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Nearly 7% of the world’s population live with a hemoglobin variant. Hemoglobins S, C, and E are the most
common and significant hemoglobin variants worldwide. Sickle cell disease, caused by hemoglobin S, is
highly prevalent in sub-Saharan Africa and in tribal populations of Central India. Hemoglobin C is
common in West Africa, and hemoglobin E is common in Southeast Asia. Screening for significant hemo-
globin disorders is not currently feasible in many low-income countries with the high disease burden.
Lack of early diagnosis leads to preventable high morbidity and mortality in children born with hemo-
globin variants in low-resource settings. Here, we describe HemeChip, the first miniaturized, paper-
based, microchip electrophoresis platform for identifying the most common hemoglobin variants easily
and affordably at the point-of-care in low-resource settings. HemeChip test works with a drop of blood.
HemeChip system guides the user step-by-step through the test procedure with animated on-screen
instructions. Hemoglobin identification and quantification is automatically performed, and hemoglobin
types and percentages are displayed in an easily understandable, objective way. We show the feasibility
and high accuracy of HemeChip via testing 768 subjects by clinical sites in the United States, Central
India, sub-Saharan Africa, and Southeast Asia. Validation studies include hemoglobin E testing in Bangkok,
Thailand, and hemoglobin S testing in Chhattisgarh, India, and in Kano, Nigeria, where the sickle cell
disease burden is the highest in the world. Tests were performed by local users, including healthcare
workers and clinical laboratory personnel. Study design, methods, and results are presented according to

“Case Biomanufacturing and Microfabrication Laboratory, Department of
Mechanical and Aerospace Engineering, Case Western Reserve University, Cleveland,
Ohio 44106, USA. E-mail: umut@case.edu; Tel: +1 216 368 6447

bPhysical Intelligence Department, Max Planck Institute for Intelligent Systems,
Stuttgart 70569, Germany

‘Department of Medicine, Duke University Medical Center, Durham, North Carolina
27707, USA

“Division of Pediatric Infectious Diseases, College of Medicine, University of
Nebraska Medical Center, Omaha, Nebraska 68198, USA

‘Department of Health Management and Policy, University of Michigan School of
Public Health, Ann Arbor, Michigan 48109, USA

JeHealth Africa, Kano, Nigeria

$International Foundation against Infectious Disease in Nigeria, Abuja, Nigeria
"Bayero University, Aminu Kano Teaching Hospital, Kano, Nigeria

'Hasiya Bayero Pediatric Hospital, Kano, Nigeria

TMurtala Muhammad Specialist Hospital, Kano, Nigeria

KICMR-National Institute of Research in Tribal Health, Nagpur Road, Jabalpur,
482003 Madhya Pradesh, India

This journal is © The Royal Society of Chemistry 2020

lSirl’raj Thalassemia Center, Faculty of Medicine Siriraj Hospital, Mahidol University,
Bangkok 10700, Thailand

"Hemex Health, Inc., Portland, Oregon 97239, USA

"Thogus Products, Avon Lake, Ohio 44012, USA

°Division of Haematology/Oncology, Department of Pediatrics, Faculty of Medicine
Siriraj Hospital, Mahidol University, Bangkok, 10700, Thailand

PUniversity Hospitals Rainbow Babies & Children Hospital, Cleveland, Ohio 44106, USA
9Department of Pediatrics, School of Medicine, Case Western Reserve University,
Cleveland, Ohio 44106, USA

"University Hospitals Cleveland Medical Center, Cleveland, Ohio 44106, USA
*Department of Hematology and Oncology, School of Medicine, Case Western Reserve
University, Cleveland, Ohio 44106, USA

‘Division of Hematology and Oncology, School of Medicine, University of North
Carolina, Chapel Hill, North Carolina 27516, USA

“Department of Biomedical Engineering, Case Western Reserve University, Cleveland,
Ohio 44106, USA

TElectronic supplementary information (ESI) available. See DOI: 10.1039/
€9an02250c¢

Analyst, 2020, 145, 2525-2542 | 2525


www.rsc.li/analyst
http://orcid.org/0000-0003-1413-6139
http://orcid.org/0000-0002-7745-409X
http://orcid.org/0000-0003-3064-7342
http://orcid.org/0000-0001-7904-3377
http://orcid.org/0000-0002-5612-5246
http://orcid.org/0000-0001-9371-9409
http://orcid.org/0000-0002-0331-9960
http://crossmark.crossref.org/dialog/?doi=10.1039/c9an02250c&domain=pdf&date_stamp=2020-03-24
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9an02250c
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN145007

Open Access Article. Published on 02 March 2020. Downloaded on 1/24/2026 12:09:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Analyst

the Standards for Reporting Diagnostic Accuracy (STARD). HemeChip correctly identified all subjects with

hemoglobin S, C, and E variants with 100% sensitivity, and displayed an overall diagnostic accuracy of

98.4% in comparison to reference standard methods. HemeChip is a versatile, mass-producible microchip

electrophoresis platform that addresses a major unmet need of decentralized hemoglobin analysis in

resource-limited settings.

Introduction

Hemoglobin disorders are among the world’s most common
monogenic diseases. Nearly 7% of the world’s population live
with hemoglobin gene variants, with the most prevalent hemo-
globinopathies or structural hemoglobin variants being the
recessive f-globin gene mutations, p° or S, p¢ or C, and * or
E."” Hemoglobin S is highly prevalent in sub-Saharan Africa*
and in tribal populations of Central India.” Hemoglobin C is
common in West Africa,’ and hemoglobin E is common in
Southeast Asia.” Hemoglobin S results from a single point
mutation in the 6™ codon on the p-globin gene replacing the
normal amino acid glutamine with the hydrophobic amino
acid valine.® ' Sickle cell disease (SCD) causes the highest
morbidity and mortality among hemoglobin disorders."* SCD
arises when these mutations are inherited homozygously (Hb
SS or SCD-SS) or paired with another $-globin gene mutation,
such as hemoglobin C (Hb SC or SCD-SC) or p-thalassemia
(compound heterozygous, Hb Sp™¥*°). In SCD, abnormal
polymerization of deoxygenated hemoglobin S makes red
blood cells (RBCs) stiff, changes membrane properties, alters
shape, and triggers deleterious activation of inflammatory and
endothelial cells."*** Sickled RBCs are non-deformable and
15729 particularly in parts of
the body where the oxygen tension is relatively low, such as the
kidney or spleen.">'”*"**> Abnormally shaped RBCs result in
microvascular occlusion and a vicious cycle of enhanced sickling,
hemoglobin desaturation, and further vascular occlusion.”*™* In
childhood, recurrent splenic infarction from sickled RBCs
increases the risk for life-threatening infections.'®**>° In
addition, young children with SCD are at risk of life-threatening
cerebral vasculopathy.*® Afflicted patients who survive to adult-
hood can suffer both acute and chronic painful crises as well as
cumulative organ damage and early mortality.”**° Infections,
stroke, and numerous other SCD-related complications can be
mitigated by newborn/neonatal screening and comprehensive
medical care.**?"** Individuals who inherit one copy of hemo-
globin S and one copy of the normal hemoglobin A have sickle
cell trait (Hb AS or SCD Trait). These people are healthy carriers,
but have a 25% chance of transmitting SCD to their offspring.
Individuals who carry one copy of hemoglobin C or hemoglobin
pa*® and one copy of hemoglobin A may likewise transmit
hemoglobin C disease or thalassemia.>® Approximately 70% of
individuals with SCD have homozygous Hb SS and over 25%
have compound heterozygous Hb SC or Hb spa!*/° 8
Hemoglobin E is another common structural hemoglobin
variant, but it is unique in that it also decreases expression of

