Open Access Atrticle. Published on 24 May 2021. Downloaded on 7/31/2025 9:56:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Analyst

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Analyst, 2021, 146, 4033

Received 2nd May 2021,
Accepted 17th May 2021

DOI: 10.1039/d1an00778e

rsc.li/analyst

1. Introduction

3D printed imaging platform for portable cell
countingt

Diwakar M. Awate,? Cicero C. Pola,? Erica Shumaker,? Carmen L. Gomes @2 and
Jaime J. Juarez (O x2b

Despite having widespread application in the biomedical sciences, flow cytometers have several limit-
ations that prevent their application to point-of-care (POC) diagnostics in resource-limited environments.
3D printing provides a cost-effective approach to improve the accessibility of POC devices in resource-
limited environments. Towards this goal, we introduce a 3D-printed imaging platform (3DPIP) capable of
accurately counting particles and perform fluorescence microscopy. In our 3DPIP, captured microscopic
images of particle flow are processed on a custom developed particle counter code to provide a particle
count. This prototype uses a machine vision-based algorithm to identify particles from captured flow
images and is flexible enough to allow for labeled and label-free particle counting. Additionally, the par-
ticle counter code returns particle coordinates with respect to time which can further be used to perform
particle image velocimetry. These results can help estimate forces acting on particles, and identify and
sort different types of cells/particles. We evaluated the performance of this prototype by counting 10 um
polystyrene particles diluted in deionized water at different concentrations and comparing the results with
a commercial Beckman-Coulter Z2 particle counter. The 3DPIP can count particle concentrations down
to ~100 particles per mL with a standard deviation of +20 particles, which is comparable to the results
obtained on a commercial particle counter. Our platform produces accurate results at flow rates up to
9 mL h™ for concentrations below 1000 particle per mL, while 5 mL h™ produces accurate results above
this concentration limit. Aside from performing flow-through experiments, our instrument is capable of
performing static experiments that are comparable to a plate reader. In this configuration, our instrument
is able to count between 10 and 250 cells per image, depending on the prepared concentration of bac-
teria samples (Citrobacter freundii; ATCC 8090). Overall, this platform represents a first step towards the
development of an affordable fully 3D printable imaging flow cytometry instrument for use in resource-
limited clinical environments.

focusing to align cells and direct them to pass through a laser
spot where a detector collects scattered light for the purpose of

The emergence of infectious diseases has been recognized for
millennia, well before the discovery of their causative agents."
Despite major advances in developing countermeasures such
as diagnostic tools, therapeutics and vaccines, global pan-
demics remain a serious risk to human health which places an
enormous economic burden on resource-limited countries and
rural areas. Flow cytometry is one tool that is widely used by
medical professionals to study and identify potential
pathogens.>® These instruments rely on hydrodynamic flow
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counting cells and quantifying biomarkers.”> While flow cyt-
ometers have found widespread use in the biomedical
sciences, there are several limitations that prevent their appli-
cation to point-of-care (POC) diagnostics in resource-limited
environments. First, flow cytometers are large, sensitive instru-
ments that require access to lab facilities, highly trained per-
sonnel, and cost ~$50K US dollars.® And second, cells often
require chemical labeling before introducing a sample to the
flow cytometer,” which increases processing time and cost for
handling samples.

3D printing represents one method to reduce the cost of
POC devices and improve their accessibility in resource-limited
environments that lack ready access to machining facilities.
Parts manufactured by 3D printing are fabricated layer by
layer, which means that there is little to no excess waste
material. Furthermore, the speed at which 3D printed com-
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ponents can be fabricated make this process cost-effective. The
application of 3D printing to POC device fabrication includes
optofluidic platforms that operate as a flow cytometer and
perform quantitative measurements of red and white blood
cells®® or particles.’® A 3D-printed electrochemiluminescent
immunoarray that can detect two proteins simultaneously
from complex liquid samples with high sensitivity and selecti-
vity for cancer diagnostics."’ An autonomous 3D-printed plat-
form is able to perform DNA loop-mediated isothermal ampli-
fication (LAMP) and acoustic detection at the POC directly in
crude samples with the use of a smartphone.'” A 3D-printed
microfluidic reactor array capable of carrying out extraction,
concentration and isothermal amplification of nucleic acids in
variety of body fluids to allow rapid molecular diagnostic tests
for infectious diseases at POC."> A 3D-printed portable POC
device was also developed to magnetically separate and
analyze biological samples.'*"® The examples of 3D printed
platforms described here highlight the utility of this manufac-
turing process for creating a wide variety of POC devices.

