
3 5

1

6
7
8
9

4

Variable Speed

Wax surface PE surface

Wax surface PE surface

Wax surface PE surface

I: No plasma treatment

II: Plasma treatment on
both surfaces

III: Plasma treatment on a
a PE surface and a
protected wax surface

Coating areas
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Figure S4 - 5. Wicking distances of 1 mM NaHCO3 solution within 2 min in PCC1 
based coating media. (A) Inks: 3, 6, 9 wt% of PCC1 with 2.5, 5, 7.5 and 10 pph of PVA 
binders. (B) Inks: 3, 6, 9 wt% of PCC1 with 2.5, 5, 7.5 and 10 pph of latex binders. 

 

 
Figure S4 - 6. Wicking distances of 1 mM NaHCO3 solution within 2 min in DEC based 
coating media. (A) Inks: 3, 6, 9 wt% of DEC with 2.5, 5, 7.5 and 10 pph of PVA binders. 
(B) Inks: 3, 6, 9 wt% of DEC with 2.5, 5, 7.5 and 10 pph of latex binders. 
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Figure S4 - 7. Wicking distances of 1 mM NaHCO3 solution within 2 min in 8 calcium 
carbonate-based coating media. (A, C, E) Inks contains 12 wt% of calcium carbonate-
based with 2.5, 5, 7.5 and 10 pph of three binders respectively. (B, D, F) Inks contains 
15 wt% of calcium carbonate-based with 2.5, 5, 7.5 and 10 pph of three binders 
respectively.  
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Figure S4 - 8. Wicking distances of 1 mM NaHCO3 solution within 2 min in 7 DE-
based coating media. (A, C, E) Inks contains 12 wt% of DE-based with 2.5, 5, 7.5 and 
10 pph of three binders respectively. (B, D, F) Inks contains 15 wt% of DE-based with 
2.5, 5, 7.5 and 10 pph of three binders respectively.  
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Chapter 5 

Printable Porous Substrates for Lateral Flow Media 

 
In this chapter, printable porous media were developed for lateral flow strips. With 
inks of calcium carbonate pigments and latex binders, the media were directly 
printed into different patterns. Furthermore, the porous media provide different 
wicking velocity profiles, depending on the inks. To the best of our knowledge this 
work is the first document about printable porous medium targeting use in lateral 
flow devices. 
 
The experiment designs and data collection were conducted by me with the 
assistance with my summer student Lisa Tran. I analyzed the data and wrote the 
draft. Dr. Robert Pelton, Dr. Carlos Filipe and Dr. John Brennan contributed with 
vital discussion. Dr. Robert Pelton also helped me re-write the draft as necessary. 
 
This chapter has been submitted to Industrial & Engineering Chemistry Research. 
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Abstract 

Traditional materials for lateral flow devices (cellulose, nitrocellulose) are typically 
produced in large batches with relatively thick membranes and a uniform pore size, 
making it challenging to develop devices with variable flow rates. With a view to 
the development of easily manufactured lateral flow media with variable porosity 
and flow rates, we investigated the ability to produce a fully printed porous media 
based on colloidal, precipitated calcium carbonate (PCC) dispersions containing 
latex binders. PCC dispersions with varying particle sizes were printed onto glass 
surfaces and it was observed that flow rates could be controlled by varying particle 
size. Based on this finding, a device with three zones, having distinctly different 
porosities and wicking behaviors, was printed with three calcium carbonate inks in 
a single printing operation. The printed media were ~10% the thickness of paper or 
nitrocellulose membranes, with lower porosities and wicking rates. We demonstrate 
that such PCC materials can adsorb enzymes such as alkaline phosphatase (ALP) 
with retention of activity, and show that a colorimetric ALP reaction giving a 
colored precipitate generated strong color signals on the printed PCC lateral flow 
media. 
 

Introduction 

Laboratories around the world have focused on the development of inexpensive 
biosensors for point-of-care diagnostics.1, 2 Many of these efforts involve lateral 
flow devices that use capillary-driven wicking to move fluid flow along a porous 
media strip, facilitating sequential reaction steps. Typically, a colored output gives 
either a yes/no result or a semi-quantitative output when coupled to a cellphone 
camera or other color sensor. Most commercial lateral flow devices (LFDs) employ 
porous nitrocellulose (NC)3, 4 as the wicking membrane, whereas many academic 
publications use filter or chromatography paper (FP).2, 5, 6  
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Unfortunately, neither paper nor nitrocellulose are ideal media for lateral flow 
devices. For example, the high porosity and thickness of NC and FP media (for 
example, Whatman #1 is 180 µm thick with a pore volume fraction of 0.7) requires 
a high volume of aqueous phase (~130 mL/m2), which can be costly with expensive 
reagents.  The inherent opacity of FP and NC membranes also causes the color 
signal at the bottom of a membrane to be greatly attenuated compared to color 
originating near the viewing surface, with much of the measurable signal 
originating only from the top 10 micrometers.7   In addition, the coarse nature of 
cellulose fibers or cotton linters ultimately limits uniformity of paper-based media.8 
Finally, FP and NC media generally have a single porosity and thus it is not possible 
to produce complex and multiplexed sensors which may require regions with both 
slow and fast wicking rate pathways,9 hydrophobic regions,10-14 or z-stacked 3-
dimensional formats,15 meaning that fabrication of more complex sensors involves 
many steps, some of which defy automation. 

