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Abstract

This study demonstrates the application of a POCT microchip
platform for enumerating leukocytes, CD4+ T-lymphocytes, and CD8+
T-lymphocytes in whole blood, using fluorochrome-conjugated primary
antibodies as a detection method. Specifically, we used phycoerythrin
conjugated primary antibodies specific to CD4 and CDS8 antigens to
enumerate CD4+ and CD8+ T cells. Comparative analysis was performed
using Fluorescence-Activated Cell Sorting (FACS) count to evaluate
total leukocytes, CD4+ T cell count, and CD8+ T cell count in whole
blood samples, aiming at monitoring the immune systems of patients
with human immunodeficiency virus infection. Statistical analyses for
precision, correlation, and agreement were performed. Coefficients of
variation ranging from 0.67% to 12.78%, 0.81% to 13.68%, and 0.29% to
8.33% were obtained for CD4, CDS8, and leukocyte recovery, respectively.
A significant correlation was identified between the two assays for CD4
and CDS8 counts, exhibiting correlation coefficients of 0.90 and 0.91,
respectively. Using Bland—Altman plots, we determined a mean bias of
23, 38, and 490 cells/p L (95% CI, n = 113) for CD4, CDS, and total
leukocyte counts, respectively. These findings affirm that the GBTsol
ICA (Immune Cell Analyzer) is comparable to the FACS count platform
method, providing a cost-effective, user-friendly, and expeditious approach
for quantifying CD4 T cells, CD8 T cells, and total leukocytes in blood
samples, facilitating the monitoring of HIV/AIDS patients.
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of CD4 data at the time of diagnosis remains essential in
shaping treatment priorities and plays a critical role in
identifying instances of late diagnosis [1-3]. One reason for
the underutilization of CD4 results is the limited accessibility
of clinical centers and centralized laboratories, where the
current gold standard technology, flow cytometry, has been
in use for 40 years. However, there are many limitations to
traditional flow cytometry, including the ability of the laser to
analyze only one cell at a time. Cells must be in suspension to
be analyzed, highly trained technicians are required, intensive
quality control measures are needed, and cells must be viable
to be analyzed. These requirements have constrained CD4
testing in several resource-constrained settings, particularly in
rural areas where clinical laboratories are not easily accessible
[4-8]. In addition to the above-mentioned limitations,
flow cytometry measurements lack standardization, and
reproducible protocols for sample preparation, including
red blood cell (RBC) lysis, cell staining, gating strategies,
and acquisition protocols, have proven challenging to
maintain consistently across multicenter clinical studies
[9]. Furthermore, patients in many countries lack a unique
patient number, making it difficult to trace test results from
different laboratories, especially for patients referred between
hospitals and clinics. Long turnaround times for tests sent
to central laboratories delay clinical decision-making and
impose a significant strain on patients.

Conventional tests involve transporting samples in
complex and insufficient transport networks over lengthy,
rough highways. These transport networks are restricted,
costly, and often compounded by short sample stability
problems. A study in Mozambique, Malawi, and South Africa
reported that as many as 50% of CD4 test results did not
return to clinics for follow-up [10]. To address this drawback,
healthcare programs are using POCT for CD4 results to
facilitate individualized care, leading to higher retention in
care and reduced loss to follow-up [11]. This commercial tool
of the 21st century with a peculiar CD marker measurement
method within multiple maladies provides a solution when
and where the absence of similarities in others cannot. Hence,
in this study, we focused on the accuracy, reproducibility, and
time effectiveness of the POCT technology (GBTsol ICA)
compared with the results of FACS count data. The POCT
technology (GBTsol ICA) is based on leukocyte separation
from whole blood, labeling of all leukocytes with DNA
fluorescent stains, and CD marker enumeration (CD4+ and
CD8+) using primary antibodies conjugated with fluorescent
markers.