Despite the advantages offered by 3D printing to POC
device development, there remain opportunities for improve-
ment. For example, many of the 3D-printed platforms
described above rely on sample labeling,'®'” which increases
assay cost and processing time. Reliance on sample labeling
can be reduced or eliminated by wusing optical video
microscopy to identify samples. Imaging flow cytometry plat-
forms have advanced to the point where we can distinguish
between cell types'® or identify specific cellular structures®
and automate the process of scanning samples for a wide array
of cytometric parameters.>* However, combining 3D-printed
POC devices with imaging flow cytometry offers its own
unique set of challenges. In an effort to maintain portability,
3D-printed POC devices often rely on smartphone cameras
that feature built-in software that cannot be disabled and will
create image artifacts that cannot be corrected for.>! Utilizing
smartphones for imaging flow cytometry risks sacrificing sen-
sitivity and accuracy when compared to conventional labora-
tory microscopes. Furthermore, attaching an excessive number
of accessories to smartphones for POC purposes can make the
device unwieldy, which leads to a loss of assay accuracy.*?

In this paper, a 3D-printed imaging platform (3DPIP)
capable of accurately counting particles is introduced. This
platform combines conventional microscopy optics and a low-
cost machine vision camera with 3D-printed attachments to
overcome the limitations of smartphone-based POC devices. At
an estimated material cost of $1.4K US dollars, this platform is
a cost-effective alternative to a commercial particle counter,
which costs approximately $17K US dollars. Our 3DPIP is
capable of counting particle concentrations down to 124 par-
ticles per mL with an accuracy of +20 particles at a flow rate of
1 mL h™". Our results show that this accuracy is maintained
for flow rates up to 5 mL h™". Furthermore, by analyzing 10 pm
polystyrene and 1-5 pm sized bacteria, we also show that our
platform is able to image a wide range of particle dimensions.
The 3DPIP is not only accurate, inexpensive and portable, but
also its reliance on direct imaging of particles means that we
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do not rely on complex sample preparation methods. Overall,
this platform represents a first step towards the development
of an affordable fully 3D printable imaging flow cytometry
instrument for use in resource-limited environments.

2. Materials and methods

3D-printed optomechanics

The 3DPIP was designed to be compatible with a FLIR Blackfly
machine vision camera (Model BFLY-U3-23S6M, FLIR Systems,
Wilsonville, OR). As shown in Fig. 1, the 3D-printed assembly
for the platform consists of a camera tube, two camera tube
holders and a flow cell holder. Images of our platform are also
shown in Fig. S1 in the ESI.{ These components were designed
using CAD software (SolidWorks, Waltham, MA). Using 3D-
printed parts means that our platform is lightweight and por-
table, which allows for easy assembly and component modifi-
cation. The components were printed using the fused filament
fabrication method on a LulzBot Taz6 3D printer (FAME 3D,
Fargo, ND) with 3 mm acrylonitrile butadiene styrene (ABS)
filament sourced from Keene Village Plastics (Barberton, OH).