 
In this paper we explore an approach to fabricating lateral flow membranes based 
on printable porous media. The potential advantages include: the generation of 
complex sensor shapes without hydrophobic barriers; the ability to vary the media 
porosity along the length of a sensor; and, the possible manufacture of an “all-
printed biosensor” in a continuous manufacturing line. To identify a suitable 
material for printing, we looked to paper coating technologies, as the highest quality 
printing substrates are coated papers, where ink penetration and spreading are 
controlled by the coating properties. Importantly, paper coating pigments and 
associated polymeric binders are readily available and can be tuned to give a wide 
range of porous media properties. In preliminary work to be reported elsewhere, we 
employed a novel accelerated screening procedure to evaluate over nine hundred 
ink formulations as potential lateral flow media. From that work we identified a 
family of precipitated calcium carbonate (PCC) pigments that showed the most 
promise.  
 
A recent series of papers from Aalto University demonstrates the potential of 
pigment coated films as substrates for lateral flow biosensors. Their approach is to 
employ conventional coating operations to produce uniform coatings on substrates. 
These materials could ultimately offer advantages over conventional nitrocellulose 
or paper, distributed in rolls or sheets.16, 17 In a very recent publication, they show 
that pigment-based media could give bimodal pore sized distribution that offers fast 
wicking and high surface areas. 18  Herein, we build upon the Aalto work by 
demonstrating that PCC-based media can be printed directly to give thin films with 
complex porous media shapes, with position dependent wicking characteristics in 
a single printing/drying step. Slow-speed and high-speed wicking zones can be 
printed in a single operation without hydrophobic barriers or other templates. 
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Experimental 

Materials. Four types of precipitated calcium carbonate (PCC) were provided as 
dry powders by Minerals Technologies. The latex binder, Acronal S 728 (BASF 
Canada) was a styrene/n-butyl acrylate copolymer with an average diameter of 200 
nm and a glass transition temperature of 23 ºC with a solids content of 50 wt%. 
Millipore HF18002 Nitrocellulose (NC) and Whatman #1 filter paper disks (18.5 
cm diameter) were cut with a paper trimmer/cutter (Kutrimmer, Ideal, Germany) 
into 5 mm wide strips, with lengths of 8 cm. 
 
Alkaline phosphatase (ALP) from bovine intestinal mucosa, p-nitrophenyl 
phosphate, disodium salt (pNPP), BCIP/NBT solution, (0.56 mM BCIP (5-bromo-
4-chloro-3-indolyl hydrogen phosphate), 0.48 mM NBT (nitro-blue tetrazolium 
chloride), 59.3 mM MgCl2 in 10 mM Tris HCl, pH ∼9.2), diethanolamine (>99.5%), 
magnesium chloride hexahydrate and hydrochloric acid (37%) were purchased 
from Sigma Aldrich. 
�
PCC Particle Size Distribution.  The particle size distributions of the four PCC 
samples were measured with a Coulter Mastersizer 2000 (software version V5.1). 
15 wt% PCC suspensions in 1 mM NaHCO3 were dispersed with a vortex mixer. 
The PCC dispersions were slowly added to 100 mL of 1 mM NaHCO3 until the 
signal of light obscuration reached to 15%. The concentration of the dilute sample 
was ~0.01 wt%. 
 
PCC Inks. A typical ink dispersion was prepared by adding 2.25 g of dry PCC to 
12.41 g of 1 mM NaHCO3 solution in a 20 mL glass vial, followed by 0.34 g of wet 
(50 wt%) latex binder dispersion. The resulting mixture was stirred with a vortex 
mixer at speed 1 overnight. The wet mass fractions were 15% PCC and 1.1% 
polymeric binder. The resulting dry media consisted of 93 wt% PCC, and 7% 
polymeric binder.  
 
Ink viscosities were measured with a Vibro Viscometer (SV-10, 30 Hz, A&D 
Company). Before measurement, the ink was mixed for 10 min on a vortex mixer 
at a speed setting of 7. Measurements were made with 10 mL of the ink dispersion 
at 23 °C, over a period of 1 minute. Experiments were performed in triplicate.  
Ink surface tensions were measured by the pendant drop method with a Krüss Drop 
Shape Analysis System DSA 10 running DSA software (version 1.80.0.2). Drops 
were formed with a No.18 stainless steel needle (diameter 1.2 mm). Measurements 
were recorded after 2 min of drop aging time. 
 