GBTsol ICA system

The GBTsol ICA system comprises three main
components. The first is an ICA reader machine, the second
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is a cartridge, and the third part involves reagents and
an optimized phycoerythrin (PE) conjugated CD marker
antibody. Each component is meticulously designed and plays
a crucial role in the results of the experiments. Various parts
of the ICA are shown in Fig. 1. The cartridge is disposable
and made of three parts with a specified height and a filter
membrane with 3 pm pores; it plays a key role in separating
WBCs, eliminating the need for RBC lysis or the use of a
centrifuge for cell separation, which can result in cell loss
during the experiment. As a CD marker antibody, we used
mouse IgG anti-human CD4-PE from clone RPA-T4 for CD4
marker detection and mouse IgG anti-human CD8-PE from
clone OKT-8 for CD8 marker detection. These antibodies are
optimized with highly purified antibodies and can react with
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Figure 1: Component of ICA sol system imaging and analyzing.

1) ICA imaging system consist of optic part (Cool LED, Filter, CMOS
CAMERA), Software part (graphical user interface, GUI, Image Capture,
Analyzing), Biotechnology part (CD and WBC antibody Fluorescence
Dye).

2) In optic parts LPF (Long-Pass Filter) filtering out unwanted wavelengths

of fluorescence.

BPF (Band-Pass Filter) allows signals within a selected range of frequencies
to be detect, while preventing signals at unwanted frequencies from
getting through. Target cells will be visible by immunofluorescence
antibody markers.

3) Cells more than 3um cannot pass through filter membrane but filter will
let the excess dye pass through it during the washing.

Software part counts signal and filters the signal with different size or shape
from target cell.

whole blood, without the need to lyse RBCs, and the reaction
is completed in five minutes.

Methods and Materials

PE-conjugated CD4 and CD8 primary mouse antibodies
were briefly centrifuged before use. Analytical-grade
chemicals and reagent-grade solvents were used for all buffers
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and solutions. Dimethyl sulfoxide (DMSO), 0.5% trypsin-
ethylenediaminetetraacetic acid (EDTA) solution (10X), and
phosphate-buffered saline (PBS, pH 7.4) were procured from
Sigma Chemical Co. (St. Louis, MO, USA). Fixative and
flow cytometry (FC) reagents were purchased from Beckman
Coulter (Fullerton, CA). Rainbow microsphere beads were
purchased from BD Biosciences (San Diego, USA). Whole
blood samples were obtained by a phlebotomist from
anonymous donors at Severance Hospital (Yonsei University,
Seoul) in accordance with the Institutional Review Board
(IRB, 1-2018-009). Procedures involved using a standard
venipuncture technique with EDTA as an anticoagulant
in 5 mL tubes. Samples were evaluated within 24 hours
of collection. Data were obtained from April 16, 2018, to
August 15. 2018.

Methodology development for a biomarker detec-
tion kit

Typically, when a patient with HIV/AIDS visits a doctor,
blood is collected and sent to the clinical laboratory for CD4
and CD4/CDS8 tests with WBC count. Test results may be
submitted to the doctor within 24—48 hours or up to one week,
depending on the number of technicians in the laboratory,
distance, resources available, and the chosen biomarker test.
The device presented here is a POC detection kit designed
to be used by a healthcare provider to readily identify and
diagnose CD4, CD8, and leukocyte counts.

The GBTsol ICA detection kit consists of the following:
1) A microseparation filter for the entrapment of leukocytes.

2) A tube containing a leukocyte- specific antibody for a
specific test.

3) A tube containing reaction buffer for specific reactions
(i.e., CD4, CDS8, leukocyte counting).

4) A tube containing washing solution to remove other
proteins nonspecifically bound to the microseparation filter.

Each test used a different kit: GBTsol ICA001 for CD4
count, GBTsol ICA002 for CD8 count, and GBTsol ICA 003
for leukocyte count.

The GBTsol ICA procedure involves five steps:

1) Incubation of the sample and respective antibody depending
on the test, i.e., CD4 test, CD8 test, or leukocyte test.
2) Wetting step for the removal of dust particles or any
other unwanted substance from the Cartridge to lower
background noise.

