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Abstract: CD4 T lymphocytes play a key role in initiating the adaptive immune response,

releasing cytokines that mediate numerous signal transduction pathways across the im-

mune system. Therefore, CD4 T cell counts are widely used as an indicator of overall

immunological health. HIV, one of the leading causes of death in the developing world,

specifically targets and gradually depletes CD4 cells, making CD4 counts a critical metric

for monitoring disease progression. As a result, accurately counting CD4 cells represents

a pressing challenge in global healthcare. Flow cytometry remains the gold standard for

enumerating CD4 T cells; however, flow cytometers are expensive, difficult to transport,

and require skilled medical staff to prepare samples, operate the equipment, and interpret

results. This highlights the critical need for novel, rapid, cost-effective, and portable meth-

ods of CD4 enumeration that are suitable for deployment in resource-limited countries.

This review will survey and analyze emerging research in CD4 counting, with a focus on

microfluidic systems, which represent a promising area of investigation.

Keywords: ASSURED criteria; CD4 counting; HIV/AIDS; microfluidics; point-of-care

1. Introduction

HIV/AIDS remains a critical global health issue, claiming approximately 40.1 million

lives worldwide. In 2021 alone, 1.5 million new cases and 650,000 deaths were reported [1],

with an estimated 38.4 million individuals currently living with HIV, two-thirds (25.6 mil-

lion) residing in the WHO African Region [1]. CD4 T lymphocytes play a critical role in

orchestrating immune responses, and their depletion is a hallmark of HIV infection [2,3].

Measuring CD4 counts provides crucial information for assessing disease progression,

initiating antiretroviral therapy (ART), and monitoring immune recovery. Current WHO

guidelines recommend CD4 testing at baseline for all newly diagnosed HIV patients and pe-

riodically for those with advanced disease or suspected treatment failure. While viral load

testing is increasingly prioritized, CD4 testing remains indispensable in resource-limited

settings where viral load testing may not be readily available [4].

CD4 metricsÐabsolute count, CD4%, and the CD4/CD8 ratioÐare essential for assess-

ing immune health and managing HIV/AIDS. Each metric serves a unique role in HIV care.

For instance, CD4% indicates the proportion of CD4 cells among total lymphocytes and is

particularly useful in pediatric cases where absolute counts vary with age. The CD4/CD8

ratio has emerged as a marker for immune activation and aging, with relevance for non-

AIDS comorbidities in treated HIV patients [5]. This review focuses on the absolute CD4

count, the most commonly used metric, which measures the concentration of CD4 cells
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in the blood, which values below 200 cells/mm3 indicate AIDS [1,6,7]. CD4 testing is

not routinely required for the general public but is critical for HIV-positive individuals.

Baseline testing determines the stage of HIV and guides ART initiation [8]. Follow-up

testing is essential for patients with advanced HIV (CD4 ≤ 200 cells/mm3) or opportunistic

infections to monitor immune reconstitution and guide prophylaxis. For stable patients

with suppressed viral loads, the WHO suggests that routine CD4 monitoring may not be

necessary, especially if viral load testing is available [9]. The precision required for CD4

testing depends on clinical goals. Thresholds such as CD4 ≤ 200 cells/mm3 (indicating

AIDS) are critical for decision-making, while thresholds of ≤350 cells/mm3 reflect evidence

supporting earlier intervention [10]. Most recently, ≤500 cells/mm3 has been adopted as

studies suggest benefits from earlier treatment initiation [10]. Semi-quantitative approaches

(e.g., below or above thresholds) may suffice in some contexts, provided they correlate

reliably with flow cytometry [11]. However, accurate absolute counts remain crucial for

baseline assessments and monitoring immune recovery [10].

Flow cytometry, the gold standard for CD4 enumeration, uses immunolabeling tech-

niques to achieve high accuracy and reliability [12±16]. However, its cost, operational

complexity, and dependence on skilled medical staff limit accessibility in resource-limited

settings [13,17±19]. Portable flow cytometers have improved accessibility, but devices like

the BD FACSCount™ remain impractical for widespread POC use due to their size and

medical requirements [13].

In response to these limitations, microfluidic technologies have emerged as trans-

formative solutions for CD4 enumeration. These systems align with the ASSURED cri-

teria (Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equipment-free,

and Deliverable) for medical diagnostics [20±24]. Innovations such as soft microfluidic

channels [25±27] and disposable microfluidic devices [28±33] have enhanced practicality

by reducing contamination risks and enabling easy fabrication.

Microfluidic technology has significantly advanced the development of point-of-care

(POC) assays, providing practical alternatives to traditional flow cytometry. The choice

between POC and centralized testing depends on local healthcare infrastructure and patient

accessibility. While centralized testing offers higher throughput and precision, it requires

sample transportation, which can cause delays and risks of sample degradation [34]. CD4

counts are susceptible to time- and temperature-related decay, particularly in whole blood

samples, necessitating immediate processing or using stabilized transport media. POC tests,

by contrast, provide immediate, on-site results, reducing turnaround times and enhancing

patient care in remote regions [35].

These POC devices reduce costs, save time, and empower patients to monitor their

health, promoting better understanding of disease progression and enabling timely deci-

sions for HIV/AIDS management. This review examines current academic and commer-

cial CD4 diagnostic methods, focusing on microfluidic devices and POC solutions. CD4

cell sensing methods are categorized as electrical or optical. Electrical sensing measures

impedance changes as cells move through an aperture or bind to a target area, while opti-

cal sensing employs fluorescence- or non-fluorescence-based imaging to count CD4 cells.

This review highlights these approaches and discusses innovative and unconventional

sensing techniques.

2. Electrical Impedance Sensing

Electrical impedance sensing measures the opposition to an electrical current as it

passes through a microfluidic channel containing cells. This section reviews three key

approaches: Coulter principle-based methods, label-free impedance sensing, and electrical
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impedance spectroscopy (EIS). These techniques provide diverse CD4 T cell enumeration

solutions and highlight innovations aimed at resource-limited settings.