The custom lens tube (O.D. 30.47 mm; 86.2 mm long) was
designed to accommodate two threaded 30 mm cage plates
(part number CP33, Thorlabs, Newton, NJ) on both ends.
These cage plates were used to mount a 10x objective lens
(part number PL10X-INF-V300, AmScope, Irvine, CA) and the
Blackfly camera. The camera tube was supported by two
support structures (91.44 mm tall) which were fixed on a
linear stage (part number TSX-1, Newport, Irvine, CA) using
6 mm screws. The flow cell holder was designed to hold the
flow cell vertically using a half rectangle-shaped slot. The flow
cell holder’s base was screwed into a linear stage to keep the
flow cell stable and enable translation during the experiment.
For the purposes of the experiments described here, we placed
the 3DPIP on an optical table, which served as a stable, level
surface for experiments. However, these components can
easily be placed on an optical breadboard for portability.

Optical components

The optical components include a 10x objective lens, the
Blackfly camera, and a white LED table lamp (part number
8541999294, Luxjet, Shenzhen, China). The 10x objective lens
was mounted to the tube with a 30 mm cage plate using a
threaded adapter (part number SM1A3, Thorlabs, Newton, NJ).
The Blackfly camera was mounted to the opposite end of the
lens tube with another 30 mm cage plate and threaded adapter
(part number SM1A39, Thorlabs, Newton, NJ). The lens tube
assembly was mounted on two supports as shown in Fig. 1
and affixed to a linear translation stage to allow for image
focusing. The flow cell holder was affixed to another linear
translation stage and a lab jack to allow for more degrees of
freedom when focusing on particles in the sample. While the
linear translation stages and the lab jack were not 3D-printed
for this experiment, files for printing such elements are readily
available for free at Thingiverse.com.?>** The light source was
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Fig. 1 A schematic representation of the 3D-printed imaging platform (3DPIP) set-up used in our experiments.

clamped to a nearby ring stand and could be powered either
through a USB cable or a 120 V adapter. Future iterations of
the 3DPIP will focus on developing a fully 3D printed enclo-
sure to improve portability.

Fluorescence microscopy

Additional lighting and filter components were added to make
the 3DPIP capable of fluorescence imaging in static
microscopy mode. In this static imaging configuration shown
in Fig. 1, stationary fluorescent particles sandwiched between
a glass slide and cover glass can be imaged. A single blue LED
(Ltvystore Blue 12 V DC prewired LED) was used to excite the
fluorescent sample. The LED was powered by a 9 V battery
(AmazonBasics 9 V alkaline battery) placed inside a battery
holder case (LMPVPATH 9 V battery case) with a slide switch to
avoid any high-power drain of the LED. This LED was
mounted on a tool stand (HFS magnetic base metal test indi-
cator holder) to direct the LED light towards the fluorescent
sample. The fluorescence emission from the sample passes
through a yellow plastic absorption filter (Edmund Optics 47-
616, 500 nm x 25 mm OD2 longpass filter) placed behind the
objective lens to remove the scattered excitation light and
provide a dark-field background required for fluorescent
imaging. The fluorescent images can be capture by the
Blackfly camera and further digitally processed as required.
Additionally, this fluorescence microscopy setup allows the
illumination light source (LEDs) and the plastic absorption
filter to be easily modified to accommodate a wide range of
fluorophores, which results in 3DPIP capable of imaging fluo-
rescent samples with  different excitation/emission
wavelengths.

Fabrication of the flow cell

The flow cell used in the experiments was fabricated using
1 mm square capillary tubes (part number 8100, VitroCom,
Mountain Lakes, NJ). The capillary tubes were cut into 50 mm
length and glued to a 50 mm x 75 mm glass slide (part
number 12-550C, Fisher Scientific, Waltham, MA) with the
capillary tube centered on the slide as shown in Fig. 1. Both
the capillary tube and the glass slide were cleaned with an
alcohol wipe prior to gluing these items together. Two

This journal is © The Royal Society of Chemistry 2021

18-gauge syringe needles (part number 901-18-100, CML
Supply, Lexington, KY) were glued to either end of the capillary
tube to act as injection and outlet ports for the sample. The
adhesive used for the flow cell fabrication was 5-minute epoxy
(part number 4YKT2, Grainger, Lake Forest, IL). After gluing
all the components together, the flow cell was left undisturbed
for 24 hours to allows the epoxy to cure at room temperature.