Printing Porous Media. The PCC-binder media were printed on glass microscope 
slide coverslips (VWR, Borosilicate glass, 24 x 60 mm, thickness 0.13-0.17 mm). 
The coverslips were first cleaned by a 5 min exposure to UV/Ozone (ProCleanerTM 
Bioforce Nanosciences, Inc.). The PCC inks were then printed with a XYZ3060 
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Dispense Platform (BioDot Inc.) – see photographs in Figure S1 in the supporting 
information. With this printer, the coverslips were supported on a moving platform. 
The inks were extruded through the dispensing tube with a disposable plastic tip 
(#15, OD = 1.8 mm) positioned 0.05 mm above the coverslip. In the printing 
process, the ink was ejected at a rate of 2 µL/s and the coverslip is moved past the 
dispensing tip (1 cm/s), giving a line of wet ink about 2 mm wide and 20 µm thick 
(see below). In the simplest case, printing resulted in a single strip of medium, 
parallel to the long axis of the coverslip. The printed strip started 5 mm from one 
end of the coverslip. Wider printed strips were produced by printing parallel lines 
of ink. After printing, the media strips were allowed to dry at room temperature (23 
± 1 °C) for at least an hour.  
 
Cross-sectional Profiles. The average thicknesses of the printed media were 
measured from images taken with an inverted microscope (Primo Vert, Carl Zeiss 
Microscopy, LLC) with a monochromatic camera. The media and glass coverslip 
support were cut with a diamond pen (VWR) and mounted for direct viewing.  The 
cross-sectional profiles of the printed and dried PCC media were measured with a 
KLA Tencor D-100 stylus profilometer using AlphaStep D-100 Stylus Profiler 
software (Version 2.1.0.4) with a scan length was 3.5 mm and stylus load of 5 mg.  
 
Wicking Experiments. Vertical wicking measurements were used to characterize 
the printed porous media. 5.5 mL of 1 mM NaHCO3 solution was added to a 
cylindrical Drosophila vial (transparent polystyrene, 28.5 x 95 mm, VWR, 734-
2265) giving a liquid depth of 8 mm. A graticule with 1 mm line spacing printed on 
polyester film, was fixed to the exterior surface of the cylinder to facilitate 
measuring the height of the wicking front. To initiate wicking, the coverslip 
supporting the printed PCC media was lowered into the NaHCO3 buffer oriented so 
that the capillary flow was the same direction that the media was originally printed. 
The vials were not sealed. The wicking was recorded with an iPhone and the 
wicking distance was extracted as a function of time from the video. In the case of 
wicking experiments with FP and NC, the strips were fixed to coverslips with 
Scotch Permanent Double-Sided Tape (3M 34-8518-7934-5) and tested as above.  
 
Alkaline Phosphatase (ALP) Solutions. An ALP enzyme stock solution of 500 
µg/mL was prepared by adding 5 mg of dry ALP powder to 10 mL of DEA buffer 
(1.0 M diethanolamine with 0.5 mM MgCl2, pH 9.8) in a 15 mL Falcon tube. 
Further ALP dilutions were made with DEA buffer. 
 
PCC-bound ALP. 143 mg of dry PCC powder was added to 1.5 mL of the ALP 
solution in a 2 mL microcentrifuge tube and the suspension was mixed overnight 
on a microplate shaker at speed 3. The PCC-bound ALP was separated from free 
ALP by centrifugation with an Allegra 25R Centrifuge (Beckman Coulter Inc.) at 
4000 rpm for 15 mins. The supernatants were isolated and saved for ALP analysis. 
The ALP treated PCC was redispersed in 1.5 mL of DEA buffer followed by 
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centrifugation at 4000 rpm for 15 min. The washing procedure was repeated a total 
of three times. The resulting PCC particles with adsorbed ALP were dispersed in 
1.5 mL of DEA buffer and stored at 4 °C.  
 
The ALP reaction with p-nitrophenol phosphate was used to: 1) estimate the amount 
of ALP bound to the PCC particles; 2) estimate the activity of PCC-bound ALP 
compared to the parent ALP solution. The chemical structures for the assay are 
shown in Figure S2 and a schematic summary of the assay in Figure S3. The two 
types of analysis are now described. 

The quantity of ALP bound to the PCC was determined by measuring the residual 
ALP activity in the first supernatant from the washing procedure. 15 µL of the 1st 
supernatant was pipetted into a Nunc™ 384-well clear polystyrene plate (Catalog 
number, 242765, 120 µL well, sterile, Thermo Scientific Inc.), followed by adding 
60 µL of 0.27 M pNPP premixed solution. The resulting sample was incubated for 
5 min at 25 °C, then stopped by adding 25 µL of 3 M NaOH solution. The 
absorbance at 405 nm of the 100 µL solution was determined with an Infinite 
M1000 microplate reader (Tecan Trading AG, Switzerland). The fraction of active 
enzyme adsorbed onto PCC was based on three measurements: As the absorbance 
of the supernatant, Ac the absorbance of a control ALP solution not exposed to PCC 
and Ao, the background absorbance of an ALP-free solution (15 µL of DEA buffer, 
60 µL of pNPP and 25 µL of 3 M NaOH). The fraction of active ALP adsorbed 
onto PCC was calculated with the following equation where the sample volumes 
for all measurement types were equal (100 µL): 

 
fa = (Ac – As)/(Ac-Ao). Eq. 1 

  