2.1. Coulter Principle-Based Impedance Sensing

Coulter principle-based sensing relies on detecting changes in electrical impedance

as cells pass through a small aperture. As the first technique to enable rapid analysis of

single-cell electrical properties [36,37], it paved the way for high-throughput cell counting.

However, it faces significant limitations for CD4+ T cell counting. Specifically, Coulter-

based systems cannot inherently differentiate lymphocyte subtypes, such as CD4+ and

CD8+ T cells, as they measure cell size and general electrical properties rather than spe-

cific surface markers essential for subtype identification [38±40]. Additional challenges,

including aperture clogging, sensitivity to similarly sized particles, and extensive sample

preparation requirements, further hinder its applicability to CD4 counting [40,41]. Recent

advancements, such as multi-frequency measurements, have improved subtype identifi-

cation and reduced sample preparation needs, increasing the technique’s suitability for

point-of-care applications. As shown in Figure 1a, this technique measures changes in

electrical impedance as particles pass through a small aperture, with impedance momentar-

ily increasing for each particle [36]. Despite these improvements, the inability to identify

specific surface markers remains a limitation for CD4+ T cell counting. For example, de-

vices like the Chempaq XBC (eXpress Blood Counter, Chempaq A/S, Hirsemarken 1B,

3520 Farum, Denmark), shown in Figure 1b, provide total WBC counts with a three-part

differential (Neutrophils, Lymphocytes, and Monocytes) but cannot reliably differentiate

CD4+ T cells without additional markers [42±44]. Rao et al. evaluated the Chempaq XBC

for hemoglobin and leukocyte counting, reporting accurate hematologic data suitable for

high-throughput applications [41]. Furthermore, as illustrated in Figure 1c, Holmes et al.

demonstrated that applying multi-frequency measurements could provide additional in-

formation about cell membrane properties and internal structure, enhancing subtypes

differentiation [37,39]. By using antibody-coated beads to bind to CD4+ T cells, the tech-

nique changes the electrical properties of labeled cells, improving their differentiation from

other cell types in mixed populations [37,39]. Combined with red blood cell lysis tech-

niques, these advancements reduce preparation requirements and streamline the process

for point-of-care applications [37,39,41]. Coulter-based impedance sensing provides fast,

high-throughput analysis but remains limited for subtype-specific applications without

additional markers.

(a) (b) (c)

Figure 1. (a) Coulter principle-based sensing technique invented by Wallace H. Coulter [45]. (b) Top:

Chempaq XBC blood counter. Bottom: Disposable cassette for blood collection [46]. (c) Improved

Coulter Principle-based microfluidic device applied with multiple frequencies [37].
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2.2. Label-Free Impedance Sensing

Label-free impedance sensing simplifies CD4 enumeration by measuring changes

in electrical resistance caused by cell size and membrane properties without requiring

fluorescent labels or antibodies. Recent innovations include the use of fluidic electrodes

made from KCl solutions, which eliminate the need for traditional metal electrodes and

reduce costs while maintaining high sensitivity (e.g., detecting as few as 10 cells/µL).

These approaches align with ASSURED criteria, making them ideal for resource-limited

settings [47,48].

Wang et al. introduced a microfluidic device utilizing hydrodynamic focusing, where

two sheath flows of KCl solution act as fluidic electrodes to guide the cell suspension

through the channel [47,48]. The device applies a low-voltage (DC < 2V) electric field and

measures impedance changes caused by ions and biomolecules released from lysed CD4+

T cells. The system demonstrated a linear relationship (R² = 0.97) between the logarithmic

value of cell concentration and impedance, achieving a detection limit of 10 cells/µL. CD4+

cells were separated from whole blood samples prior to analysis to ensure specificity and

accuracy [47,48].

Arifuzzman et al. further demonstrated an autonomous microchip capable of analyz-

ing immune cell subtypes without conventional labeling methods during cell permeabiliza-

tion, facilitating electronic quantification of immunophenotypic characteristics [49]. This

device uses microfluidic chambers functionalized with surface markers specific to capture

target cells. As shown in Figure 2b, electrical impedance sensing measures resistance

changes as cells pass through microchannels. Real-time data are fed into an algorithm

to calculate cell subpopulation fractions based on immunocapture statistics [49]. While

promising for point-of-care diagnostics in resource-limited settings, challenges remain in

reducing hydraulic resistance and enabling faster processing. Additionally, integrating

multi-frequency impedance analysis could help distinguish cell subtypes with similar

electrical properties, making it adaptable for diverse cell populations. However, this de-

vice’s specific surface marker preparation limits its versatility for broader immune profiling

applications [49]. Label-free impedance is cost-effective, autonomous, and well suited for

portable diagnostics in decentralized healthcare environments.

(a) (b)

Figure 2. (a) Schematic representation of microfluidic structure and hydrodynamic focusing zone [47].

(b) A schematic of the device showing the layout of capture chambers designed to capture CD4+ and

CD8+ T cells and the sensors monitoring cell capture. Insets show fluorescently labeled CD4+ (left)

and CD8+ (right) cells after capture. Scale bar, 50 µm [49].

2.3. Electrical Impedance Spectroscopy (EIS) Sensing

EIS extends traditional impedance sensing by analyzing frequency-dependent electri-

cal properties of cells [50]. This technique is particularly suited for highly sensitive CD4

detection in low-conductivity environments. However, challenges remain in minimizing

interference from complex biological samples. Cheng et al. developed a microfluidic device
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that immobilizes CD4+ cells on patterned surface electrodes using anti-CD4 antibodies,

as shown in Figure 3 [50]. Unbound cells and contaminants are removed via PBS washes

containing BSA and EDTA to enhance specificity. This electrical method counts cells by

measuring changes in the conductivity of the surrounding medium triggered by ions re-

leased from lysed, surface-immobilized cells within a microfluidic channel. Immobilized

cells are lysed using a low-conductivity hypotonic solution, and the resulting changes

in impedance are measured with surface-patterned electrodes to detect and quantify cell

numbers. The conductance of the solution increases linearly with the number of lysed

cells, achieving a detection limit of 20 cells/µL. (The equivalence of 200 cells/mm3 to

approximately 20 cells/µL3 assumes a standard 1:10 dilution of blood, which is commonly

used in certain CD4 testing methodologies.) This approach simplifies cell quantification

and provides a reliable method for CD4 enumeration in microfluidic devices. However,

EIS systems require low-conductivity environments, which may be affected by biological

sample complexity [51]. Despite this limitation, EIS remains highly sensitive and specific,

making it an ideal choice for controlled diagnostic environments.