3DPIP cost analysis

Obtaining accurate cost estimates for most POC devices is
often challenging because different methodologies are often
applied to determine this information.>” In order to minimize
ambiguity in our cost analysis, the prices of the laboratory
equipment listed in the preceding sections of this article are
listed in Table 1. The price of 3D components is estimated by
multiplying the cost of ABS stock (~33’ per gram) times the
mass of the printed structures. The cost per experiment is esti-

Table 1 A cost analysis of the 3D-printed imaging platform. The cost
per use does not include the cost of sample preparation or the laptop
used to run the camera

Item Cost
Device cost

FLIR Blackfly S camera $520
10x objective lens $64.80
Advance 1200 syringe pump $694.99
White LED table lamp $15.99
Camera tube $0.71
Camera tube supports $0.75
Cage plates and threaded adapters $71.98
Flow cell holder $0.34
Flow cell $0.78
Magnetic base tool stand $21.45
Blue LED $0.20
9 V battery $1.37
Battery case $1.79
Total device cost $1395.15
Per-use costs

Syringe $0.23
Syringe needle $0.17
Centrifuge tube $0.61
Total costs per-use $1.01
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mated to be ~$1 for consumables, which excludes the cost of
sample preparation. In total, the estimated cost of the 3DPIP is
approximately $1395 US dollars, including the additional com-
ponents required for fluorescence imaging capabilities. This
cost estimate indicates that the 3DPIP is an order of magni-
tude less expensive than a research grade particle counter or
fluorescence microscope. This cost analysis does not include
the cost of a laptop, which is needed to capture video from the
Blackfly camera. The flow cell can be reused after following
proper sterilization protocol.*® The items listed in Table 1
show the cost of individual parts and supplies that can be
obtained in the United States without institutional discounts.
Researchers may utilize this list to identify similar items avail-
able in their regions to replicate this platform.

Polystyrene sample preparation

Initial experiments were performed using 10 pm diameter
polystyrene beads (part number Polystyrene 118, Phosphorex,
Hopkinton, MA) with a reported concentration of 10 mg mL ™",
A stock sample of particles was prepared by adding 4.6 pL of
polystyrene beads directly from the manufacturer’s bottle to
4 mL of deionized (DI) water sourced from an ARIES High
Purity Water System with a 0.2 pm filter (Aries Filterworks,
Camden, NJ). The sample was kept in a 15 mL centrifuge tube
until further use. Based on the reported concentration, this
sample was expected to contain an approximate particle con-
centration of 21000 particles per mL. The concentration of
this sample, along with all other samples prepared for our
experiments, was validated using a Beckman-Coulter Z2 par-
ticle counter.

The stock solution of 21 000 particles per mL was diluted
down by taking one part stock and adding to two parts DI
water to produce a concentration of 7000 particles per mL.
This process was repeated with the 7000 particles per mL
sample to create a 2333 particles per mL sample, followed by a
778 particles per mL sample using the 2333 particles per mL
sample. Each of these concentrations were tested in triplicate
at a flow rate of 1 mL h™". The operating limits of the system
were also tested by examining each one of the samples in
triplicate with three additional flow rates (5 mL h™", 9 mL h™",
13 mL h™"). The sample was placed on a vortex mixer for 45
seconds prior to the start of each experiment. Each sample was
then drawn into a 10 mL syringe (Becton-Dickinson, Franklin
Lakes, NJ) and pumped into the flow cell using a syringe
pump (Advance 1200, CellPoint Scientific, Gaithersburg, MD).