adhesive in the microcirculation,
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the p-globin gene.”?* Individuals with hemoglobin E trait (Hb
AE or Hb E Trait) are asymptomatic, and homozygous hemo-
globin E (Hb EE or Hb E Disease) causes a mild microcytic
anemia. However, hemoglobin E in combination with " (Hb
Ep™*/%) causes thalassemia of varying severity.*> Hemoglobin
SE disease is similar to Hb Sp™ in terms of clinical manifes-
tations and treatment, though uncommon due to the geo-
graphical separation of the S and E variants.”>”° With increas-
ing migration and inter-racial marriages, combinations of
these hemoglobin diseases are being encountered all around
the world.*>*® Regardless of their geographic origin, all of
these common hemoglobin variants need to be screened for,
so that individuals with disease can be diagnosed early and
managed timely. Newborn/neonatal screening, currently avail-
able in resource-rich countries, is needed for optimal manage-
ment of hemoglobinopathies worldwide.?”° For example, in
high-income countries, which have less than 1% of the global
disease burden, over 90% of babies born with SCD survive into
adulthood due to established national screening programs
and comprehensive care.”® In contrast, in low-income
countries, due to lack of nationwide screening and compre-
hensive care programs, up to 80% of babies born with SCD are
undiagnosed and less than half of them survive beyond 5 years
of age.”® More than 300 000 babies are born each year with
SCD, with 2-3 per 100 births in some high-burden countries
with expected under-5 mortality of 50-90%. It is projected that
by 2050, about 400 000 babies will be born with SCD annually
worldwide.***® Screening for hemoglobin disorders is not cur-
rently feasible in many low-income countries with the high
disease burden.*® For example, in Nigeria, 150 000 babies are
born with the disease every year.*’ An estimated 50-90% of
these babies die before age 5, in part because they are not
diagnosed and hence not treated.">*>™**

Hemoglobinopathy screening after birth is mandated by all
50 states in the United States and in the District of Columbia,
as well as in many other high-resource states, including The
United Kingdom and France.””™*° Newborn screening pro-
grams in the United States and other high-resource countries
typically involve collection and shipping of blood samples to
centralized laboratories.*>***" While decentralized blood
sample collection and centralized testing works in high-
resourced settings, this approach is not practical in resource-
limited regions due to the logistical and infrastructural limit-
ations. Hemoglobinopathy screening studies conducted in
low-resource settings, using centralized laboratories, have
reported that up to 50% of test results never reach to the
patients due to infrastructural challenges.>*™>*

This journal is © The Royal Society of Chemistry 2020
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In resource-rich countries, standard clinical laboratory tests
(high-performance liquid chromatography (HPLC) or hemo-
globin electrophoresis are typically used in the diagnosis of
hemoglobin disorders.*® Additionally, genetic testing, usually
polymerase chain reaction-based, can be used to precisely
identify globin gene mutations.”> However, these advanced
laboratory techniques require trained personnel and state-of-
the-art facilities, which are lacking or in short supply in
countries where the prevalence of hemoglobin disorders is the
highest.*® Furthermore, these tests are costly in terms of time,
labor, and resources.’>*® For example, it may take days to
weeks to receive the test results from centralized clinical lab-
oratories,’® and when screening is conducted in remote areas,
locating those who test positive may be difficult or
impossible.'>**>® Therefore, there is a need for affordable,
portable, easy-to-use, accurate point-of-care tests to facilitate
decentralized hemoglobin testing in resource-constrained
countries.”’”*® The realities of resource-limited environments
demand a fundamentally different approach to diagnosis: one
that is affordable, portable, and easily administered by entry-
level healthcare workers in local health service settings or in
rural areas at the point-of-need."”**>® Importantly, test results
must be available while the patient is still present so that the
test result can be given to the patient or legal guardian(s)
immediately, and the treatment and education can begin
without losing the patient to follow-up. The World Health
Organization (WHO) estimates that more than 70% of SCD
related deaths are preventable with early diagnosis and widely
available cost-efficient interventions (e.g., pneumococcal vacci-
nations, daily penicillin, hydroxyurea).”” >**>%7%>  por
example, hydroxyurea use has been shown to reduce the vaso-
occlusive crises, stroke, infections, malaria, transfusions, and
death in children with SCD, warranting the need for wider
access to this treatment.>**°®* Hydroxyurea treatment has
been shown to be feasible, safe, and effective in children with
SCD living in India®® and in sub-Saharan Africa.>*>*%%%

In this manuscript, we describe the design, development,
manufacturing, and clinical testing of a novel point-of-care
hemoglobin test, HemeChip. HemeChip is a paper-based,
microchip electrophoresis technology that helps with the diag-
nosis of hemoglobin disorders in resource-limited settings.
HemeChip system is composed of a single-use, disposable car-
tridge and a portable, affordable reader. HemeChip cartridge
can be mass-produced at low cost. HemeChip reader houses
the cartridge and it is used to separate, image, and track
hemoglobin variants in real-time during electrophoresis. The
fundamental principle behind the HemeChip technology is
hemoglobin electrophoresis, in which different variants can be
separated based on charge differences, when subjected to an
electric field in the presence of a carrier substrate.®®®” The
HemeChip test works with a standard finger-prick or a heel-
prick blood sample, or with a venous blood sample.
HemeChip test is completed in less than ten minutes, and can
be run at the point-of-care, hence, the results would be avail-
able during a patient’s visit. Furthermore, the compact design
of the HemeChip system allows portability for decentralized

This journal is © The Royal Society of Chemistry 2020
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testing and use at the point-of-need, which eliminates blood
sample transfer to central laboratories.

Materials and methods

Fully integrated microchip electrophoresis cartridge allows
high-volume manufacturing

The HemeChip cellulose acetate paper-based microchip elec-
trophoresis system (Fig. 1C & D) facilitates, for the first time,
real-time tracking and quantitative analysis of hemoglobin
electrophoresis process (Fig. 2A & B, Video S1f). The
HemeChip cartridge is composed of two injection molded
plastic parts made of Optix® CA-41 Polymethyl Methacrylate
Acrylic. This single-use, cartridge-based design was trans-
formed from a proof-of-concept laboratory prototype to a
version that supports low-cost mass-production via injecting
molding (Fig. S1t) as described in ESL.{ The top and bottom
parts (Fig. S21) were manufactured with a 1 + 1 injection mold.
Cartridge design embodies specific geometrical features and a
precisely designed energy director (Fig. S21) for rapid ultra-
sonic welding after assembly. Cellulose acetate paper was
chosen because of its stability over environmental con-

ditions.®®

Cartridge layout, plastic material selection, and
injection molding process were engineered to achieve struc-
tural integrity, uniform optical clarity, and high light trans-
mission (up to 80%) in the visible spectrum (Fig. S3t). The
injection molded HemeChip cartridge embodies a pair of
round corrosion-resistant,”® biomedical grade stainless steel
316 electrodes.”’ HemeChip electrodes provide oxidative resis-
tance, stability against electrochemical reactions during oper-
ation, and reliability of electrical connection with the power
source (Fig. 1A). The combination of high stability cellulose
acetate paper,®® injection molded Polymethyl Methacrylate
Acrylic plastic, and corrosion-resistant biomedical grade stain-
970 results in a shelf life of at least two
years. The cartridge also houses a pair of buffer pools that are

less-steel electrodes

in direct contact with the electrode top surface and the cell-
ulose acetate paper strip (Fig. 1B & C). One corner of the
HemeChip cartridge is chamfered to facilitate correct orien-
tation during use (Fig. 1A & B).