Figure 3. Left: Schematic of the impedance measurement setup. Samples are delivered into the

microchannels through an inlet (green) using a syringe pump, with impedance measured by an

LCR meter. Right: Illustration of cell ion release measured using impedance spectroscopy. Target

cells isolated within a microfluidic device are lysed to release intracellular ions, increasing bulk

conductance, and monitored with surface-patterned electrodes and impedance spectroscopy to

quantify cell numbers [50].

Table 1 summarizes the strengths and limitations of these electrical impedance sens-

ing techniques. Coulter principle-based impedance sensing offers fast, high-throughput

analysis but struggles with subtype differentiation. Label-free impedance sensing pro-

vides affordable, autonomous solutions suitable for resource-limited settings, while EIS

achieves high sensitivity but requires controlled environments. Collectively, these methods

demonstrate significant potential for advancing CD4 counting technologies, particularly in

low-resource settings.

Table 1. Comparison of electrical impedance sensing methods.

Method Strengths Limitations

Coulter Principle
High-speed, accurate
size/count measurement

Inability to identify cell
subtypes, clogging issues

Label-Free Impedance
Cost-effective, portable,
easy fabrication

Limited to basic electrical
properties

Electrical Impedance
Spectroscopy (EIS)

High sensitivity, detailed
cell analysis

Requires low-conductivity
environments

3. Optical Sensing

Optical sensing methods utilize light-based detection techniques to quantify CD4 T

lymphocytes in microfluidic assays. These approaches offer high sensitivity and speci-

ficity, making them well suited for point-of-care (POC) diagnostics. This section reviews

fluorescence-based, imaging-based, absorbance-based, and colorimetric sensing techniques,

highlighting their applications, limitations, and advancements in resource-limited settings.
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3.1. Fluorescence-Based Optical Sensing

Fluorescence-based methods employ fluorophore-conjugated antibodies to label CD4

cells, enabling highly specific detection [52]. Upon excitation by a light source, typically a

laser, the fluorophores emit distinct fluorescent signals captured and quantified, allowing

for high sensitivity even in samples with low cell counts [53]. Most fluorescence-based

sensing approaches require fluorescence imaging techniques. For example, devices such as

the BD FACSPresto integrate fluorescence imaging and absorbance readings, providing

accurate CD4 counts for POC diagnostics [54]. Other systems, like the PIMA CD4 analyzer,

forego imaging by using photodetectors to measure fluorescence intensity [11]. While these

techniques excel in sensitivity, they often require precise optical alignment and can suffer

from signal interference in complex biological samples.

Quantum dots (QDs), as shown in Figure 4a, provide enhanced stability, bright-

ness, and multiplexing capabilities due to their broad excitation and narrow emission

spectra [55,56]. These properties enable the simultaneous detection of multiple cellular

markers with minimal spectral overlap, significantly improving the quantification of CD4+

T cells. For instance, a portable microfluidic leveraging QDs achieved a high correlation

(R² = 0.97) with conventional flow cytometry for counting CD4+ lymphocytes from whole

blood [56,57]. Despite their potential, QDs remain underutilized for quantitative CD4

counting in disposable devices, a promising area for further development.

Innovative approaches like inkjet-printed polysaccharide matrices have also emerged.

Shown in Figure 4b, this method incorporates fluorescent antibodies within a microflu-

idic CD4 counting chamber, enabling precise cell labeling and quantification with a cost-

effective, long-lasting design [58]. This matrix, composed of gellan and trehalose, supports

controlled antibody release, sustaining functionality in fluorescent assays for up to three

months [58]. When a blood sample flows through, the matrix releases antibody conjugates,

allowing precise CD4 labeling as the sample progresses through the device via capillary

action. This configuration presents a cost-effective and efficient solution for POC CD4

counting [58]. In Figure 4c, another method involves a tandem affinity microfluidic system

for CD4/CD8 ratio measurement, allowing simultaneous capture and tagging of both CD4

and CD8 cells, with results showing strong correlation with flow cytometry (R² = 0.97),

underscoring its suitability as an affordable diagnostic tool in low-resource settings [59].

(a) (b)

Figure 4. Cont.
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(c)

(d) (e) (f)

Figure 4. (a) Quantum dots (QDs) with antibodies for CD4 detection, offering compact and targeted

binding [57]. (b) Perspective view of a simple glass chip with two chambers for capillary flow [58].

(c) Tandem affinity microfluidic system for CD4/CD8 ratio quantification, comparable to conventional

flow cytometry [59]. (d) BD FACSPresto device [60]. (e) PointCare NOW™ system [61]. (f) Helios

CD4 Analyzer with a helical channel design [62].

As shown in Table 2, several commercially available devices leverage fluorescence-

based technology for CD4 T cell counting and have been widely applied in point-of-care

settings, showing similar efficacy and accuracy to lab-based flow cytometry [63±65]. The BD

FACSPresto (Becton, Dickinson and Company, PLC, 1 Becton Drive, Franklin Lakes, NJ

07417, USA), shown in Figure 4d and authorized by the World Health Organization in

2014 [60,66], is designed for low-resource settings; this system incorporates a single-use

disposable cartridge, enabling rapid, on-site testing [44]. The BD FACSPresto requires a

small volume of whole blood (50 µL), which is introduced into a single-use disposable

cartridge preloaded with reagents, including fluorophore-conjugated antibodies specific to

CD4 molecules on T cells. Once the cartridge is inserted into the analyzer, the fluorophore-

conjugated antibodies bind selectively to CD4 molecules on the surface of T cells. Inside the

analyzer, the sample is exposed to a light source that excites the fluorophores, causing them

to emit light at specific wavelengths. The emitted fluorescence is captured and quantified

by an imaging system, which calculates the number of CD4+ T cells in the sample with high

specificity and accuracy. Studies indicate robust performance across various clinical settings,

although sensitivity may be slightly lower than laboratory-based flow cytometry, potentially

missing up to 20% of patients needing treatment in field settings [67,68]. The BD FACSPresto

system has been successfully deployed in sub-Saharan Africa, where it demonstrated

robust performance in HIV monitoring despite field limitations. Studies revealed up to

80% sensitivity in low-resource settings, though technical challenges like cartridge disposal

logistics remain [69].
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Table 2. Comparison of commercial fluorescence-based optical sensing CD4 analyzers.