Bacteria sample preparation

Gram negative bacteria Citrobacter freundii (ATCC 8090) were
used to evaluate the 3DPIP’s particle counting capabilities in a
clinical setting. Bacteria stored at —80 °C were revived twice in
Tryptic Soy Broth (TSB, Hardy Diagnostics, Santa Maria, CA)
and incubated at 35 °C for 24 h. Next, the bacteria were
streaked on non-selective culture media Tryptic Soy Agar (TSA,
Hardy Diagnostics, Santa Maria, CA) and incubated at 35 °C
for another 24 h. Isolated colonies were selected from the TSA
media and suspended in sterile phosphate buffered saline (1x
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PBS, pH 7.4, Alfa Aesar, Tewksbury, MA). The bacterial suspen-
sion was adjusted according to the 0.5 McFarland standard
solution turbidity, resulting in an initial concentration of
approximately 1.5 x 10® CFU per mL (colony forming units per
milliliter). Then, 2 pL of BactoView™ fluorescent staining solu-
tion (Biotium, Fremont, CA) was added to 1 mL of the bacteria
suspension and incubated at 37 °C for 30 min. Next, the
stained bacteria suspension was centrifuged at 3073g-force for
5 min and the stained bacteria cells were resuspended in 1x
PBS. Serial dilutions were performed and evaluated using the
3DPIP.

Particle imaging parameters

The samples that passed through the flow cell were imaged
through a 10x objective lens. Video of this process was
recorded with the Blackfly camera using FlyCapture SDK soft-
ware, which is freely available through FLIR’s website.”” Video
was captured for a period of 300 seconds at a rate of 14 frames
per second. The pixel resolution for this system depends on
the objective lens used in the experiments. Using a stage
micrometer, the resolution was found to be 2.5 pm per pixel
for a 10x objective lens and 0.63 pm per pixel for a 40x objec-
tive lens. These values represent the smallest resolvable object
in the field. Thus, a wide variety of particles sizes can be
resolved by changing the objective lens used in the experi-
mental set up.

A particle tracking code, written in MATLAB (MathWorks,
Natick, MA) and based on well-established algorithms,*® was
used to process the video and identify particle centers. The
tracking algorithm was used to count the number of particles,
N, imaged during the video duration. The concentration (c) for
each sample was then calculated using the flow rate (Q) and
total experimental time (Zeyp), using the following equation, ¢ =
N/Qtexp- An open source particle image velocimetry software
package, PIVLab,?>*° was also used to calculate particle vel-
ocities for the different flow rates examined in this study.
These analyses highlight one of the key advantages of the
present system, which is the possibility to use software to cal-
culate fluid sample properties (e.g., particle velocities and
intensity) that may not be directly accessible using convention-
al particle counting instruments.

3. Results and discussion

The initial set of experiments consisted of measurements
using four different expected concentrations (21 000 particles
per mL, 7000 particles per mL, 2333 particles per mL, and 778
particles per mL). We performed measurements on each of
these concentrations using the 3DPIP with a flow rate of 1 mL
h™'. The results, summarized in Fig. 2, show that our platform
measured a concentration that was ~5 times less than initially
expected (based on supplier information). We repeated our
experiments using a commercial particle counter (Beckman-
Coulter Z2 particle counter) and obtained concentrations that
were similar to those measured by the 3DPIP. The consistency

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 The actual sample concentrations (particles per mL) measured
using the 3DPIP (red circles) and a commercial particle counter (black
triangles). The inset shows the standard deviation for both instruments
(n=3).

of these results suggests that, rather than arising from an arti-
fact of sample preparation, the concentration from our particle
stock is closer to 2 mg mL™" instead of 10 mg mL™". This
means that the concentrations we measured on the 3DPIP
were 4432 particles per mL, 1663 particles per mL, 492 par-
ticles per mL and 124 particles per mL. The lowest concen-
tration measured by the 3DPIP is comparable to the ~100 par-
ticles per mL limit of detection reported for optical particle
counters in the literature.>" These results also show that the
3DPIP has a smaller standard deviation in comparison to the
commercial particle counter, indicating these measurements
are highly precise. The spread in the data collected on the
commercial particle exhibit a wider distribution at concen-
trations above ~500 particles per mL. Below this limit, the
spread of the data drops to approximately 20 particles per mL
or less for both the 3DPIP and the commercial particle
counter.