Design transformation of HemeChip from laboratory
prototype to a mass-producible cartridge

The HemeChip cartridge was previously fabricated by a lami-
nation approach composed of five distinct plastic layers and
did not incorporate integrated electrodes (Fig. S1A & Bf). In
the injected molded design, the number of plastic parts was
reduced to two, a top part, and a bottom part, which can be
ultrasonically welded to encompass the internal components
and integrated stainless-steel electrodes (Fig. S1C & Dt). This
reduction in the number of injection-molded parts reduced
the final assembly time and effort. The current design employs
integrated stainless-steel electrodes (Fig. S1C & D). The choice
for electrode material was constrained by the cost and the cor-
rosion resistance of the electrode material. The use of noble

Analyst, 2020, 145, 2525-2542 | 2527


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9an02250c

Open Access Article. Published on 02 March 2020. Downloaded on 1/24/2026 12:09:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Analyst
A
D E
Sample Hemoglobin
application separation
Mixture of | -) :
mm | Control : :
marker : : N
& | | == || Hb C/E/A, P
Blood I:> : — : HbS 2 % =
1 1 ’
o ! | w1 HbF
2! ! ,
E' =1 HbA >
g i | == | | Control marker \ <
wyl (4 |y "

Fig. 1 HemeChip: paper-based microchip electrophoresis for hemoglobin testing. HemeChip is a miniaturized, fully integrated cartridge-based
microchip electrophoresis system that can be mass-produced. (A) Top (1) and bottom (5) plastic parts are manufactured via injection molding.
Cartridge contains a single strip of cellulose acetate paper (2), a pair of blotting pads (3), and integrated stainless-steel electrodes (4). (B) HemeChip
cartridge design is compact, fully integrated, and self-contained, including liquid compartments (buffer pools). One corner of the HemeChip car-
tridge is chamfered to restrict orientation and facilitate correct placement during use. (C) A partial section view of the internal components of
HemeChip, showing the cross-section of an electrode and the cellulose acetate paper. (D) A schematic representation of the separation of hemo-
globin variants in HemeChip: normal hemoglobin (Hb A), fetal hemoglobin (Hb F), sickle hemoglobin (Hb S), and hemoglobins C/E/A, that co-
migrate. A blue control marker (xylene cyanol) is pre-mixed with blood before sample application into the cartridge. (E) A fully assembled injection

molded HemeChip is shown after a completed test with hemoglobin S and C bands that are visible.

metals and/or their alloys, which are the preferred materials
for specialized applications,”*””* would have increased the cost
of the cartridges significantly. In addition, noble metals can
corrode when subjected to electrochemical processes.”*”” The
316 stainless steel, which we employed, is known for its high
corrosion resistance.”’ It is inexpensive and is available in a
variety of stock shapes that are easily machined or processed
into the required dimensions. Although the design is sophisti-
cated in view of all the delicate interior features, this adap-
tation provided more control over the design of the complex
interior features, which were unattainable with the lamination-
based fabrication approach (Fig. S1At). These interior features
include custom designed buffer pools, buffer basin ribs, metal
electrode enclosures, alignment and positioning features for

2528 | Analyst, 2020, 145, 2525-2542

the cellulose acetate paper strips, sample and buffer ports,
fiducial markers, and product artwork (Fig. 1A & B). Another
improvement to the HemeChip design was the inclusion of the
in-chip blotting mechanism (Fig. S1C¥). The blotting mecha-
nism is designed to handle any excess buffer that may be
applied to the cellulose acetate paper. A notable addition to
the transformed design is the energy director and ultrasonic
welding groove for the purpose of ultrasonic welding to fully
seal the HemeChip cartridge top and bottom pieces (Fig. S2A
& BY).

HemeChip portable reader design

One advantage of point-of-care technologies is that they can be
used in remote locations where use of existing technologies is

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Overview of HemeChip operation and hemoglobin variant separation with a control marker. (A) Schematic illustration of hemoglobin separ-
ation and the blue control marker (xylene cyanol) migration in HemeChip. (i) Beginning of the test is shown with blood sample and marker mixture
applied. (ii) Hemoglobin bands and the control marker start migrating. Migration of the blue control marker is used in image processing algorithm to
confirm that the test is running as expected. (iii) Fully separated hemoglobin bands appear at the end of the test. Control marker migrates all the way
to the end and leaves the field of view, at which time, hemoglobin bands are imaged and analyzed in their final positions. (B) Time lapse images cap-
tured during a HemeChip test demonstrate the separation of hemoglobin A and S bands, and the migration of the control marker.

not feasible.”® ¥ HemeChip has been designed as a battery-
powered, portable test platform to enable hemoglobin testing
in remote locations (Fig. 3). HemeChip reader consists of a
rechargeable battery power supply, a data acquisition system,
and an imaging and image analysis unit (Fig. S4t). The porta-
ble HemeChip Reader, once fully charged, allows a minimum
of ten hours of testing, which corresponds to at least 48 tests
per charge. The reader is equipped with a rechargeable 12 V
lithium ion battery with a capacity of 11000 mA h, yielding
132-Watt hours. Each test consumes about 2-Watt hours. The
reader enables automated interpretation of test results, local
and remote test data storage, and includes geolocation (Global
Positioning System). The user is guided through the test
process, and the test result is shown on the reader’s display
and the reader stores the results. The reader can link via
Bluetooth or Wi-Fi to a cell phone or PC to transfer the infor-
mation for review or retention. The reader is equipped to send
a PDF version of the results page to a wireless network printer.
The data acquisition system is a national instruments data
acquisition board (USB-6001) controlled by a custom-built
LabView program that records the voltage and current values
for the duration of the test. The imaging system consists of an
ELP video camera (ELP-USB500W02M) that captures real-time
video and the run-time images (Fig. S47). The imaging system
includes 85° wide angle 5 mega pixel HD USB camera and the

This journal is © The Royal Society of Chemistry 2020

camera optics are modified with a 3.6 mm, F1.3 mega pixel,
CCTV Board Lens. The imaging system and the developed soft-
ware are calibrated to correct for the fish-eye effect (due to the
wide-angle lens) and to normalize the nonlinear pixels-to-dis-
tance relation. The power supply, imaging system and data
acquisition system are assembled inside a rugged Pelican 1400
case (Fig. 3A). An embedded tablet computer runs the custom-
built software to control the reader as well as to acquire,
process, and analyze the run-time data. The chamber door
houses the backlight used in the imaging system and a mag-
netic door sensor to ensure that the high voltage supply turns
on only when the door is closed (Fig. 3B). An array of white
light LEDs is used as the light source for the imaging system.
The HemeChip cartridges are imaged using a transmissive
light mode.