Aspect BD FACSPresto PointCare NOW™
Helios CD4
Analyzer

PIMA CD4 Analyzer

Sample Requirement
50 µL whole blood
(capillary or venous)

50 µL whole blood
(capillary or venous)

20±50 µL whole
blood

10 µL whole blood
(capillary or venous)

Detection Limit 50 cells/µL 100 cells/µL 100 cells/µL 50 cells/µL

Time to Results 5 min 20 min 10±15 min 20 min

Output Parameters

Absolute CD4 count,
CD4 percentage,
Hemoglobin
concentration

Absolute CD4 count,
White blood cell
(WBC) count,
Hemoglobin levels
(via CBC)

Absolute CD4
count, CD4/CD8
ratio (optional)

Absolute CD4 count,
CD4 percentage

The PointCare NOW™ (PointCare Technologies, Inc, 257 Simarano Drive, Marlbor-

ough, MA 01752, USA), shown in Figure 4e and introduced in 2012, utilizes fluorescence-

based detection similar to the BD FACSPresto. It requires 50 µL of whole blood mixed

with fluorophore-conjugated antibodies that specifically bind to CD4 molecules on T

cells [64]. However, PointCare NOW™ enhances functionality by integrating fluorescence

detection with impedance sensing, enabling it to provide comprehensive blood count

analysis. Impedance sensing measures the size and count of white blood cells, offering

additional hematological parameters alongside CD4 counts. While the device is marketed

for HIV/AIDS diagnostics, studies have reported a consistent positive bias in CD4 counts,

raising concerns about its precision for clinical management. Independent evaluations

suggest that it may not be suitable for all clinical settings [63].

An emerging fluorescence-based approach, ªNut and Bolt Microfluidicsº, utilizes a

helical minichannel within a cylindrical sample cartridge [62]. The Helios CD4 Analyzer,

shown in Figure 4f, integrates fluorescence-based detection with a disposable helical car-

tridge designed for 20±50 µL of whole blood. Similar to the BD FACSPresto and PointCare

NOW™, the Helios (Standard BioTools Inc. 2 Tower Place, Suite 2000, South San Francisco,

CA 94080, USA) uses fluorophore-conjugated antibodies to label CD4+ T cells specifically.

However, it distinguishes itself by employing a CCD camera to detect emitted fluorescence

signals, offering precise quantification of labeled cells. The cylindrical cartridge features

a spiraling channel, which ensures uniform mixing of the blood sample and reagents,

minimizing reagent consumption and improving consistency. The system is powered by a

single rotating motor, simplifying the electromechanical design and enhancing reliability in

point-of-care (POC) settings, particularly in resource-limited environments. This innova-

tive design streamlines operation while maintaining accuracy, positioning the Helios as a

promising tool for accessible and efficient CD4+ T cell enumeration.

Additionally, comparative studies demonstrate promising agreement with the widely

used PIMA CD4 analyzer (Abbott Rapid Diagnostics Jena GmbH, Orlaweg 1, D-07743

Jena, Germany), which shares the same basic fluorescence-based detection principle and

suggests its potential as a low-cost, high-throughput diagnostic device [62]. The PIMA

CD4 analyzer was assessed in South Africa using capillary blood sampling, which provides

immediate CD4 counts, facilitating timely antiretroviral therapy initiation in resource-

limited settings [11].

3.2. Imaging-Based Optical Sensing

Imaging-based techniques utilize high-resolution cameras or sensors to analyze cell

morphology, offering significant potential for POC applications. These methods simplify
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optical setups while maintaining accuracy through innovations like machine learning-

assisted cytometry.

In Figure 5a, the ImmunoSpin method uses light microscopy to detect CD4+ T cells

tagged with anti-CD4 antibody-conjugated microparticles, facilitating bright-field imaging

without the need for fluorescence or microfluidic devices. By lysing red blood cells and con-

centrating leukocytes through cytocentrifugation, CD4+ cells become distinguishable under

light microscopy, achieving accuracy comparable to clinical flow cytometry in resource-

limited settings [70]. Additionally, in Figure 5b, Cheng et al. developed a microfluidic

device for low-cost, label-free detection of CD4+ T cells using cell affinity chromatography

operated under controlled shear stress [71]. The device requires only 10 µL of unprocessed

whole blood, which is injected directly into a channel functionalized with anti-CD4 antibod-

ies. Under optimized shear stress conditions (1±3 dyn/cm²), CD4+ T cells selectively adhere

to the surface due to their higher expression of CD4 receptors compared to monocytes

and other cells [71]. To differentiate CD4+ T cells from monocytes, the device leverages

the physical and biological properties of these cells. Monocytes, which also express CD4,

exhibit significantly lower adhesion efficiency at shear stresses above 0.7 dyn/cm² due to

their larger size and lower CD4 receptor density. This shear stress window ensures that

more than 95% of the captured cells are CD4+ T lymphocytes, with minimal contamination

from other cell types. Captured cells are counted directly under a light microscope, using

their specific adhesion to the antibody-functionalized surface as an identity marker. Unlike

traditional flow cytometry, this method does not require fluorescent labeling, simplifying

the process and reducing costs [71]. Comparative tests demonstrated strong agreement with

conventional flow cytometry (R² = 0.93), confirming the device’s accuracy and potential as

a practical tool for POC applications in resource-limited settings [43,71]. Imaging-based

optical sensing has been applied to study red blood cells in Tanzania [72]. Researchers

measured the morphological and biochemical properties of RBCs by transforming existing

microscopes into quantitative phase microscopes.