The impact of the flow rate on the accuracy of the measure-
ments was also examined. The results of these experiments,
shown in Fig. 3, illustrate that samples run through the 3DPIP
almost always exhibit higher counts than the expected concen-
trations (4432 particles per mL, 1663 particles per mL, 492 par-
ticles per mL and 124 particles per mL) based upon our results
from Fig. 2. The 5 mL h™' experiments exhibit the lowest
average percent error (~6.3%) when compared to the expected
values. The other flow rates examined here, 9 mL h™' and
13 mL h™', exhibited higher average percent error values of
14.1% and 27.1%, respectively. As a general trend, the increase
in error correlates with the increase in flow rate. Given the
narrow standard deviation observed in these samples and the

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

R L o e e o L

6000 -
= - e 5mlL/r ¥
[= ¥ e  9mlL/hr 1
B [ v 13 mlhr g ]
O 4500 b ——— Expected Conc. } ]
.0 - Ve -
+ L 4 -
@ i Pid ]
& - - .
. = I -
G 3000 - _
C K Ve J
8 i !// i
- - <% Expected Conc. 1
o 1500 |- Vs 0 1000 2000 3000 4000 5000 |
=] B 7 _100 MRS R LS LS IR TR 1
7] [ 7 3 s0f 3]
S _ /E’ a o—:{ l i1
s 0 S w0t Ege
: 100 1 1 1 1 1 3 :

A EPPETET U EPEPEET B EPETT BT

0 1000 2000 3000 4000 5000
Expected Conc. (particles/mL)

Fig. 3 Concentration of samples measured using the 3DPIP compared
to the expected concentration measured in Fig. 2 for three different
flow rates. Inset shows the standard deviation of the measurements
(n = 3).

systematic correlation between error and flow rate, it is
believed that this error is not caused by sample preparation. If
this was the case, then larger variations should be expected
between samples. Another possibility is that the flow rates
reported by the syringe pump are not accurate. This possibility
is explored in the next section. A third possibility is related to
image blurring effect. This effect is an image artifact that
arises from a mismatch between the rate at which images are
captured and the rate at which a particle travels across the
frame.?? Light scattering caused by the transport of particles at
higher flow rates might cause temporary bright spots to
appear in the frame. These bright spots could potentially regis-
ter as unique particles, which artificially increases the count.
These effects could be mitigated by using a camera with a
higher frame rate capability and improved flow cell lighting,
both of which could increase the cost of the 3DPIP.

Particle image velocimetry

Particle image velocimetry (PIV) was used to examine the
possibility that fluctuations in sample flow rate was respon-
sible for the error observed at elevated flow rates. The data col-
lected at a concentration of 3000 particles per mL for flow
rates of 1 mL h™, 5 mL h™, 9 mL h™" and 13 mL h™" were
used for this analysis. An open-source PIV software
package®*?° was used to calculate the average velocity at each
flow rate. Fig. 4 shows that sample analyzed at 1 mL h™" exhi-
bits the smallest variation in measured average velocity, while
the other three flow rates exhibit larger variations. In the ESIL,
a developed model is presented showing the relationship
between average particle velocity and flow rate, using eqn (1).

Upavg = kQ/A — us (1)
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Fig. 4 The average particle velocity as a function of flow rate measured
using PIV.

where u;, 5. 18 the average particle velocity measured using the
PIV analysis, k is a constant of proportionality related to capil-
lary geometry, Q is the flow rate, A is the cross sectional area of
the capillary, and u, is the Stokes settling velocity. For a 10 pm
polystyrene sphere, u is approximately 3 pm s, while A4 is
1 mm?* for the capillary tubes used in our flow cell. The best fit
to the data in Fig. 4 is obtained for a value of k = 1.49. For a
square capillary,®® the relationship between maximum fluid
velocity and flow rate is g max = 1.79Q/A.