User interface and automated image analysis

We developed a user-friendly user interface (UI) that guides
the user through the test, performs quality checks, and ana-
lyzes the results. This UI has the following functionalities
(Fig. S5t): (i) perform hemoglobin separation in HemeChip
cartridge by controlling the reader electronic circuit, (ii) collect
runtime data for quality checks, (iii) guide the user through
the test procedure using step-by-step instructions (Fig. S6 and
Video S27), and (iii) analyze post-run data and images. The UI

Analyst, 2020, 145, 2525-2542 | 2529
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Fig. 3 Portable reader for HemeChip. (A) The portable HemeChip prototype readers were built for research use only in a robust Pelican Protector
Case for clinical studies worldwide. The reader includes a rechargeable battery, a touch-screen tablet computer, and an integrated imaging system.
The reader guides the user through the test procedure via on-screen instructions, allows real-time imaging, automated data analysis, result storage,
and wireless transmission of test results. (B) The cartridge chamber in the reader houses electrical contacts, an imaging window, and a backlight for
imaging in transmission mode. The chamber door is equipped with magnetic contacts as a safety feature for sensing the door status as open or

closed.

performs the test control and run-time data collection simul-
taneously and automatically without any interference or assist-
ance from the user. The UI is designed to generate the data
files with specific file name and format based on the infor-
mation provided before the test, which contains the patient,
sample and test identifier. HemeChip tests are monitored real-
time with a custom developed application. The real-time track-
ing of hemoglobin bands (Fig. 4 and Video S1t) and auto-
mated image analysis provide necessary information for the
identification and quantification of the test results. The appli-
cation is configured to automatically detect the sample appli-
cation point and the separated hemoglobin bands. Relative
pixel intensities along the paper are used to identify the peaks
corresponding to each type of hemoglobin band. The area
under each peak is calculated to obtain the relative hemo-
globin percentages (Fig. 5A-F). The area under each peak is
outlined using the valley-to-valley method commonly used in
gas chromatography.®’ The HemeChip image analysis algor-
ithm was developed to find the position and intensity of the
single hemoglobin band (for homogeneous hemoglobin types)
or multiple hemoglobin bands (for heterogeneous hemoglobin
types) that appear on the cellulose acetate paper strip inside
the HemeChip after a test has been performed. The captured
RGB image is analyzed to determine how far the hemoglobin
band(s) propagated and the relative percentage of each band
based on pixel intensity data.

Clinical study design and participants

Clinical study design, study participants, sample size calcu-
lation, and details on test methods are described according to
the Standards for Reporting Diagnostic Accuracy (STARD)

2530 | Analyst, 2020, 145, 2525-2542

guidelines.?” Institutional Review Board (IRB) approved study
protocols included the following common objectives: to vali-
date HemeChip technology as a point-of-care platform for
hemoglobin testing, to compare the screening results obtained
from HemeChip with that obtained from laboratory electro-
phoresis and/or HPLC as the standard reference methods, to
determine the diagnostic accuracy of the test including sensi-
tivity and specificity, and to determine the feasibility of using
HemeChip as a point-of-care testing platform in low and
middle income countries. We obtained approvals from
Institutional Review Boards at University Hospitals Cleveland
Medical Center (UHCMC IRB# 04-17-15), University of
Nebraska Medical Center (UNMC IRB# 754-17-CB), Amino
Kano Teaching Hospital in Kano, Nigeria (AKTH/MAC/SUB/
12A/P-3/V1/2102), the Kano State Ministry of Health in Nigeria
(MOH/Off/797/T.1/377). The study was registered in United
States Library of Medicine’s ClinicalTrials.gov (Identifier:
NCT03948516). The study protocol in India was approved by
the institutional ethical committee of ICMR (Indian Council of
Medical Research) National Institute of Research in Tribal
Health, Jabalpur, Madhya Pradesh, India (Letter vide no.
NIRTH/IEC/1153/2017). The study protocol in Thailand was
approved by the Siriraj Institutional Review Board (SiRB
Protocol no. 906/2561(EC1)). Informed consents were obtained
from all participants of these clinical studies.

Clinical sample size estimation was based on published
methods by incorporating disease prevalence into sample size
calculation®® with 95% confidence interval and with estimated
sensitivity and specificity of 98% (Table S3t). We estimated the
SCD-SS (homozygous S) disease prevalence in the study popu-
lation in Nigeria at 3%,*" which resulted in a minimum

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Real-time imaging, image analysis, and tracking of control marker and hemoglobin bands in HemeChip. The time-lapse images show the
real-time tracking of the blue control marker and hemoglobin bands. Hemoglobin bands, and the control marker are imaged, automatically recog-
nized, and identified. Movement of the control marker is tracked and used to confirm that the test is running as expected. In this example, hemo-

globin types S and C were identified by the algorithm.

sample size of 251. SCD-SS prevalence was estimated at 2.7%
in Central India,®” which resulted in a minimum sample size
of 279 in India. In Bangkok, Thailand, since homozygous Hb E
disease prevalence is low (1.8%), we utilized a combined
homozygous and heterozygous Hb E (with or without
a-thalassemia) prevalence estimated at 8.7%,%® which resulted
in a minimum sample size of 87.

315 children (6 weeks to 5 years of age) were tested in Kano,
Nigeria. Study participants were enrolled as part of the existing
Community-Acquired Pneumonia and Invasive Bacteremia
Disease study at three government hospitals, Amino Kano
Teaching Hospital, Murtala Muhammad Specialist Hospital,
and Hasiya Bayero Pediatric Hospital. Inclusion criteria for the
Nigeria study included: 6 weeks to 5 years of age, fever or
hypothermia and one of the following conditions: prostration,
excessive crying, poor feeding, altered consciousness, convul-
sion, difficulty breathing, profuse vomiting, diarrhea, and a
provision of signed and dated informed consent by the parent
or guardian. Exclusion criteria for the Nigeria study included
parent or child choosing to opt out of the study after initial
consent, and blood transfusion within 3 months of the study
enrollment. In Cleveland, Ohio, 31 adult participants were

This journal is © The Royal Society of Chemistry 2020

recruited to the study as part of an ongoing clinical trial
(ClinicalTrials.gov  Identifier: NCT02824471). The main
purpose of the clinical study in Cleveland was to test SCD-SC
blood samples, which are rare in Nigeria and India.

124 subjects (7 weeks to 63 years old) were tested in
Bangkok, Thailand by local laboratory personnel. Surplus
blood samples were obtained from patients undergoing clini-
cal laboratory testing at Siriraj Hospital in Bangkok. Hb AA,
Hb AE, and Hb EE (with or without alpha-thalassemia)
samples were identified by laboratory personnel using a com-
bination of complete blood count, low-pressure liquid chrom-
atography (LPLC) or HPLC, and clinical history of hemoglobin
disorders. Inclusion criteria for the Thailand study included:
any age or gender, residual blood sample available with a
known date of collection within 1 month, and predicted hemo-
globin types of Hb AA, Hb AE, or Hb EE. Exclusion criteria for
the Thailand study included: unknown date of sample collec-
tion, blood sample older than 1 month at the time of use, any
findings on complete blood count, LPLC or HPLC, or clinical
history to suggest the presence of a beta-globin variant other
than Hb E, such as a high quantitative Hb A2 in the range sug-
gestive of beta-thalassemia.