In Figure 5c, Moon et al. introduced a lensless imaging platform that captures grayscale

shadows of CD4+ cells bound to an anti-CD4 antibody-coated microfluidic chip [73]. This

CCD-based lensless technique captures images rapidly, enabling automatic cell counting

in under 10 min with a capture efficiency of 70.2% and a detection specificity of 88.8%

relative to flow cytometry. This integrated system significantly reduces complexity and

cost, making it well suited for POC testing in low-resource settings [73].

Further innovations include a contact-imaging microfluidic cytometer by Huang et al.,

shown in Figure 5d, which combines contact imaging with machine-learning algorithms for

enhanced resolution and accuracy [74]. Single-frame super-resolution processing enables

high-throughput, real-time cell analysis in continuous flow. The system achieved a counting

accuracy within an 8% error margin compared to flow cytometry, illustrating its potential

as a rapid and effective diagnostic tool.

Lastly, in Figure 5e, Fennell et al. developed a wide-field optical imaging system paired

with ImageJ software (Wayne Rasband, National Institutes of Health, https://github.com/

imagej/ImageJ) for automated CD4 counting on a microfluidic chip. This system achieves

a high capture efficiency (98.3%) and specificity (89.3%) for CD4+ cells and can process

larger sample areas in a single view, enhancing throughput and reliability in POC settings.

Future integration of AI for more precise cell type discrimination could further improve

specificity, making it an ideal tool for rapid and cost-effective CD4 enumeration in remote

locations [75,76].
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(a) (b)

(c) (d) (e)

Figure 5. (a) ImmunoSpin system showing CD4 T cells tagged with microparticles for bright-field

imaging, allowing morphology-based CD4 counting without fluorescence labeling [70]. (b) Label-free

CD4 T cell isolation in a microfluidic device using cell affinity chromatography under controlled

shear stress, enabling optical detection for POC applications [71]. (c) Lensless shadow imaging in a

microfluidic device with anti-CD4 antibodies capturing target cells, producing grayscale shadows for

rapid, label-free CD4 counting [73]. (d) Contact-imaging cytometer with ELM-SR machine learning

for super-resolution processing, enhancing accuracy in real-time, high-throughput CD4 counting [74].

(e) Wide-field optical imaging system with automated CD4 counting software, using ImageJ-based

analysis to boost throughput and sensitivity in POC diagnostics [75].

3.3. Absorbance-Based Optical Sensing

Absorbance-based optical sensing is a technique used to determine CD4 T lymphocyte

concentrations by measuring light absorption at specific wavelengths. This allows for the

indirect quantification of cell concentration based on the amount of light passing through

the sample versus the amount absorbed. This approach leverages the fact that certain

biomolecules or markers unique to CD4 cells absorb light in predictable ways, simplifying

detection without the need for complex equipment such as lasers or fluorescence detectors.

This makes absorbance-based sensing particularly advantageous for point-of-care (POC) ap-

plications, especially in resource-limited settings where access to advanced instrumentation

is limited. Being less equipment-intensive, this method is ideal for decentralized healthcare.

The micro-a-fluidic ELISA technique represents an innovative adaptation of this princi-

ple for rapid CD4 cell counting. This approach, shown in Figure 6, is designed for POC use

and automates enzyme-linked immunosorbent assay (ELISA) processing within a microflu-

idic channel [77]. By immobilizing anti-CD4 antibodies on magnetic beads, this platform

captures CD4+ T lymphocytes directly from whole blood, eliminating the complex fluidic

operations typically seen in conventional ELISA setups. Instead of flowing the substrate,

the micro-a-fluidic ELISA moves the magnetic beads through different reagent chambers,

significantly reducing the risk of air bubbles and flow control issues. The colorimetric

readout is captured by a smartphone, providing highly accurate counts within minutes,

making this an efficient solution for ART monitoring in resource-constrained areas [77,78].



Biosensors 2025, 15, 33 11 of 16

Figure 6. A droplet from a finger prick can be collected and loaded onto a micro-a-fluidic chip along

with antibody-functionalized magnetic beads. The micro-a-fluidic chip is placed on a permanent

magnet fixed on a motorized stage. With the aid of a software program, the stage is used to control

and complete the entire process of ELISA in an automated manner [77].

3.4. Colorimetric Optical Sensing

Colorimetric methods rely on visual color changes triggered by CD4 cell-specific

chemical reactions. Colorimetric optical sensing for CD4 counting is a technique that uses

color changes to detect and quantify CD4+ T lymphocytes. This method typically involves

a chemical reaction that produces a visible color shift when CD4+ cells are present in a

sample. The color intensity correlates with the concentration of CD4 cells, allowing for easy

visual or instrumental measurement. These systems are simple to use but face limitations

in detecting low CD4 concentrations due to limited sensitivity. One current constraint of

POC white blood cell (WBC) counting devices is their ªinherent limitation in supporting

the detection of WBCsÐthe pore sizes of materials used to fabricate these devices do

not permit passive WBC transport via wicking [79]º. Murray and Mace identified a new

paper-based microfluidic device (Figure 7) capable of transporting WBCs both laterally

and vertically. By using CEM-CD4+ T cells, a kind of leukocyte cell line, Murray and his

colleagues successfully detected and enumerated the CD4+ T lymphocyte subset, which

helps identify people with severe HIV disease/AIDS. Although their equipment functions

as planned with cultured cells, further research and testing are required with whole blood,

which is the optimal sample matrix for WBC enumeration. The ultimate device format

aims to process fingerstick blood samples and provide semi-quantitative or quantitative

WBC counts to the end user [79]. The colorimetric sensing has been successfully tested in

seven countries, including Malawi, Tanzania, South Africa, Thailand, Uganda, Vietnam,

and Zambia, with a sensitivity of 92.7% compared to the gold standard [80].