The activity of PCC-bound ALP, relative to an ALP solution was estimated as 
follows. Washed PCC (see above) with adsorbed ALP was added to 1.5 mL of DEA 
buffer, followed by mixing for 10 min on a vortex mixer with speed setting of 6. 15 
µL of the mixture was transferred into a 384-well plate, followed by 60 µL of pNPP 
solution which was incubated for 5 min at 25 °C. The reaction was stopped by 
adding 3 M NaOH. The resulting mixture was centrifuged at 4000 rpm for 15 mins. 
80 µL of the supernatant was transferred to a clean well for absorbance 
measurements. The relative activity of the PCC-bound ALP was calculated from 
the following equation where: Apcc is the absorbance generated by PCC-bound ALP; 
Ao is the blank; Ac is the absorbance of 15 µL of the ALP solution; fa is the fraction 
of ALP adsorbed onto PCC (Eq. 1); and the total sample volume of each absorbance 
solution was 80 µL.  
 

]^_` =
>abbc>d

ef(>bc>d)
  Eq. 2 



 

Ph.D. Thesis – Yuanhua Li            McMaster University – Chemical Engineering 

 91 

  

ALP Catalyzed Color Generation on PCC Media. The ALP catalyzed conversion 
of yellow, soluble NBT to NBTF, a purple precipitate, was performed on 2 mm 
wide printed PCC1 media strips, as well as on 5 mm wide FP and NC strips. For 
more details of the color forming reaction see Figure S4.  ALP solution (20 µg/mL) 
was printed as a strip across the three FP, NC, and PCC1 media with the BioDot 
dispenser at a rate of 0.2 µL per mm at a position 10 mm beyond the beginning of 
the media strips. The PCC3-bound ALP dispersion (19 µg/mL of adsorbed ALP 
and 95 mg/mL of PCC3) was printed also at 0.2 µL per mm. The coverage 
(mass/projected area) of ALP was approximately the same for the three media types, 
however, the filter paper and NC strips had more ALP because the strips were wider 
than the PCC1 strips. 
 
5.5 mL of BCIP/NBT solution (see above) was added to a 65 mL cylindrical 
Drosophila vial (transparent polystyrene, 28.5 x 95 mm, VWR, 734-2265). The 
ALP spotted media was placed in the BCIP/NBT solution and left for two hours 
allowing the wicking solution to move past the ALP zone, to the end of test strips.  
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Results 

PCC Ink Properties. The inks consisted of three components, 15 wt% PCC, 1.1 wt% 
latex binder and 1 mM NaHCO3 aqueous phase, giving a dry composition of 93% 
wt% PCC and 7 wt% latex binder. Four PCC types were employed to obtain a range 
of properties. SEM images, specific surfaces area and particle size measurements 
of PCC particles used in this work are shown in Table 1. The mean agglomerate 
sizes were similar and the particle size distributions were broad for each of the four 
PCC types. The specific surfaces areas ranged from 3 to 9 m2/g, reflecting the 
variation in the shapes of the particles. 
 
Table 1 Some properties of the precipitated calcium carbonate (PCC).  

 PCC1 PCC2 PCC3 PCC4 

Product  
Name 

ViCALity 
Light 

ViCALity 
ALBAFIL 

ViCALity 
Extra Light  

ViCALity 
Light 

SEM 

    
Shape* Scalenohedral Prismatic Scalenohedral Cubic 
SSA 
(m2/g)* 

7.8 7 8.5 3.3 

Diameter 
(µm)** 

10%:2.3, 
50%:5.2, 
90%:9.9 

10%:2.2, 
50%:4.9, 
90%:9.6 

10%:2.1, 
50%:4.5, 
90%:8.4 

10%:1.8, 
50%:5.7, 
90%:12 

* information provided by supplier. ** percentile values from particle size 
distribution. 
 
The surface tension and viscosity values for the liquid inks are summarized in Table 
S1. The surface tensions ranged between 42 and 47 mN/m, suggesting the presence 
of some surface-active agents presumably from the latex binder. The viscosities 
were about 10 times higher than that of water, and in the range typically required 
for printing with the BioDot printer. 
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Printing of PCC Media. Media printing was performed with a BioDot XYZ3060. 
Figure 1 shows a drawing of the printing process and a photograph of a PCC ink 
being printed onto a clean glass coverslip. The translation stage, supporting the 
coverslip, moves as ink is extruded from the dispensing tube tip. Additional 
photographs of a printed PCC2 strip and a cross-section of PCC1, both after drying, 
are shown in Figure S5.  
 
 

  

  
Figure 1 Schematic and a photograph of media dispersion being printed on a 
glass coverslip using the BioDot XYZ3060. The photograph along the bottom shows a 
dry strip of PCC1 media on glass sitting on a black background.  

 
The quality of the printed media was sensitive to the PCC concentration in the ink.  
Above PCC contents of 15 wt%, the cross-sectional profiles developed lobes along 
the edges and the buffer wicking fronts were not uniform – see Figure S6. Glass 
was chosen for the supporting surface because it gave good adhesion to the 
PCC/latex composite without excessive spreading. The glass was non-porous and 
thus did not support independent capillary flow, and was rigid and uniform, a 
requirement for the BioDot printer.   
 