Analyst, 2020, 145, 2525-2542 | 2531
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298 subjects (8 months to 65 years old) were tested at a
referral testing facility of ICMR-National Institute of Research
in Tribal Health located at Late Baliram Kashayap Memorial
Medical College, Jagdalpur, Chhattisgarh, India. Inclusion cri-
teria included: subjects of 6 weeks or older, with or without
the signs and symptoms of pallor, jaundice, abdominal pain,
joint pain and provision of a signed informed consent (either
by the subject or by the parent as appropriate if the subject is
a minor). Subjects who withdrew their consent after enrolling
were excluded from the study.

Blood sample acquisition and testing

In all clinical studies, blood samples were collected as part of
the standard clinical care and only surplus de-identified blood
samples were utilized for testing. The whole blood samples
were tested with both HemeChip and the reference standard
HPLC (VARIANT™ II, Bio-Rad Laboratories, Inc., Hercules,
California) in Cleveland, Ohio, Nigeria, and Thailand. In
India, blood samples were tested with both HemeChip and the
standard laboratory-based reference standard cellulose acetate
electrophoresis, followed by HPLC testing for discordant
results. HPLC and cellulose acetate electrophoresis procedures
were performed according to manufacturer’s guidelines. HPLC
was considered to be the reference standard for our compari-
sons. In any disagreement between HemeChip, cellulose
acetate electrophoresis and HPLC, HPLC result was considered
to be correct. HPLC %HD results were normalized to a total of
100% for the cases in which the summation of reported Hb%
values were less than 100%. In India, hemoglobin percentage
values were reported for only Hb S, A,, F by the standard refer-
ence laboratory, hence the balance percentage was assumed to
be Hb A. The HemeChip reader guides the user step-by-step
through the test procedure (Fig. S61) with animated on-screen
instructions to minimize user errors. Local users were trained
to use a custom-designed micro-applicator (Fig. S7t), which is
included in a kit (Fig. S81) with visual instructions for use
(Fig. S9t). Hemoglobin identification and quantification is
automatically performed with a custom software on the reader
and results are reported to the user in a clear and objective
way (Fig. S10-S157).

Clinical information and reference test results were not
available to the performers of the test or the study team at the
time of testing. Similarly, HemeChip test results were not avail-
able to the performers of the standard reference tests. In
Nigeria, HemeChip tests were performed on eHealth Africa
campus in Kano, Nigeria, by local healthcare workers using
blood samples collected at the nearby Hasiya Bayero Pediatric
Hospital, Murtala Muhammad Specialist Hospital, and Aminu
Kano Teaching Hospital. Clinical standard (HPLC) testing was
done independently by the International Foundation Against
Infectious Disease in Nigeria (IFAIN, Abuja, Nigeria) for the
blood samples obtained in Kano. In Cleveland, Ohio,
HemeChip tests were performed at Case Biomanufacturing
and Microfabrication laboratory by the research team
members. HPLC testing was done independently by the
University Hospitals Cleveland Medical Center Clinical

2532 | Analyst, 2020, 145, 2525-2542
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Laboratories (Cleveland, Ohio) for the blood samples obtained
in Cleveland. In Thailand, HemeChip tests were performed at
Siriraj Thalassemia Center by local laboratory personnel.
Reference standard testing (HPLC) was independently per-
formed at ATGenes Co. Ltd (Bangkok, Thailand). In India,
HemeChip tests and standard reference cellulose acetate elec-
trophoresis tests were performed by local laboratory personnel
at the testing facility of ICMR-National Institute of Research in
Tribal Health located at Late Baliram Kashyap Memorial
Medical College located in Jagdalpur, Chhattisgarh, and HPLC
testing was performed at the central laboratory of
ICMR-National Institute of Research in Tribal Health,
Jabalpur, Madhya Pradesh, India.

Statistical methods

Hemoglobin band separation data was analyzed statistically
using one-way Analysis of Variance (ANOVA) test with p-value
set at 0.001 for statistically significant difference (Fig. 6A-F).
Tukey post-hoc test was used for multiple comparisons, where
applicable. Hemoglobin percentage quantification agreement
between HemeChip and the reference standard method
(HPLC) was assessed by Bland-Altman analysis for heterozy-
gous samples tested (Fig. 6G-I). For homozygous samples
tested, Bland-Altman analysis was not performed, since for
such samples, both HemeChip and the reference standard
method display only one Hb%, which is greater than 90%. The
Bland-Altman method was used to determine the repeatability
of HemeChip quantification using residual analysis by com-
parison to the standard method. The coefficient of repeatabil-
ity was set as 1.96 times the standard deviations of the differ-
ences between the two measurements. Diagnostic accuracy of
HemeChip test in comparison to HPLC was determined as the
percent ratio of correct tests results, and summation of correct
tests results and incorrect test results for a hemoglobin variant
category (Table 2). Sensitivity was determined as the ratio of
true positive results divided by the summation of true positive
results and false negative results. Specificity was determined
as the ratio of true negative results divided by the summation
of true negative results and false positive results (Table 3).
Sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) were analyzed and reported for
binary pairs of SCD-SS vs. others, SCD-SC vs. others, SCD Trait
vs. others, Hb E Disease vs. others, Hb E Trait vs. others
(Table 3).

Results

HemeChip separates, images, and tracks hemoglobin variants
real-time during electrophoresis

The fundamental principle behind the HemeChip technology
is hemoglobin electrophoresis, in which different hemoglobin
variants can be separated based on electric charge differences
when subjected to an electric field in the presence of a carrier
substrate.®®®” The HemeChip test works with a standard
finger-prick or a heel-prick blood sample that is collected

This journal is © The Royal Society of Chemistry 2020
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according to the WHO guidelines for drawing blood,*” which
typically yields about 25 plL per drop.®® The test also works
with venous blood samples. For ease of handling, 20 pL of
blood is collected and diluted with 40 pL of lysing solution.
Next, less than 1 pL (0.56 pL + 0.17 pL, N = 5) of lysed blood
sample is transferred into the cartridge for electrophoresis
(Fig. 1D). Actual blood volume utilized per test is approxi-
mately 0.2 pL. The HemeChip separates hemoglobins A, F, S,
C/E/A, on cellulose acetate paper that is subjected to an elec-
tric field (Fig. 1D). Tris/Borate/EDTA (TBE) buffer is used to
provide the necessary ions for electrical conductivity at a pH of
8.4 in the cellulose acetate paper.°®®” The pH induced net
negative charges of the hemoglobins cause them to travel from
the negative to the positive electrode when placed in an elec-
tric field (Fig. 1D and Video S17). Differences in hemoglobin
mobilities due to their negative electric charge allow hemo-
globin separation to occur (Fig. 1D) with visible results at the
end of a HemeChip test (Fig. 1E). Among the four major
hemoglobin types that we tested, hemoglobins C/E/A, co-
migrate and they are the slowest. Hemoglobin A is the fastest
moving hemoglobin in alkaline solution. A unique feature of
HemeChip is that it utilizes a blue control marker (xylene
cyanol) that is pre-mixed with the blood sample before appli-
cation into the cartridge (Fig. 1D & 2A). Towards the end of the
test, the blue control marker reaches the end of the cellulose
acetate paper strip (Fig. 1D) and disappears into the buffer
pool, leaving behind the separated hemoglobin variant bands
(Fig. 2B). At this point, the hemoglobin bands are automati-
cally identified by a custom software based on their respective
locations on the cellulose acetate paper strip relative to the
sample application point (Fig. 4). Hemoglobins in the blood
sample form visible bands at the end of the test due to the
natural bright red color of the protein (Fig. 1E & 2B). This
feature of naturally red, visible hemoglobin, combined with
optically clear HemeChip cartridge (Fig. S31) in transmission
imaging mode (Fig. 2B) within the reader’s imaging chamber
(Fig. 3A & B), negates the need for picrosirius red staining,
which is typically utilized in benchtop cellulose acetate hemo-
globin electrophoresis.®®°’