In Table 3, a comparison of optical sensing techniques for CD4 T cell enumeration is pre-

sented. These methods encompass fluorescence-based, imaging-based, absorbance-based,

and colorimetric approaches, each offering unique strengths and limitations. Fluorescence-

based techniques excel in sensitivity and specificity, making them suitable for high-precision

applications. Imaging-based methods leverage advanced optics and machine learning algo-

rithms for accurate real-time analysis, while absorbance- and colorimetric-based approaches

prioritize simplicity and affordability, particularly for resource-limited settings. Collectively,

these techniques address diverse diagnostic needs in sensitivity, specificity, and operational

complexity, providing adaptable solutions for both clinical and POC applications.
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Figure 7. Device schematic showing each layer, its function, and the material used to fabricate that

layer. The added sample contains a suspension of WBCs, which wicks vertically through the sample

addition/cell labeling layer, interacting with the antibody conjugate that is stored there. The cells

wick to the subsequent incubation layer, where they mix and bind to the antibody conjugate, given

that the target cell type is present in the sample. The cells are retained by size on the readout layer,

a PES membrane with a pore size of 0.8 µm, and the remaining fluid wicks through the wash layer

to the blot layer below. Representative scans from the calibration curve for CD3+ T and CD19+ B

cells [79].

Table 3. Comparison of Optical Sensing Techniques.

Technique Advantages Limitations

Fluorescence-Based
High specificity; robust for
low cell counts; widely
validated in POC settings

Requires precise optical
alignment; expensive reagents

Imaging-Based
High resolution; adaptable to
machine learning; minimal
sample preparation

Sensitive to environmental
light; dependent on
professional medical staff

Absorbance-Based
Equipment-light; cost-effective
for resource-limited settings

Limited specificity for CD4
counts; prone to signal
interference

Colorimetric
Simplified detection; visual or
smartphone-based readouts

Low sensitivity for sparse CD4
populations

4. Conclusions

Accurately counting CD4+ T lymphocytes is crucial for managing HIV/AIDS, espe-

cially in resource-limited settings where access to advanced diagnostic facilities is scarce.

This review highlights the rapid advancements in microfluidic and point-of-care (POC)

technologies designed to address the limitations of traditional flow cytometry. Integrating

diverse sensing approachesÐincluding electrical impedance and optical methods (fluo-

rescence, imaging, absorbance, and colorimetric)Ðare revolutionizing CD4 enumeration.

Aligned with the ASSURED criteria (Affordable, Sensitive, Specific, User-friendly, Rapid,

Equipment-free, and Deliverable), these technologies are particularly suited for deployment

in decentralized healthcare settings.

Each sensing modality presents unique strengths and challenges. Optical methods,

such as fluorescence and imaging-based sensing, excel in sensitivity and specificity but

often require precise alignment and entail higher costs. Electrical impedance techniques

offer label-free, rapid analysis, but the complexity of biological samples can impact their

performance. Despite the diversity of approaches, fluorescence-based optical sensing

remains the most widely adopted technique. Commercialized systems, including BD
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FACSPresto, PointCare NOW™, Helios, and PIMA, have demonstrated their effectiveness

and practicality for CD4 monitoring in clinical and point-of-care applications.

Future research should focus on improving these systems’ robustness, sensitivity,

and affordability, emphasizing integrating advanced algorithms and smartphone-based

interfaces to enhance usability in remote settings. As microfluidic POC devices continue

to evolve, they have the potential to democratize access to CD4 monitoring, significantly

improving patient outcomes and advancing global HIV/AIDS management. Additionally,

clinical trials and further investigations into existing techniques, such as the PIMA eval-

uations in South Africa, should be prioritized to validate their effectiveness and expand

their applicability.

Author Contributions: Conceptualization, M.J., Z.M., D.Z., J.C., Q.L., and R.Z.; writingÐoriginal

draft preparation, Z.M., H.R., M.K., D.Z., J.C., Q.L., and R.Z.; writingÐreview and editing, Z.M., H.R.,

M.K., D.Z., J.C., Q.L., and R.Z.; supervision, M.J.; project administration, M.J.; funding acquisition,

M.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by NSF grants 1846740 and 2002511 and by the Defense Advanced

Research Project Agency (DARPA) and the Army Research Office (ARO) (Grant Number W911NF-

20-1-0295). The views here are those of the authors and do not represent official policies of DARPA,

ARO, or the U.S. govt.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. World Health Organization. HIV/AIDS Fact Sheet. 2024. Available online: https://www.who.int/news-room/fact-sheets/

detail/hiv-aids (accessed on 5 November 2024).

2. Li, T.S.; Tubiana, R.; Katlama, C.; Calvez, V.; Mohand, H.A.; Autran, B. Long-lasting recovery in CD4 T-cell function and viral-load

reduction after highly active antiretroviral therapy in advanced HIV-1 disease. Lancet 1998, 351, 1682±1686. [CrossRef] [PubMed]

3. Castilho, J.L.; Bian, A.; Jenkins, C.A.; Shepherd, B.E.; Sigel, K.; Gill, M.J.; Kitahata, M.M.; Silverberg, M.J.; Mayor, A.M.; Coburn,

S.B.; et al. CD4/CD8 ratio and cancer risk among adults with HIV. JNCI J. Natl. Cancer Inst. 2022, 114, 854±862. [CrossRef]

[PubMed]

4. Ford, N.; Meintjes, G.; Vitoria, M.; Greene, G.; Chiller, T. The evolving role of CD4 cell counts in HIV care. Curr. Opin. HIV AIDS

2017, 12, 123±128. [CrossRef]

5. Serrano-Villar, S.; Deeks, S.G. CD4/CD8 ratio: An emerging biomarker for HIV. Lancet HIV 2015, 2, e76±e77.

6. MedlinePlus. CD4 Lymphocyte Count. 2024. Available online: https://medlineplus.gov/lab-tests/cd4-lymphocyte-count/

(accessed on 5 November 2024).