3) Sampling step for dispensing the incubated sample to the
GBTsol ICA.

4) Washing step for the removal of extra antibody or
unconjugated antibody from the cartridge.
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5) Processing step for quantitative results for CD4, CD8, and
leukocytes.

After the sample is added, the user injects a washing
solution, following which the instrument processes the
sample automatically. Results can be printed or sent to a
storage device.

Sensitivity assessment

To assess assay sensitivity, various concentrations of
microsphere rainbow beads were dispersed in phosphate-
buffered saline (pH 7.0) at levels of 100, 250, 500, 1000, 1500,
2000, 2500, 3000, 3500, 4000, 4500, and 5000 microsphere
rainbow beads per microliter. Bead counts were performed
using GBTsol ICA, following the cell counting method. The
counting process was repeated three times to determine the
average number of microsphere rainbow beads.

Identification of leukocytes and enumeration of spe-
cific blood cell subsets

Blood samples were collected in EDTA tubes, and the
antibodies used in these studies were stored at 4-8°C. Each
blood sample (5p L) was combined with a cell-staining
solution (5pu L) (either GBTsol ICA-001 or GBTsol ICA-
002) containing fluorescently labeled antibodies targeting CD
antigens. This mixture was then incubated at room temperature
for 5 minutes. After incubation, 990 u L of reaction buffer was
added. Subsequently, the samples were directly dispensed
onto the GBTsol ICA cartridge for the enumeration of CD
markers. The GBTsol ICA is a semiautomated and fully
quantitative device. After the injection of samples, the tests
were executed automatically to generate results.

Flow cytometry analysis

A FACSCount flow cytometer (NAVIOUS Ex Flow
Cytometer Leukocyte Count) was used as the reference
method. The protocol provided by the manufacturer was
followed for conducting the flow cytometry analysis. True
count tubes from BD Biosciences were used to determine
absolute counts for leukocytes, CD4+ cells, and CD8+ cells.

Data management and analysis

All study data were collected and managed using
electronic data capture tools based on our algorithm, hosted
at Glory Biotechnologies Corp. The platform is a secure,
password- protected, web-based application designed to
facilitate data capture for research studies. All data were
entered once, and each entry underwent thorough checks for
accuracy. Access to the entered data was restricted solely to
the staff directly involved in either data entry or analysis.
Leukocyte, CD8, and CD4 results were exported directly
from the GBTsol ICA device and analyzed using Microsoft
Excel to determine the number of tests performed, rates of
invalid tests, and types of invalid tests. Error assessment was
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conducted through scatterplot and best- line analyses using
linear regression to determine the coefficient of determination
(R?). Additionally, Bland—Altman analysis was performed to
determine systematic bias, limit of agreement (LOA), and the
imprecision of the GBTsol ICA.

Image analysis of leukocytes and specific blood cell
subsets

Each blood sample underwent staining with fluorescently
labeled antibodies targeting specific CD antigens for 5
minutes. Fluorescence intensities, cell size, and shape were
used to identify leukocytes. Specific surface markers were
used to classify leukocyte subpopulations, with a specific
fluorescent dye conjugated to antibodies against each CD
marker.

Results

The need for rapid, reproducible, sensitive, accurate, and
user-friendly tests is crucial in healthcare. Such a test holds
obvious advantages over existing tests and other instrument-
based systems that use microfluidic technology to count cells
on cartridges.