HemeChip automatically identifies hemoglobin variants and
determines their relative percentages

The blue control marker mobility on the cellulose acetate
paper strip is tracked real-time by the image processing and
decision algorithm (Fig. S57). The mobility of the control
marker is then used to confirm that the test is running as
expected (Fig. 4 and Video S1+). Briefly, the algorithm searches
and finds the sample application mark (Fig. 4, ¢ = 0 min), and
the intensity curve is generated for the red hemoglobin bands
and the blue control marker. The intensity curve is evaluated
to detect and track the movement of the peaks throughout the
process (Fig. 4). The peaks are identified based on their final
locations at the end of the test (Fig. 4, ¢ = 8 min). The distance
between each peak and the application point and the relative
percentage of the areas under the peaks are evaluated to deter-
mine whether they fit into the categories pre-defined in the

This journal is © The Royal Society of Chemistry 2020
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software for hemoglobin C/E/A,, hemoglobin S, hemoglobin F,
and hemoglobin A. The amount of hemoglobin is presented as
a percentage that is relative to that of the other hemoglobin
bands in the sample. In the case of a single hemoglobin
variant detected, such as Hb AA (Fig. 5A) or Hb SS (Fig. 5B),
the HemeChip software reports a percentage value greater of
>90%, which agrees with the results reported by the reference
standard method (HPLC). If there is more than one peak
identified, then the area under each of the peaks is calculated
and the relative percentages are reported, for example in the
cases of Hb AS (Fig. 5C), Hb SC (Fig. 5D), Hb SS blood contain-
ing fetal hemoglobin (Hb F) (Fig. 5E), and Hb AE (Fig. 5F).
Hemoglobin A and hemoglobin S separation is significantly
greater (p < 0.001) than hemoglobin F and hemoglobin S sep-
aration (Fig. S167), which can be used to distinguish between
Hb SF and Hb AS.

HemeChip accurately identifies hemoglobin bands and
quantifies hemoglobin variants in blood

Band positions for hemoglobin C/E/A,, hemoglobin S, hemo-
globin F, and hemoglobin A were reported for homozygous
and heterozygous subjects (Fig. 6). The band separation
between the hemoglobin types was significantly different
(Fig. 6A-F). For homozygous subjects tested in Nigeria
(Fig. 6A), one Hb SS and eleven Hb AA test results were in the
‘Inconclusive’ zone (9.59 mm to 9.89 mm) between A and S
bands (Table 1). Nine Hb AA subjects tested appeared below
the ‘Inconclusive’ zone, resulting in false-positives or incorrect
identification as Hb SS (Table 2). No test results were in the
inconclusive zone for the subjects tested in Thailand (Fig. 6B)
or in India (Fig. 6C). Heterozygous subjects tested include Hb
AS and Hb SC in Nigeria and the USA (Fig. 6D), Hb AE in
Thailand (Fig. 6E), and Hb AS, Hb SF, and Hb AF in India
(Fig. 6F). In heterozygous subjects tested, appearance of two
bands in different locations (Fig. 5C-F) negates the need for
an ‘Inconclusive’ zone. Bland-Altman analysis showed an
agreement between quantitative HemeChip results and HPLC
results for the hemoglobin percentage measurements
(Fig. 6G-I). For subjects tested in the USA and in Nigeria,
Bland-Altman analysis showed a mean bias of +3.27% for
HemeChip in comparison to HPLC with a systematic over-esti-
mation of %Hb S at higher mean values and under-estimation
of %HDbA in lower mean values (Fig. 6G). For subjects tested in
Thailand, Bland-Altman analysis showed a mean bias of
+0.27% for HemeChip compared to HPLC (Fig. 6H). For sub-
jects tested in India, Bland-Altman analysis showed a mean
bias of +0.25% for HemeChip in comparison to HPLC (Fig. 61).

Clinical testing of HemeChip in the United States, Nigeria,
Thailand, and India

We report the clinical study results and HemeChip diagnostic
accuracy according to the STARD guidelines.’* A detailed
description of the study design, participants, test methods,
and analyses are available in the Methods section. In clinical
validation studies, we tested a total of 768 subjects with both
HemeChip and reference standard methods, in the United
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Fig. 5 Identification of hemoglobin types and quantification of hemoglobin percentages by HemeChip. Typical HemeChip results are presented for

the main hemoglobin variants tested. For each subset, the top image represents the raw image captured by the HemeChip reader at the end of the
test. The middle black and white image is generated by the image analysis algorithm to produce the intensity curves (bottom image) for peak
identification and Hb% quantification. Hb% values displayed were determined by HemeChip, which showed agreement with the reference standard

method (HPLC). Gray regions indicate the approximate zones in which A,

F, S, and C/E/A; bands appear at the end of the test. (A) Normal (no abnor-

mal Hb) with Hb AA (>90%). (B) SCD-SS with Hb SS (>90%). (C) SCD Trait with Hb AS (A: 62%, S: 38%). (D) SCD-SC with Hb SC (S: 47%, C: 53%). (E)
SCD-SS with Hb SF (S: 58%, F: 42%). (F) Hb E Trait with Hb AE (A: 66%, E: 34%).

States, Nigeria, Thailand, and India (Table 1). We defined
‘valid’, ‘Uninterpretable’, and ‘Inconclusive’ tests according to
published recommendations in literature®® and the STARD
guidelines.®” A “Valid’ test was defined as a test that performed
as expected according to objective standards, such as the
normal movement of the blue control marker (Fig. 4).
Examples of ‘valid’ test results are presented in ESI
(Fig. S10-131). An ‘Uninterpretable’ test was defined as a test
that failed to produce any results and that did not meet the
minimum set of objective criteria which constitute a valid or
adequate test. Reasons for ‘Uninterpretable’ tests include the
poor migration of the blue control marker, electrical connec-
tivity issues, or faulty cartridges. An example ‘Uninterpretable’
test is shown in ESI (Fig. S147). An ‘Inconclusive’ test was
defined as a test that performed adequately according to an
objective set of standards, such as the satisfactory movement

2534 | Analyst, 2020, 145, 2525-2542

of the blue control marker and appearance of hemoglobin
bands, but the test algorithm could not make an identification
of hemoglobin types present. Reasons for ‘Inconclusive’ tests
include appearance of a band or bands at or close to the border-
line region between two adjacent detection windows (Fig. 6A).
An example ‘Inconclusive’ test is shown in ESI (Fig. S157). An
‘Uninterpretable’ or ‘Inconclusive’ test can be recognized by the
image analysis algorithm during or at the end of the test. In
addition to the ‘Valid’, ‘Uninterpretable’, and ‘Inconclusive’
tests reported here, a number of tests were not included in the
data analysis due to the following reasons: missing reference
standard results, sample labeling errors, and the tests per-
formed for user training or algorithm development. Among the
total 768 test results reported here, 732 tests were ‘Valid’
(95.3%), 24 tests were ‘Uninterpretable’ (3.1%), and 12 were