Media Characterization. Vertical wicking experiments with buffer and dodecane 
were used to characterize the porous media. The vertical wicking behaviors of the 
three PCC inks are compared with Whatman No. 1 filter paper (FP) and Millipore 
HF18002 Nitrocellulose (NC) in Figure 2. Note PCC3 results were not plotted as 
they superimposed on the PCC1 data. The NC gave the fastest wicking, followed 
by the filter paper. The wicking rate for PCC1 was a little slower than the filter 
paper, whereas PCC2 and PCC4 based media gave much lower wicking rates. Thus, 
the wicking kinetics can be controlled by varying the type of PCC. 
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Figure 2. Vertical wicking behaviors of three printed PCC media, Whatman No. 1 filter 
paper (FP) and a commercial nitrocellulose membrane (NC).  

 
The experimental wicking heights were linear functions of the square root of 
wicking time, a relationship predicted by the Washburn equation for wicking in 
capillaries. 19 The slopes of the time½ plots, which we call “Washburn slopes (Sw)” 
serve as a measure of wicking rates. Eq. 3 gives the expression for the Washburn 
slopes which are functions of the surface tension of the wicking fluid, g, the 
capillary radius, r, the contact angle, q, and the viscosity of the wicking fluid, h. 
The slopes of the experimental curves in Figure 2, as well as PCC3, are tabulated 
in Table 2.  
 

Di = j
; ∙ l ∙ cos K

2 ∙ q
 

Eq. 3 

 
Table 2 Properties of PCC-based media compared to filter paper and a nitrocellulose.*. 

 
Porous 

Medium 

Basis 

Weight 

(g/m2) 

Thickness 

(µm) 

Void 

Fraction 

Average 

Pore 

Diameter 

(nm) 

Water 

Contact 

Angle 

(deg) 

Reagent 

Capacity 

(mL/m2) 

Washburn 

Slope, Sw 
rs

r√t
u
vv

√w
x 

PCC1  43.8 23 0.214 670 79 4.92 1.69 
PCC2 41 18 0.060 640 81 1.07 1.46 
PCC3  41.3 20 0.148 460 75 2.95 1.66 
PCC4 34.7 15 0.045 170 82 0.67 0.72 
FP 87 180 0.705 - 22 20 127 1.89 
NC 56* 134 21 0.7 7 - 68 22   

50 23 
93 3.08 

 
* PCC media includes 7 wt% latex binder. FP is Whatman No.1 filter paper and NC 
is HF18002 Nitrocellulose.  “Basis Weight” is the dry mass per projected surface 
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area covered by the coating or paper sheet. “Reagent Capacity” is the total pore 
volume per projected surface area. The Washburn Slopes, Sw, were extracted from 
buffer wicking results in Figure 2. 
** based on the thickness, the void fraction and assuming the nitrocellulose density 
was 1.4 g/mL. 
 
Dodecane wicking experiments were also performed with PCC media (see Figure 
S7 in the supporting information). Because dodecane is a low surface energy fluid, 
we assumed the contact angle on calcium carbonate was zero and Eq. 3 was used 
to calculate the equivalent capillary diameter which represents an average pore 
diameter. The results, summarized in Table 2, show the average pore diameters 
varied from 170 nm to 670 nm for the PCC media. The pore diameters from 
dodecane experiments and the water wicking rates were used to calculate the 
corresponding water contact angles on the PCC media, using Eq. 3. The results in 
Table 2 showed contact angles varying over the narrow range of 75-82o. These 
water contact angles on PCC media are much higher than published values for 
cellulose but are only a little greater than nitrocellulose – see Table 2.  
 
Other properties of the four PCC media are compared to filter paper and 
nitrocellulose in Table 2. The “Basis Weight” is a paper technology term and is 
defined as the dry mass per projected surface area covered by the coating or paper 
sheet. The “Reagent Capacity” is pore volume per projected surface area. The NC 
and FP media were ten times thicker than our printed PCC-based media. Thick 
media is not necessarily an advantage as most visible colored products are in the 
first 10 µm (see page 9 in reference 7).  
 
The void fractions of the FP and NC substrates were also substantially greater than 
those obtained with the PCC media. Taken together the high thickness and void 
volumes of the NC and FP media result in very high reagent capacities (i.e. the total 
pore volume per projected surface area) compared to the PCC media. For situations 
with limited sample volumes or expensive reagents, high reagent capacities are not 
desired. 
 
Wicking experiments are also good indicators of reproducibility. Triplicate wicking 
experiments for PCC1, FP, and NC were performed and the results are shown in 
Figure S8. The slopes, mm/(time½), for the curves are PCC1 (1.81, 1.56, and 1.51), 
FP (1.74, 1.92, and 1.83), and NC (2.97, 2.98, 2.95). The NC media showed the 
least variation in slopes, with FP and PCC1 showing more variability. 
 