Specimen collection and GBTsol ICA performance

A total of 113 patients from Severance Hospital were
tested over a 4-month period, with patient ages ranging
from 8 to 65 years. Overall, there were minimal issues with
specimen compromise during blood collection. Out of the
113 CD4 and CD8 tests performed using GBTsol ICA, 2 tests
(1.76%) for CD4 and 2 tests (1.76%) for CDS failed due to
pipetting errors or improper sample handling. Additionally,
1 (0.88%) each for CD4 and CDS8 showed clotting before
conducting the respective tests (Tables 1 and 2). Another
one (0.88%) of both CD4 and CDS tests was aborted before
completion. GBTsol ICA instrument errors were primarily
associated with improper loading, either due to insufficient or
excessive volume (Tables 1 and 2). However, GBTsol ICA
CD4 and CDS test cartridges or analyzers might play a role
in some invalid results. Operation abortion of GBTsol ICA
CD4 and CD8 tests can occur due to mechanical or technical
problems with the analyzer itself or due to testing procedure
errors by research personnel. We analyzed invalid GBTsol
ICA test rates to determine if a particular problem was more
responsible for invalid GBTsol ICA tests. The analysis
indicated that pipetting errors or improper sample handling
were the major contributors to invalid tests. However, no
tests out of 113 conducted were deemed invalid due to error
messages reported by GBTsol ICA. Further investigation
revealed that CD4 counts less than 100 and CD8 counts
greater than 9000 were not suitable for analysis with GBTsol
ICA (data not shown). Many existing laboratory tests are
time-consuming, tedious, and require trained personnel and
expensive equipment [12]. POC-CD4 testing is valuable in
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the scale-up of ART for HIV care and linkage to treatment,
especially in high-risk, resource-restricted settings, as
conventional flow cytometry measurement of CD4 count
often involves sending samples to a central research facility,
causing delayed of 24—72 hours or even up to 7 days [13].
POC innovations can significantly reduce such delays,
enabling faster and more immediate care. To improve testing
capabilities in resource-restricted settings, it is crucial to
have access to high-caliber and low-cost CD4 assays [12,14].
These POC instruments and assays should provide precise
and reliable CD4 results while being simple to use. Therefore,
in this study, a novel immunofluorescence test based on
biomarker-specific antibodies was used to detect specific
CD markers and validated for CD4 and CDS8 monitoring
in patients with HIV/AIDS. This study demonstrated
high accuracy and reproducibility in predicting CD4 and
CDS8 counts using the GBTsol ICA device compared with
flow cytometry conducted at Severance Hospital, Yonsei
University, Seoul, South Korea.

Reproducibility and efficiency of the GBTsol ICA

To assess the detection sensitivity of GBTsol ICA,
rainbow beads at concentrations of 100, 250, 500, 1000, 1500,
2000, 2500, 3000, 3500, 4000, 4500, and 5000 beads per
microliter were subjected to GBTsol ICA and detected using
the device. The calculated detection efficiency consistently
exceeded 90% when 100 to 5000 beads were present per 200
u L of the rainbow bead sample (Fig. 2). The CV for various
bead concentrations ranged from 2.21% to 5.38%, aligning
with the WHO recommendation of < 15% for counts up to
500 and < 10% for counts up to 5000. Therefore, GBTsol
ICA had excellent detection efficiency and reproducibility,
facilitating accurate detection of CD4, CD8, and leukocytes
(Fig. 4 (A, B), 5 (A, B), 6 (A, B)). The GBTsol ICA POC
analyzer demonstrated high reproducibility with CV

Table 1: Reason for CD4 results recording failure out of 113 tests
performed.

GBTsol ICA reading error 0 0%
Pipetting/Human error 2 1.76%
Blood Clotted 1 0.88%
Test Aborted 1 0.88%
Total 4 3.53%

Table 2: Reason for CD8 results recording failure out of 113 tests
performed

GBTsol ICA reading error 0 0%
Pipetting/Human error 2 1.76%
Blood Clotted 1 0.88%
Test Aborted 1 0.88%
Total 4 3.53%
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consistently below 5% when assessing both normal and
low concentrations of beads. In this study, the GBTsol ICA
POC analyzer overestimated counts compared with the BD
FACSCount method in CD4+ T-cell enumeration, which is
in agreement with most studies using capillary or venous
blood [15-18]. However, this overestimation was minimal
and deemed not clinically significant. Discrepancies have
been reported in conventional CD4 testing platforms between
BD FACSCount and BD FACSCalibur, with a mean bias of
=76 cells/mm3 (95% CI, LOA - 316.0-163.0) [19]. Adequate
correlation for CD4, CD8, and leukocyte counts between
the GBTsol ICA analyzer and FACSCalibur (CVs of 0.90,
0.91, and 0.90, respectively) corroborate similar findings
[13]. Although a correlation exceeding 0.90 was observed
for CD4 enumeration between the two platforms, differences
were due to variability in instrument settings, antibodies
and fluorochromes used, sample volume inputs, and assay
procedures and methods.