7. Gebo, K.A.; Gallant, J.E.; Keruly, J.C.; Moore, R.D. Absolute CD4 vs. CD4 percentage for predicting the risk of opportunistic

illness in HIV infection. JAIDS J. Acquir. Immune Defic. Syndr. 2004, 36, 1028±1033. [CrossRef]

8. Council, A. Guidelines for the Use of Antiretroviral Agents in Adults and Adolescents with HIV. J. Org. Chem. 2021, 86, 693±708.

9. World Health Organization. Consolidated Guidelines on the Use of Antiretroviral Drugs for Treating and Preventing HIV Infection:

Recommendations for a Public Health Approach; World Health Organization: Geneva, Switzerland, 2016.

10. From CD4-Based Initiation to Treating All HIV-Infected Adults Immediately: An Evidence-Based Meta-analysis. J. Virus Erad.

2018, 4, 18±23.

11. Glencross, D.K.; Coetzee, L.M.; Faal, M.; Masango, M.; Stevens, W.S.; Venter, W.F.; Osih, R. Performance evaluation of the Pima™

point-of-care CD4 analyser using capillary blood sampling in field tests in South Africa. J. Int. AIDS Soc. 2012, 15, 1±13. [CrossRef]

[PubMed]

12. Barnett, D.; Walker, B.; Landay, A.; Denny, T.N. CD4 immunophenotyping in HIV infection. Nat. Rev. Microbiol. 2008, 6, S7±S15.

[CrossRef] [PubMed]



Biosensors 2025, 15, 33 14 of 16

13. Dieye, T.N.; Diaw, P.A.; Daneau, G.; Wade, D.; Niang, M.S.; Camara, M.; Diallo, A.A.; Kane, C.T.; Ndiaye, H.D.; Mbengue,

B.; et al. Evaluation of a flow cytometry method for CD4 T cell enumeration based on volumetric primary CD4 gating using

thermoresistant reagents. J. Immunol. Methods 2011, 372, 7±13. [CrossRef]

14. Lin, Z.; Lin, S.Y.; Xie, P.; Lin, C.Y.; Rather, G.M.; Bertino, J.R.; Javanmard, M. Rapid assessment of surface markers on cancer cells

using immuno-magnetic separation and multi-frequency impedance cytometry for targeted therapy. Sci. Rep. 2020, 10, 3015.

[CrossRef] [PubMed]

15. Sui, J.; Foflonker, F.; Bhattacharya, D.; Javanmard, M. Electrical impedance as an indicator of microalgal cell health. Sci. Rep. 2020,

10, 1251. [CrossRef] [PubMed]

16. Sui, J.; Xie, P.; Lin, Z.; Javanmard, M. Electronic classification of barcoded particles for multiplexed detection using supervised

machine learning analysis. Talanta 2020, 215, 120791. [CrossRef]

17. Kokabi, M.; Tahir, M.N.; Singh, D.; Javanmard, M. Advancing healthcare: Synergizing biosensors and machine learning for early

cancer diagnosis. Biosensors 2023, 13, 884. [CrossRef] [PubMed]

18. Kokabi, M.; Sui, J.; Gandotra, N.; Pournadali Khamseh, A.; Scharfe, C.; Javanmard, M. Nucleic acid quantification by multi-

frequency impedance cytometry and machine learning. Biosensors 2023, 13, 316. [CrossRef]

19. Kokabi, M.; Tayyab, M.; Rather, G.M.; Pournadali Khamseh, A.; Cheng, D.; DeMauro, E.P.; Javanmard, M. Integrating optical and

electrical sensing with machine learning for advanced particle characterization. Biomed. Microdevices 2024, 26, 25. [CrossRef]

[PubMed]

20. Drummond, T.G.; Hill, M.G.; Barton, J.K. Electrochemical DNA sensors. Nat. Biotechnol. 2003, 21, 1192±1199. [CrossRef] [PubMed]

21. Mahmoodi, S.R.; Xie, P.; Zachs, D.P.; Peterson, E.J.; Graham, R.S.; Kaiser, C.R.; Lim, H.H.; Allen, M.G.; Javanmard, M. Single-step

label-free nanowell immunoassay accurately quantifies serum stress hormones within minutes. Sci. Adv. 2021, 7, eabf4401.

[CrossRef] [PubMed]

22. Mok, J.; Mindrinos, M.N.; Davis, R.W.; Javanmard, M. Digital microfluidic assay for protein detection. Proc. Natl. Acad. Sci. USA

2014, 111, 2110±2115. [CrossRef]

23. Huang, Z.; Li, X.; Martins-Green, M.; Liu, Y. Microfabrication of cylindrical microfluidic channel networks for microvascular

research. Biomed. Microdevices 2012, 14, 873±883. [CrossRef] [PubMed]

24. Sui, J.; Lin, Z.; Azizpour, S.; Chen, F.; Gaur, S.; Keene, K.; Soleimani, F.; Bhowmick, T.; Rafique, Z.; Javanmard, M. Clinical

evaluation of a fully electronic microfluidic white blood cell analyzer. PLoS ONE 2024, 19, e0296344. [CrossRef] [PubMed]

25. El-Ali, J.; Sorger, P.K.; Jensen, K.F. Cells on chips. Nature 2006, 442, 403±411. [CrossRef]

26. Quake, S.R.; Scherer, A. From micro-to nanofabrication with soft materials. Science 2000, 290, 1536±1540. [CrossRef] [PubMed]

27. Abate, A.R.; Lee, D.; Do, T.; Holtze, C.; Weitz, D.A. Glass coating for PDMS microfluidic channels by sol±gel methods. Lab Chip

2008, 8, 516±518. [CrossRef] [PubMed]

28. Yager, P.; Edwards, T.; Fu, E.; Helton, K.; Nelson, K.; Tam, M.R.; Weigl, B.H. Microfluidic diagnostic technologies for global public

health. Nature 2006, 442, 412±418. [CrossRef] [PubMed]

29. Yu, H.; Lu, Y.; Zhou, Y.g.; Wang, F.b.; He, F.y.; Xia, X.h. A simple, disposable microfluidic device for rapid protein concentration

and purification via direct-printing. Lab Chip 2008, 8, 1496±1501. [CrossRef] [PubMed]