‘Inconclusive’ (1.6%) (Table 1). An ‘Uninterpretable’ or

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 HemeChip hemoglobin band separation and quantification. The top row are data distribution plots that show the hemoglobin band separation for
homozygous subjects tested in: (A) the USA (9 HbSS) and Nigeria (13 Hb SS, 212 Hb AA), (B) Thailand (15 Hb EE, 50 Hb AA), and (C) India (11 Hb SS, 219 Hb
AA). The middle row are data distribution plots for heterozygous subjects tested in: (D) the USA (7 Hb AS, 14 Hb SC) and Nigeria (60 Hb AS), (E) Thailand (57
Hb AE), and (F) India (60 Hb AS, 7 Hb SF, 1 Hb AF). The horizontal lines between hemoglobin positions represent statistically significant differences based
on one-way Analysis of Variance (ANOVA) with Tukey post-hoc test for multiple comparisons, where applicable. In whisker plots, brackets represent stan-
dard deviation of the mean, and boxes represent standard error of the mean. Lower row are Bland-Altman analysis plots comparing HemeChip with refer-
ence standard method (HPLC) for hemoglobin percentage quantification for the heterozygous subjects tested in the USA and in Nigeria (G), Thailand (H),
and India (1). In Bland-Altman plots, solid line indicates the mean difference and dashed lines indicate 95% limits of agreement defined as mean difference
+ 1.96 times standard deviation (SD). HemeChip reports hemoglobin C/E/A,. Test location was used to differentiate co-migrating hemoglobins C and E.

Table 1 Overview of clinical studies with HemeChip

Valid Uninterpretable Inconclusive
Total  tests tests tests
Subjects and tests 768 732 24 12
Percentage 100% 95.3% 3.1% 1.6%

768 subjects were tested in clinical studies with HemeChip and the
reference standard method. 315 subjects (6 weeks to 5 years old)
were tested in Kano, Nigeria by local users. 124 subjects (7 weeks
to 63 years old) were tested in Bangkok, Thailand by local users.
298 subjects (8 months to 65 years old) were tested in Jagdalpur,
Chhattisgarh, India by local users. 31 subjects (20 to 59 years old)
were tested in Cleveland, Ohio, United States, by the research
team.

This journal is © The Royal Society of Chemistry 2020

Table 2 HemeChip diagnostic accuracy in comparison to reference
standard method

Hemoglobin
Category type Correct Incorrect Accuracy
SCD-SS Hb SS 33 0 100%
SCD-SC Hb SC 14 0 100%
SCD trait Hb AS 129 0 100%
Hb E disease Hb EE 15 0 100%
Hb E trait Hb AE 57 0 100%
Normal (no Hb AA 472 9¢ 98.1%
abnormal Hb)
SCD-Sp", SCD-Sp° Hb SAA,, Hb 0 3P —
SFA,
All categories — 720 12 98.4%

HemeChip. ? Three subjects with compound heterozygous Sp-thalassemia*™

were identified as SCD by HemeChip. HemeChip reports hemoglobin C/E/A,.
Test location was used to differentiate co-migrating hemoglobins C and E.

“Nine subjects with normal hemoglobin (Hb AA) were identified as SCD b]y

Analyst, 2020, 145, 2525-2542 | 2535
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Table 3 HemeChip diagnostic sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) in comparison to reference

standard method

SCD-SS vs. others SCD-SC vs. others

SCD trait vs. others Hb E disease vs. others HD E trait vs. others

True positive, TP 33 14
True negative, TN 687 706
False positive, FP 9 0

False negative, FN 0 0
Sensitivity, TP/(TP + FN) 100.0% 100.0%
Specificity, TN/(TN + FP)  98.7% 100.0%
PPV, TP/(TP + FP) 78.6% 100.0%
NPV, TN/(TN + FN) 100.0% 100.0%

129 15 57

591 705 663

0 0 0

0 0 0
100.0% 100.0% 100.0%
100.0% 100.0% 100.0%
100.0% 100.0% 100.0%
100.0% 100.0% 100.0%

HemeChip reports hemoglobin C/E/A,. Test location was used to differentiate co-migrating hemoglobins C and E.

‘Inconclusive’ test does not result in a diagnostic decision.?® As
such, when an ‘Uninterpretable’ or ‘Inconclusive’ test is encoun-
tered, the test can be repeated or other methods of testing can
be utilized, which are common practices in diagnostics,®® as
well as in hemoglobin testing.°*®” Therefore, based on rec-
ommended practices in the literature®® and the STARD guide-
lines,®” the uninterpretable and inconclusive test results were
reported separately in this study (Table 1).

Results of clinical studies with HemeChip indicate high
diagnostic accuracy in hemoglobin testing

In clinical studies, HemeChip test results included the following
(Table 2): SCD-SS (Hb SS), SCD-SC (Hb SC), SCD Trait (Hb AS),
Hb E Disease (Hb EE), Hb E Trait (Hb AE), and Normal (no
abnormal Hb, or Hb AA). HemeChip identified SCD-SS, SCD-SC,
SCD Trait, Hb E Disease, and Hb E Trait with 100% accuracy
(Table 2). Nine subjects with no abnormal Hb (Hb AA) were
identified as SCD-SS. Three subjects with compound heterozy-
gous Sp-thalassemias (2 subjects with SCD-SB', 1 subject with
SCD-SP°) were identified as SCD by HemeChip (Table 2).
Sensitivity and negative predictive value (NPV) were 100% for all
hemoglobin types tested (Table 3). Specificity was 98.7% for
SCD-SS vs. others, and 100% for all other types (Table 3).
Positive predictive value was 78.6% for SCD-SS vs. others, and
100% for all other types (Table 3). For studies reporting diagnos-
tic accuracy, one of the recommendations in the published
guidelines is that, inconclusive results are excluded from binary
statistics (i.e., sensitivity and specificity analyses), but an
additional summary statistic is reported that accounts for
them.®® Based on these recommendations, if the twelve incon-
clusive results are considered as incorrect, then the overall diag-
nostic accuracy of HemeChip would be 96.8%. When the incon-
clusive results are reported separately according to the pub-
lished guidelines,**® the overall diagnostic accuracy of
HemeChip is 98.4% in identifying SCD-SS, SCD-SC, SCD Trait,
HbD E Disease, Hb E Trait, and Normal (Table 2).

Discussion

HemeChip combines the benefits of standard hemoglobin
electrophoresis with the benefits of a point-of-care test.