One of the most promising aspects of printed media is the ability to print devices 
with both high and low permeability zones in a single printing operation.  Figure 3 
shows a photograph of the three-zone device during a buffer wicking experiment. 
Also shown are the corresponding wicking heights as a function of the square root 
of the wicking time. Each media type gave linear segments, which is consistent with 
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the Washburn equation for laminar flow in capillary tubes. 19, 24 However, slopes of 
the three linear segments do not correspond to the values in Table 2, which were 
determined with 2 mm wide strips of constant composition. The first zone in contact 
with the reservoir was PCC1, and the Washburn slope for the first linear segment 
in Figure 3 was 2.48 mm/s0.5, much higher than 1.69 mm/s0.5 in Table 2, and close 
to that of nitrocellulose. The wide zone was prepared by printing multiple 2 mm 
wide strips. We suspect that the accelerated wicking is an artifact of the BioDot 
printing process. The photograph in Figure 3 suggests corrugations corresponding 
to the contact zones between parallel strips.  
 
The PCC2 slope in Figure 3 was 1.22 mm/s0.5

,
 which is a little less than 1.46 mm/s0.5, 

the value in Table 2.  Going from the PCC2 to the PCC4 zone, there was an 
expansion in the device width.  In this case Fu’s 25 results with chromatography 
paper predict a decrease in the PCC4 wicking slope as flow through the narrow 
section becomes rate limiting. The PCC4 wicking slope for 2 mm wide strips was 
0.72 mm/s0.5, whereas the slope for the PCC4 segment in Figure 3 was only 0.39 
mm/s0.5. Thus, device geometry, plus the low intrinsic wicking characteristic of 
PCC4 medium, contribute to the very slow wicking for the PCC4 zone in Figure 3. 
In summary, a large range of wicking speeds can be obtained by coupling complex 
geometries with multiple ink types in a single device.  
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Figure 3 Illustration of a wicking experiment with a device fabricated with 
three media types in a single printing operation. The media are supported on a thin 
glass coverslip (24 mm x 60 mm) that is invisible in the photograph. 

 
Demonstration Devices. The alkaline phosphatase (ALP) catalyzed reaction of 
BICP with NBT to give a purple precipitate was used to illustrate a color producing 
reaction on the PCC media. The reaction chemistry is summarized in Figure S4. 
The mixture of BICP + NBT was introduced by vertical wicking. Figure 4 compares 
the resulting PCC1 media to filter paper and nitrocellulose test strips. ALP solution 
(20 µg/mL) was printed as a strip across the three FP, NC, and PCC1 media with 
the BioDot dispenser at a rate of 0.2 µL per mm at a position 10 mm beyond the 
beginning of the media strips. If the ALP was immobilized in the media, a blue 
precipitate should be deposited near the ALP zone, whereas unreacted yellow NBT 
will be transported up the test strip. Filter paper gave a purple/blue band near the 
ALP zone. The nitrocellulose performed poorly with both yellow unreacted NBT 
and the blue product appearing at the top, suggesting that the ALP was not 
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immobilized on the nitrocellulose and/or was substantially denatured after printing. 
The PCC1 image in Figure 4 shows that in spite of being a thin, low porosity coating 
(see Table 2), the PCC1 gave a purple deposit that was similar to the deposit formed 
on the filter paper. The colour intensity on PCC1 media was impressive because the 
reagent capacity of the filter paper was 200 times greater than the PCC1 media (see 
Table 2), putting much more BICP + NBT reagent in the ALP zone. 
 

 
Figure 4 Images of dried media strips after performing the ALP catalyzed 
reaction of BCIP+NBT. The purple zones are the precipitated product of the ALP 
catalyzed reaction (for chemical structures see Figure S4) and the yellow color is dues 
to unreacted BCIP.   

The high affinity binding of ALP to PCC was confirmed by adsorption 
measurements. Figure 5 shows the adsorption isotherm with all but one point falling 
in the initial linear part of the isotherm. Taking PCC1 as an example, the maximum 
initial concentration of ALP was 20 µg/mL whereas after adsorption, the 
equilibrium residual solution ALP concentration was 1 µg/mL, indicating the 
surfaces bound strongly to ALP, but were not saturated with adsorbed ALP when 
using this initial ALP concentration.  
 
The activities of PCC1-bound ALP compared to ALP solutions of the same 
concentration were measured with the p-nitrophenol phosphate assay (chemistry 
shown in Figure S2) and activity, relative to the equivalent ALP solution, was 94 ± 
4%. We can therefore conclude that adsorption of ALP on PCC surfaces did not 
denature the enzyme. 
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Figure 5 The adsorption of ALP in DEA buffer onto four PCC samples. The 
error bars depict the standard deviation of triplicate measurements.  
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PCC-Immobilized ALP. The ability of PCC to immobilize ALP with little loss in 
activity suggested that instead of spotting ALP solution on media, the enzyme could 
be better fixed in place by spotting or printing a dispersion of PCC-immobilized 
ALP.  Figure 6 shows examples of the ALP color generation reaction when the ALP 
zone was obtained by printing ALP coated PCC3 (with no binder). Comparing the 
images in Figure 6 with the corresponding images in Figure 4, reveals the purple 
zones were more intense when the ALP zones were printed with PCC-treated ALP. 
Presumably the ALP was better immobilized when pre-adsorbed on PCC3. Also, 
the PCC-bound ALP should be more concentrated near the media surfaces 
compared to printing an ALP solution. 
 