5000

R2=0.8926

4000

3000

2000

1000

Number of BD Rainbow bead (Approx.)

-1000
Number of test performed by GBTSol ICA

Figure 2: Evaluation of the sensitivity of GBTsol ICA at various
target concentrations. A known number of rainbow microsphere
beads (100-5000 beads) was added into 1 mL phosphate buffered
saline (pH.7.0) and detected using the device integrated with a size-
selective micro cavity array. The plot represents the number of cells
recovered and the number of tests performed (n=12). CV ranged
from 2.28 to 5.38%, and the correlation coefficient (R2) was 0.99.

WBC counting by GBTsol ICA

The leukocyte count was determined using GBTsol
ICA for all 113 samples collected within 24 hours and was
compared with FACSCount. The recovery of leukocytes
exceeded 92% when compared with FACSCount (Fig. 3).
The coefficient of determination (R?) was 0.90. The mean
bias between the two platforms was 490 cells/p L (95% CI
LoA 139.25-840.84, n = 113), and the standard deviation of
the mean was 178.97 (Fig. 4A). These results closely align
with the FACSCount results, demonstrating high accuracy.
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Figure 3: Leukocyte recovery rate from 113 blood samples using the
GBTsol ICA device. Blood samples containing 1uL of whole blood
were introduced into the leukocyte- counting device GBTsol ICA.
Total leukocytes recovered by the GBTsol ICA were enumerated
by an internal computer algorithm using RGB values. Leukocytes
were incubated with DNA staining solution from the kit (GBTsol
ICA-001). All counts with GBTsol ICA were repeated three times.
The average number of leukocytes per microliter of whole blood
was calculated. The correlation value was 0.98, the precision value
was <10% (CV%), and the Leukocyte recovery percent was > 92%.
Method comparison and correlation studies for total leukocyte
counts of 113 human blood samples.

CD4 enumeration using GBTsol ICA

A total of 113 patient samples were collected over a
4-month period under the supervision of Yonsei University
IRB board members. For each sample, 200 p L containing 1
pL of blood was processed using GBTsol ICA. Subsequently,
human whole blood samples with different known CD4+
T-cell counts, as determined by flow cytometry, were tested
using GBTsol ICA. After subtracting the count due to
nonspecific binding, the number of captured cells was plotted
against the CD4 count, resulting in a correlation coefficient
of 0.90 between our assay and standard flow cytometry
(Fig. 5A). Despite the initial intention to use fluorescence
exclusively for examining cell capture, challenges arose in
counting individual T cells within clumps. The CD4 count
exhibited CVs ranging from 0.67% to 12.78%. However, the
Bland—Altman analysis revealed a mean bias of 23, with a
95% CI LoA between —86.47 and 186.16 (n=113) (Fig. 5B).
A recent report indicated that same-day POC CD4 testing
did not show significant benefits on health outcomes [27].
In alignment with findings from other studies [20,21,25,26],
we propose the feasibility of using an existing framework
to establish a small-scale POC research facility to offer
tests for the staging and pathology of ART. The overall
accuracy of the GBTsol ICA test in samples was thoroughly
assessed, and the correlation coefficient was 0.99, validating
the reliability of GBTsol ICA. However, in the CD4 T-cell
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count, an overestimation was observed. This phenomenon
of misclassification, overestimation, or underestimation has
been documented in various studies using the PIMA POC
analyzer [12,17,20-24].