2536 | Analyst, 2020, 145, 2525-2542

HemeChip technology has a number of fundamental differ-
ences and unique features when compared to standard hemo-
globin electrophoresis techniques. For example, HemeChip
replaces the benchtop laboratory setup®®” with a portable
reader, and replaces the hemoglobin controls®>®” with a blue
control marker (Fig. 4). HemeChip provides hemoglobin type
identification and quantitative results of relative hemoglobin
percentages (Fig. 5). The overall simplicity of the HemeChip
enables any user to quickly and accurately screen for SCD and
other hemoglobin disorders. The user is guided through the
step-by-step process with on-screen animated instructions,
which minimizes errors (Fig. S6 and Video S2}). HemeChip
does not require a dedicated lab environment and battery
operation allows use in remote places lacking electrical power.
These critical features distinguish HemeChip from currently
available laboratory methods (Table S17) and other emerging
point-of-care technologies for hemoglobin testing (Table S27).
Clinical studies with HemeChip in the USA, sub-Saharan
Africa, Central India, and Southeast Asia demonstrated 100%
sensitivity and specificity for SCD-SC, SCD Trait, Hb E Disease,
and Hb E Trait (Table 3); and 100% sensitivity and 98.7%
specificity for SCD-SS. The 100% sensitivity achieved in these
clinical studies suggests that no individuals with SCD-SS,
SCD-SC, SCD Trait, Hb E Disease, and Hb E Trait would be
missed by HemeChip hemoglobin testing. Common practice
in hemoglobin testing is that all positive test results (e.g,
SCD-SS) are confirmed with a secondary method prior to final
diagnostic decision and treatment initiation.’® Therefore, all
SCD-SS positive tests would likely result in a secondary confir-
matory test that should rule out any false positives.
Affordability has been one of the primary objectives of
HemeChip design. The projected sale price per test, including
all consumables, distribution, and support cost, is estimated
at $2.00 USD. A rugged, portable battery-powered reader can
be priced as low as $700 USD, and designed to last at least 5
years or 10000 tests (Fig. S171). The portable reader would
add about 7 cents to the $2.00 USD test price. The projected
HemeChip end user price of $2.07 USD per test (including the
reader cost), thus clearly offers substantial cost savings over
current practice and it is significantly lower than the estimated
price threshold in a recent study.”* Deploying a robust, porta-
ble, battery operated platform as part of a point-of-care test

This journal is © The Royal Society of Chemistry 2020
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has several advantages over alternatives (Table S2t). For
example, the reader includes a touchscreen display that guides
and helps the user with the test procedure, reduces the train-
ing time and minimizes user errors. The portable reader also
allows digital data entry (Fig. S177), including patient demo-
graphics. The reader also enables secure, encrypted data
storage and wireless transmission to the cloud, which would
enable tracking and follow-up of patients using electronic
records and mobile networks.*® The reader displays the results
on the screen in a clear and objective way (Fig. S10-S157),
removing user interpretation errors (Fig. S18-S321). In com-
parison, point-of-care lateral-flow assays lack a portable reader
for objective analysis or electronic record keeping (Table S27).
Therefore, these methods rely on the user to visually interpret
the results and manually record the clinical data, which is
prone to errors. In fact, in clinical research databases, user
misinterpretation and data entry errors have been reported to
range between 2.3% to 26.9%.°”

Hemoglobin electrophoresis techniques share a common
limitation. Some hemoglobin types appear in the same electro-
phoretic window, as they exhibit the same or similar electro-
phoretic mobility in a given condition. For example, in capil-
lary zone electrophoresis, it can be challenging to quantify
hemoglobin A, in the presence of hemoglobin C, due to
partial overlap between the two zones for these two hemo-
globin types,”®®* which may be improved using curve fitting
methods. Hemoglobin G and hemoglobin D are difficult to
separate because they have identical migration in gel electro-
phoresis, in capillary electrophoresis, and they have overlap-
ping elution times in HPLC. This sharing of detection window
or peak overlapping is also a challenge for the reference stan-
dard method, HPLC as well as its alternatives.”®°>°® For
example, in HPLC, hemoglobin S elutes in the S window with
28 other hemoglobin variants, including 10 other p-chain var-
iants.”” A similar issue occurs in the A, window for HPLC,
where hemoglobin E and 18 other hemoglobin variants elude
in the same window, and 13 of these 18 variants are p-chain
variants.”” Hemoglobins C, E, and A,, co-migrate in paper
based hemoglobin electrophoresis.®®®” Hemoglobins C, A,
and E are all detectable, but it is not possible to differentiate
them.®®®” Therefore, instead of reporting Hb C or E or A, indi-
vidually, HemeChip reports hemoglobin C/E/A,. Since
HemeChip provides quantitative results, the relative percen-
tages of these hemoglobins can be used to make a distinction
(Fig. S18-S327). For example, hemoglobin A, is typically found
at lower percentages (3-10%) in most subjects,®”?®°° whereas
hemoglobin C is typically much higher (greater than 40% for
Hb SC, greater than 90% for Hb CC).'® When hemoglobin C
and hemoglobin A, are both present in the same blood
sample, the HemeChip shows the hemoglobin C percentage
plus hemoglobin A, percentage.'®" Clinical decision-making is
not affected by this overlap, for Hb SC, Hb AC, or Hb CC
results, but it is a potential limitation for detecting Hb
Sp-thalassemia and Hb Ep-thalassemia. The algorithm has not
yet been trained to identify p-thal variants, however, it categor-
izes them as SCD. In our clinical studies, HemeChip identified

This journal is © The Royal Society of Chemistry 2020
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three Hb Sp-thal subjects as SCD (Table 2). Some hemoglobin
variants display distinct geographical prevalence and distri-
bution. For example, hemoglobin C is highly prevalent in West
Africa,'”” while hemoglobin E is the most prevalent in the
Mediterranean region, Southeast Asia, and in the Indian
subcontinent.”?*3%* Test location, the ethnicity of the
subject, the hemoglobin percentage (Fig. S18-S327), and clini-
cal history can be used to help differentiate between co-
migrating hemoglobin types.

Fetal hemoglobin expression represents 50-95% of total
hemoglobin expression in newborn babies and declines sig-
nificantly over the course of the first 6 months of life.'%*'**
Hemoglobin F at high levels might mask the hemoglobin var-
iants in newborns.'® Screening for hemoglobin variants can
be integrated into established, highly effective immunization
programs in low income countries.>® Babies are typically vacci-
nated around 6-8 weeks of age,”**® and by this age, hemo-
globin F levels decrease significantly as hemoglobin F is
replaced by adult hemoglobins, which would be easier to
detect. Non-fp chain hemoglobinopathies, such as
a-thalassemia, are also major world-wide health problems in
children, especially in Asia. We are eager to extend our techno-
logy to this population in future studies. This technology is
expected to detect additional hemoglobins, such as hemo-
globin Bart’s or hemoglobin H, which are elevated in alpha
thalassemia.

In summary, HemeChip enables, for the first time, cost-
effective identification of common hemoglobin variants at the
point-of-need. The HemeChip reader guides the user step-by-
step through the test procedure with animated on-screen
instructions to minimize user errors. Hb identification and
quantification is automatically performed, and Hb types and
percentages are displayed in an easily understandable, objec-
tive, and quantitative way. HemeChip is a versatile, mass-pro-
ducible microchip electrophoresis platform technology that
may address unmet needs in biology and medicine, when
rapid, decentralized hemoglobin or protein analysis is needed.

Public health significance and future
perspective

Despite SCD’s historical recognition of being the first discov-
ered molecular disease, the technological advances for this
disease have been slow.'°® The promise of the development of
accurate, low-cost, point-of-care diagnostics, especially for low-
income countries, has come closer than ever before to being
met with new technologies, such as HemeChip. HemeChip
and its diagnostic promise will address the global health
burden, help close the gap of information in our current state
of science and healthcare delivery around hemoglobin dis-
eases, and build space for further innovation and advance-
ment for SCD and other hemoglobinopathies. Through multi-
lateral partnerships with local governments, pharmaceutical
companies, the technological industry, and university systems,
the translation, implementation, and dissemination of afford-
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able screening and diagnostic technologies throughout
countries with limited resources and infrastructure has the
potential to change the paradigm of SCD, hemoglobin dis-
orders, and global health.
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