Interestingly, there is a similarity between the factor k =
1.49 obtained in our experiments and the value of 1.79 derived
for the maximum velocity expression. This observation could
suggest that particles preferentially migrate towards the center
of the flow cell, an effect known as shear-induced migration.**
Under this interpretation, the particles will migrate towards
the center of channel where the shear stress is minimal. As the
flow rate is increased, the number of collisions between par-
ticles due to hydrodynamic interactions should also increase.*
The expected increase in collisions at higher flow rates could
explain the increase in error that observed in the data collected
the here.

Another possible explanation arises from the depth of cor-
relation of the imaging platform. The depth of correlation is a
measure of how deep an optical region can be observed
through an objective lens during a PIV experiment. The depth
of correlation can be estimated by eqn (2),***”

deore = 2 {Lﬂ (f#2d2 4595 L 1)2102f#4)} v (2)

where ¢ is a constant of order 0.01, f* is the fnumber of the
system, d is the tracer particle diameter, M is the microscope
magnification, and 4, is the peak wavelength of the light used
to illuminate the sample. The fnumber is defined®® as f* =
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(2tan §) !, where NA = n sin 6. The variable, NA, is the numeri-
cal aperture of the objective and n is the index of refraction of
the fluid. Assuming a value of 1, = 550 nm for white light, the
correlation of depth was estimated as approximately 168 pm
for our system. Thus, these PIV measurements represent the
average velocity at a central location within the capillary. Since,
the focus of the 3DPIP is not changed during experiments,
this means that the volume of fluid being interrogated is
limited to a depth of 168 pm. Imaging the same exact region
of interest between experiments is challenging. This issue
could lead to variations between experiments, which coupled
with increasing frequency of collisions between particles as a
function of flow rate can be another possible explanation for
the increase in error. Observing a limited volume within the
flow cell could also explain why such narrow particle concen-
tration distributions were observed in Fig. 2 compared to the
commercial particle counter.

Bacteria sample results

Bacteria samples were also tested to demonstrate the clinical
testing capabilities of the 3DPIP. Four different bacteria con-
centrations were tested with the 3DPIP: 10°, 10*, 10°> and 10°
CFU per mL. For each concentration, we took 2 pL of bacteria
stock solution and placed it in between two 50 mm by 75 mm
glass slides. The glass slides were then mounted to the flow
cell holder as shown in Fig. S3 in ESL{ The bacteria popu-
lation distribution in different parts of the glass slide was
observed using a 40x objective and it was found that the bac-
teria were evenly distributed. Further, bacteria distribution
images were captured using normal microscope mode and
fluorescent mode as shown in Fig. 5. The bacteria shown in
Fig. 5 range in size from 1 to 5 microns, which demonstrates
that the 3DPIP can image different sized particles. The details
of bacteria count results are provided in ESIL.{ According to the
observed results, approximately 10 + 1.0, 40 + 1.0, 150 + 4.5,
and 250 + 9.0 bacteria cells per image were found for the 10,
10*, 10°, and 10° CFU per mL samples, respectively. The bac-
teria samples had both live and dead bacteria along with
viable but non-culturable bacteria (VNBC) that were all stained
by the fluorescent die, consequently yielding much higher
number of cells than the numbers counted by plate count
using the culture media.>**°

Bacteria sample results validation

The bacteria sample count results were validated by counting
10 pm polystyrene bead samples on an Olympus
IX70 microscope by using the same measurement technique
used to count bacteria samples on the 3DPIP. The polystyrene
bead concentrations used for the validation were the same
ones used for the Coulter counter experiments (i.e., 111, 333,
1000 and 3000 particles per mL). Like with the bacteria count-
ing experiments, samples were dried on a glass slide prior to
counting. However, there were two key differences between the
validation experiments and the bacteria counting experiments:
(1) 200 pL of the sample was dried on a glass slide instead of
2 uL used for bacteria samples, and (2) an average of 15

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Bacteria images captured using normal microscope mode and fluorescent mode with the 3DPIP.
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Fluorescent Mode
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--

Fig. 6 Particle images captured using the 3DPIP (top row) and an Olympus IX70 (bottom row).