 
 
Figure 6 The ALP assay on FP, NC and PCC1 media. ALP was pre-adsorbed 
onto PCC3 particles dispersed in buffer (no latex binder). The PCC3-ALP dispersion 
was printed across the FP, NC and PCC1 media strips to create the ALP zones.  

  

Discussion 

The ultimate goal of our research is to develop printed lateral flow media as a 
technology platform that can be integrated into the continuous, automated 
manufacture of lateral flow devices. Mixtures of commercial, colloidal PCC and 
latex binders gave inks that dried to form reproducible porous media whose wicking 
properties depended upon the colloidal PCC particle packing characteristics which, 
in turn, were determined by the shapes of the particles.  
 
PCC is a particularly attractive material for biosensor applications because PCC 
materials form a family of synthetic, uniform, calcium carbonate products widely 
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available because of their widespread use, including as paper fillers and food 
additives.  Comparing PCC with FP and NC, PCC surfaces are negatively charged26 
as are FP 27 and NC. 28 Published surface energies of calcium carbonate span a wide 
range (e.g. 28 29 to 45 30 mJ/m2) which suggests the PCC media surface energies 
could be close to nitrocellulose, 38 mJ/m2 22, but less than cellulose (50 31, 59 mJ/m2 
20 ). Calcium carbonate has two limitations as a porous medium for lateral flow: 1) 
calcium carbonate dissolves under acidic conditions, limiting applications to pH 
values above 7; and, 2) phosphate ions interact strongly with calcium carbonate. 
For assays requiring acidic conditions or phosphate buffers, printed porous media 
based upon silica, titanium dioxide or surface coated PCC 32 may be more 
appropriate. 
 
Our printed media were prepared with a XYZ3060 Dispense Platform (BioDot Inc.), 
an excellent device for laboratory prototyping. Figure 1 shows the BioDot 
dispensing the PCC/binder suspension though a needle onto a moving glass surface. 
It is debatable as whether or not this was a printing process. As printable media 
move towards commercialization, we anticipate more conventional printing 
processes, such as screen, gravure, or flexography, could be used to manufacture 
complex shapes, with two or more inks giving variable wicking zones. Ultimately 
3D printing could provide Z-directional control of media properties. 
 
Towards Biosensor Prototypes. Herein we have shown that reproducible media 
spanning a range of lateral flow characteristics can be printed with PCC inks giving 
flat wicking fronts and good color presentation. The capability of using multiple 
inks giving multiple wicking rates in a single device is particularly promising. On 
the other hand, a number of issues have to be resolved or optimized before printed 
media are viable for lateral flow sensors. These issues include blocking, 
bioconjugation, printable wicking pads, and mechanical strength optimization. 
These are now briefly discussed. 
 
There is much literature describing the binding interactions of amino acids, proteins 
and DNA 33, 34 to calcium carbonate. Furthermore, the PCC surface characteristics 
and our ALP adsorption studies suggest that many biomacromolecules and reagents 
will display nonspecific physical binding to PCC. Non-specific adsorption is also 
an issue with nitrocellulose and cellulose. Blocking strategies will have to be 
developed for PCC media. One interesting possibility is to adsorb blocking agents 
onto the PCC surfaces before printing the media. This could facilitate varying the 
presence or nature of the blocking spatially along the sensor. 
 
The bioconjugation chemistries used to fix reagents to nitrocellulose or cellulose 
are unlikely to be suitable for PCC or other inorganic surfaces. Other approaches 
do exist. For example, calcium carbonate treatment with titanium chloride 
complexes with acrylamide or with 6-aminohexyl phosphate have been used for 
bioconjugation. 35  
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Lateral flow devices often have highly porous sample addition pads and wicking 
pads to drive flow. The goal of a completely printable biosensor requires that such 
zones should also be printable. Thus, printable hydrogel or high void fraction 
printable porous media need to be developed in order to produce a fully printed 
LFD. 
 
Finally, filter paper and nitrocellulose membranes are robust. Our printed porous 
media supported on rigid glass were sufficiently strengthened with binder to 
perform our experiments. However, stronger PCC media may be required if the 
supporting material is a flexible film. If necessary, we propose that stronger PCC 
media can be achieved by optimizing the binder type and content. 
 