Enumeration of CD8 by GBTsol ICA

All samples used for CD4 enumeration underwent
GBTsol ICA for the enumeration of CD8+ T cells. The assay
demonstrated a robust correlation coefficient of 0.91 when
compared with standard flow cytometry. Moreover, the CD8
count exhibited CVs ranging from 0.81% to 13.68% (Fig.
6A). However, upon conducting the Bland—Altman analysis,

a mean bias of 38 was observed, with a 95% CI of LoA
between —149.84 and 226.13 (n = 113) (Fig. 6B).

From an operational perspective, the use of the GBTsol
ICA POC analyzer yielded results consistent with other
studies using venous or capillary blood [12,13,20,22,27].
In our experience, test aborted and pipetting/human errors
of 0.88% and 1.76% for CD4 and CDS, respectively. The
operator in our study was a trained researcher rather than
a health professional such as a nurse or counselor. Our
studies indicated that the GBTsol ICA POC analyzer is
interchangeable with conventional platforms and provides
results comparable to those obtained with PIMA POC
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Figure 6: Linear regression and Bland-Altman analysis of GBTsol ICA and FACS count for CDS. In a comparison using venous blood
for GBTsol ICA and FACScount, the coefficient of determination (R2) was 0.91 while the mean bias between these two platforms was 38
cells/pL (CI-95%, LoA -149.84 to 226.13, n=113) and the SD mean was 95.91. In the Bland Altman plot (Right), the difference between
the 0 line and the black line indicates the bias of GBTsol ICA minus the NAVIOUS Ex Flow Cytometer.

technologies [12,16,17,19,20,22,27]. To further validate
these results, additional testing is warranted in communities
with HIV/AIDS infection, performed by various health
professionals, technicians, and hospitals. This additional
testing can verify the CV of repeatability and assess
misclassification, particularly in the context of under
treatment compared with FACSCalibur [19]. Researchers
in South Africa observed that the median time for patients
to return for their CD4 results was 8 days for those with <
200 cells/mm?, and 7 days for others, with a median of 49
days from CD4 testing to ART initiation. The use of POC
technologies plays a crucial role in expediting the process,
saving time, and aiding in the effective management of HIV
infection, care, and monitoring [28].

Conclusions

Recent systematic reviews [29] have shown that
the establishment of such a resource should streamline
administration by minimizing patient visits to centers [30]. It
should address psychosocial issues and barriers to healthcare
[31], enhance counseling and peer support to patients in need
[32], optimize the significance of starting and continuing
ART if eligible [33], and provide positive well-being
coaching and encouragement for patients. A family-focused
model of coordinated human services, consolidating the
majority of the previously mentioned healthcare framework,
has recently shown success in a similar population, resulting
in high adherence (94%) and retention of maintenance of
HIV-1-positive individuals [34,35]. In this study, we used a
device that enabled highly efficient separation of leukocytes
from small amounts of whole blood (less than that required

by conventional techniques) and provided highly accurate
enumeration of total numbers of leukocytes and their subsets.
We demonstrated that CD4 and CDS8 counts from a few
microliters of whole blood using our method exhibited a good
correlation with flow cytometry analysis.

Therefore, our device holds promise as an affordable
yet effective tool for rapid leukocyte counting, enabling
more comprehensive studies and monitoring of HIV/AIDS
patients in decentralized sites. The accuracy and simplicity
of absolute leukocyte counting provide numerous potential
applications in single-cell analysis, particularly in POC
diagnostic systems such as human CD marker enumerations.
Previous studies have shown that the immediate provision
of CD4+ T-cell counts increased the number of patients
receiving care and reduced patient failure to obtain treatment
(33%) [11,25,33,36,37]. In conclusion, the overall agreement
between FACSCount and the GBTsol ICA analyzer for
CD4+ T-cell enumeration was deemed acceptable, with a
clinically nonsignificant mean bias and high accuracy and
reproducibility. No significant differences were observed in
the results obtained from GBTsol ICA compared with those of
FACSCount. The GBTsol ICA POC CD4 test demonstrated
potential in CD4 and CD8 T-cell enumeration, offering an
avenue to broaden access to CD4 testing, particularly in rural
settings where current needs are unmet by existing laboratory
testing networks.
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