3000 particles/mL

Microscope

sample images was taken instead of 3 images. Despite these
two differences, the core particle counting method remains
the same. The details of particle count results are provided in
ESI.t Further, particle distribution images were captured using
the lab microscope and 3DPIP are shown in Fig. 6. The particle
count results for both 3DPIP and Olympus IX70 were found in
good agreement with the coulter counter results from Fig. 2,
which further validates our bacteria count results.

4. Conclusion

A compact and cost-effective particle counter prototype that
can count polystyrene particles and bacteria was demon-
strated. The prototype consists largely of 3D printed parts, a
10x microscope objective and a machine vision camera con-
nected to a laptop for data collection. Captured images from
experiments can be analyzed with a MATLAB code to get par-
ticle count.

The performance of this prototype was evaluated by count-
ing polystyrene beads diluted in deionized water at different

This journal is © The Royal Society of Chemistry 2021

concentrations (3000 particles per mL, 1000 particles per mL,
333 particles per mL, and 111 particles per mL). These experi-
mental results were then compared with a commercial particle
counter (Beckman-Coulter Z2) which showed a good corre-
lation. An additional set of experiments was performed to test
the performance of the prototype at different flow rates (5 mL
h™, 9 mL h™" and 13 mL h™"). The results indicated that par-
ticle count error tends to increase with the flow rate and
samples with 333 mL™' and 111 mL™' concentration fre-
quently show undercount due to the increased dilution.

The possibility of using the 3DPIP as a fluorescence micro-
scope with a few modifications was also demonstrated.
Additionally, bacteria samples were tested to show the clinical
testing capabilities of the 3DPIP. A small volume of each
sample was sandwiched between a glass slide and cover slide
then observed under normal microscope and fluorescent
mode using 3DPIP. The bacteria cells were found evenly dis-
tributed over the glass slide which was further used to calcu-
late the number of bacteria cells per mL of the sample. The
number of bacteria cells per image was counted manually and
then used to determine total number of cells spread over the

Analyst, 2021, 146, 4033-4041 | 4039
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glass slide. Approximately 10, 40, 150, and 250 bacteria cells
per image were found for 10°, 10%, 10> and 10° cells per mL
samples, respectively. In fact, these values are considerably
higher than the bacteria plate count results. However, the fluo-
rescent die used here stains both live and dead bacteria as well
as viable non-culturable (VBNC) cells present in the sample.
Hence, this difference was expected considering that the plate
counting technique only counts viable bacteria, which are
capable of forming colonies (i.e., colony forming units, CFU
per mL instead of total cells per mL).

The developed device offers many advantages due to cost-
effectiveness and can be incorporated into a carrying case that
is 3D printed or fashioned from aluminum or other materials
for improved portability. This 3D-printed portable particle
counter prototype costs around $1370 US dollars in materials
and equipment (provided that the user already has a laptop
computer) which is significantly lower than the cost of a com-
mercial Beckman Coulter counter ($16700 US dollars) or a
flow cytometer (~$50000 US dollars). With its simple label-
free sample preparation, our prototype could be used in
resource-limited field settings. Additionally, our system offers
an option to perform particle image velocimetry which is not
available with Beckman Coulter counter. Particle velocities can
be calculated using track data obtained from particle counter
code, using manual observation and PIVlab software. This PIV
data can be used to obtain forces acting on particles and
might further be useful in clinical applications like deform-
ability-based cell sorting®' or performing assays based on
measuring the mechanical properties of biomaterials.*> The
future work on this topic will focus on improving the portabil-
ity of our platform and expanding its diagnostic capabilities.
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