Conclusions 

To the best of our knowledge this work is the first example of a printed porous 
medium targeting use in lateral flow devices. Our results show that effective lateral 
flow media can be printed using a suspension of calcium carbonate particles and a 
latex binder, and that the lateral flow characteristics of the printed media can be 
varied within a specific device by using different types of calcium carbonate 
particles in different zones of the device.  The final printed media are thin (~ 20 µm) 
layers that can strongly adsorb proteins such as ALP, and the adsorbed protein 
retains high activity to give strong color signals, while using less reagent compared 
to conventional paper or nitrocellulose media. Finally, we demonstrate that PCC 
can act as carrier particles for bioactive proteins (ALP), giving enhanced 
immobilization when spotted or printed on porous media, with no loss in activity.  
Taken together, this initial proof-of-concept work lays the foundation for the 
development of a range of biosensor prototypes, although significant work remains 
to address issues such as non-specific binding, bioconjugation and the currently 
limited operational pH range.  Work in these areas will be reported in future 
manuscripts. 
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Supporting Information 

  
Table S1 Some properties of the liquid PCC inks (PCCs + latex) 

 

Inks Surface tension  
(mN/m) 

Viscosity  
(mPa∙s) 

PCC1 43±0.2 7.5±0.5 
PCC2 47±0.1 8.4±0.4 
PCC3 42±0.1 6.5±0.6 
PCC4 45±0.1 9.0±0.7 

 

  

 
 
Figure S1 Photographs of the XYZ3060 Dispense Platform, Biodot Inc. 
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Figure S2 The p-nitrophenol phosphate assay for measuring the relative 
concentrations of active ALP 

 

 

 

Figure S3 A schematic summary of the p-nitrophenol phosphate determination of 
ALP. 
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 Figure S4 The ALP catalyzed reaction of BICP with NBT to give a purple 
precipitate (i.e. the ALP assay). Note NBT is yellow. 

 

 

 

 
Figure S5 Left - top view, transmission optical micrograph of the starting end of 
the media sensor. Right - optical micrograph of media cross section.  
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Figure S6 The influence of ink solids contents on profile shape and wicking 
behaviors. 
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Figure S7 Dodecane wicking results for the four PCC-based media. 
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Figure S8 Illustrating the reproducibility of the printable media in comparison 
with FP and NC porous membranes. 

Index Graphic 
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Chapter 6  

My Contributions 

 
Many of the traditional lateral flow biosensor manufacturing processes are manual: 
membranes must be cut from rolls, treated, and assembled using a step-by-step 
process. Thus, there is a pressing need for a more accelerated production method. 
To address this need, this research has developed the first lateral flow biosensor to 
use printable porous media as a substrate. Furthermore, this work also investigated 
and elucidated the clogging mechanisms that tend to arise when attempting to print 
expensive reagents onto substrates. Overall, this work’s major contribution is the 
development of a promising automated production process for lateral flow 
biosensors:   
 

1. A rapid process for screening potential pigments and polymer binders for 
printing was developed. This process included: (1) using a robot dispenser 
to prepare all formulations; (2) coating different inks on wax-patterned and 
plasma treated films in parallel; and (3) measuring the wicking distance in 
all formulations. Based on the coating coverage results from nine hundred 
samples, inks with a pigment content of at least 12 wt% were found to be 
able to fully cover the surface. In addition, the wicking experiment results 
showed that polyvinyl alcohol’s swelling ability allowed it to reduce the 
liquid wicking distance to a greater degree than the non-swellable latex 
binders.  
 
2. This research is the first to document the use of printable porous media 
as substrates in lateral flow devices. The porous media can be printed using 
inks consisting of different types of calcium carbonate particles and a latex 
binder, which provides various lateral flow characteristics. Furthermore, 
complex patterns can be obtained through direct printing without printing 
barriers. The final printed media were thin (~ 20 µm) layers that were able 
to effectively adsorb proteins such as alkaline phosphatase (ALP). 
Meanwhile, compared to conventional membranes, the adsorbed proteins 
retained a high level of activity. This research also demonstrate that 
precipitated calcium carbonates can act as carrier particles for bioactive 
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proteins (ALP). This provides enhanced immobilization when spotted or 
printed onto porous media, while ensuring no loss in activity. 

  
3. This research also provides the first demonstration that colloidally stable 
ink particles can induce air clogging in inkjet printheads. This finding was 
supported by the novel observation that clogging did not occur when ink 
was pumped using a steady flow but did occur when normal piezoelectric 
jetting. These nanoparticles, which varied in terms of particle size, surface 
charge, and softness, were regarded as models for many biomaterials. 
During the inkjet printing process, hydrophobic cationic polystyrene 
nanoparticles adhered on printhead surfaces as a sub-monolayer, which 
caused and promoted air entrainment within interior printhead surfaces. As 
a result, the trapped air bubbles clogged the nozzles. Thus, alternate surface 
chemistries for the printhead and ink particle surfaces may be required to 
print hydrophobic ink materials. 

 
4. Finally, this research identified the conditions under which silica sol inks 
can be printed with minimal inkjet clogging. Silica sols are reactive under 
acidic conditions, which causes the formation of multilayer deposits on the 
internal surfaces of the printhead that continue to grow throughout with 
printing period. As this work showed, the vibration of the piezoelectric layer 
causes the deposited silica sols to detach from the surface, which leads to 
nozzle clogging when the size of silica particles exceeds the size of the 
nozzle. To mitigate this issue, an optimal printing pH of 3.1 is recommended 
for silica sol, as this pH level should enable reduced nozzle clogging while 
still allowing enzymes to be immobilized onto the media in the lateral flow 
biosensor. 
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