30. Meng, Z.; Tayyab, M.; Lin, Z.; Raji, H.; Javanmard, M. A Smartphone-Based Disposable Hemoglobin Sensor Based on Colorimetric

Analysis. Sensors 2022, 23, 394. [CrossRef] [PubMed]

31. Meng, Z.; Williams, A.; Liau, P.; Stephens, T.G.; Drury, C.; Chiles, E.N.; Su, X.; Javanmard, M.; Bhattacharya, D. Development of a

portable toolkit to diagnose coral thermal stress. Sci. Rep. 2022, 12, 14398. [CrossRef] [PubMed]

32. Meng, Z.; Raji, H.; Tayyab, M.; Javanmard, M. Cell phone microscopy enabled low-cost manufacturable colorimetric urine glucose

test. Biomed. Microdevices 2023, 25, 43. [CrossRef]

33. Meng, Z.; Tayyab, M.; Lin, Z.; Raji, H.; Javanmard, M. A computer vision enhanced smart phone platform for microfluidic urine

glucometry. Analyst 2024, 149, 1719±1726. [CrossRef]

34. Kosack, C.S.; Page, A.L.; Klatser, P.R. A guide to aid the selection of diagnostic tests. Bull. World Health Organ. 2017, 95, 639.

35. Drain, P.K.; Rousseau, C. Point-of-care diagnostics: Extending the laboratory network to reach the last mile. Curr. Opin. HIV

AIDS 2017, 12, 175±181. [CrossRef] [PubMed]

36. Shapiro, H.M. Practical Flow Cytometry; John Wiley & Sons: Hoboken, NJ, USA, 2005.

37. Holmes, D.; Pettigrew, D.; Reccius, C.H.; Gwyer, J.D.; van Berkel, C.; Holloway, J.; Davies, D.E.; Morgan, H. Leukocyte analysis

and differentiation using high speed microfluidic single cell impedance cytometry. Lab Chip 2009, 9, 2881±2889. [CrossRef]

[PubMed]

38. Cheung, K.; Gawad, S.; Renaud, P. Impedance spectroscopy flow cytometry: On-chip label-free cell differentiation. Cytom. Part A

2005, 65, 124±132. [CrossRef] [PubMed]

39. Holmes, D.; Morgan, H. Single cell impedance cytometry for identification and counting of CD4 T-cells in human blood using

impedance labels. Anal. Chem. 2010, 82, 1455±1461. [CrossRef]



Biosensors 2025, 15, 33 15 of 16

40. Gawad, S.; Schild, L.; Renaud, P. Micromachined impedance spectroscopy flow cytometer for cell analysis and particle sizing. Lab

Chip 2001, 1, 76±82. [CrossRef]

41. Rao, L.; Ekberg, B.A.; Connor, D.; Jakubiak, F.; Vallaro, G.M.; Snyder, M. Evaluation of a new point of care automated complete

blood count (CBC) analyzer in various clinical settings. Clin. Chim. Acta 2008, 389, 120±125. [CrossRef] [PubMed]

42. Chin, S.Y.; Laksanasopin, T.; Chin, C.D.; Sia, S.K. Point-of-Care Microdevices for Global Health Diagnostics of Infectious Diseases.

In Microfluidic Technologies for Human Health; World Scientific Publishing: Singapore, 2012; pp. 115±133.

43. Laxmi, V.; Tripathi, S.; Agrawal, A. Current status of the development of blood-based point-of-care microdevices. Mechanical

Sciences: The Way Forward 2021, pp. 169±196.

44. U.S. Food and Drug Administration. 510(k) Summary: BD FACSPresto Instrument System. 2024. Available online: https:

//www.accessdata.fda.gov/cdrh_docs/reviews/K050758.pdf (accessed on 5 November 2024).

45. Beckman Coulter. The Coulter Principle: Historical Overview and Applications. 2024. Available online: https://www.beckman.

com/resources/technologies/flow-cytometry/history/coulter-principle (accessed on 30 December 2024).

46. Chempaq XBC Haematology Report. Technical Report. 2006. Available online: https://www.skup.org/media/tkilys5g/2006-47-

chempaq-xbc-haematology-rapport.pdf (accessed on 16 June 2024).

47. Guido, I.; Xiong, C.; Fang, J. Low-voltage electroporation with fluidic microelectrodes. Microelectron. Eng. 2012, 98, 707±710.

[CrossRef]

48. Wang, S.; Wei, Q.; Zhu, T.; Huang, J.; Yu, M.; Sha, Y.; Xiong, C.; Fang, J. CD4+ T Cell Counting by Impedance Measurement on a

Chip with Fluidic Electrodes. Int. J. Nonlinear Sci. Numer. Simul. 2012, 13, 311±317. [CrossRef]

49. Arifuzzman, A.; Asmare, N.; Ozkaya-Ahmadov, T.; Civelekoglu, O.; Wang, N.; Sarioglu, A.F. An autonomous microchip for

real-time, label-free immune cell analysis. Biosens. Bioelectron. 2023, 222, 114916. [CrossRef] [PubMed]

50. Cheng, X.; Liu, Y.s.; Irimia, D.; Demirci, U.; Yang, L.; Zamir, L.; Rodriguez, W.R.; Toner, M.; Bashir, R. Cell detection and counting

through cell lysate impedance spectroscopy in microfluidic devices. Lab Chip 2007, 7, 746±755. [CrossRef]

51. Piyasena, M.E.; Graves, S.W. The intersection of flow cytometry with microfluidics and microfabrication. Lab Chip 2014, 14, 1044±1059.

[CrossRef] [PubMed]

52. Haaland, D.M.; Jones, H.D. Fluorescence spectroscopy for clinical diagnostics. Anal. Chem. 2014, 86, 5215±5227.

53. West, J.; Becker, M.; Tombrink, S.; Manz, A. Micro total analysis systems: Latest achievements. Anal. Chem. 2008, 80, 3776±3782.

[CrossRef] [PubMed]

54. Schwarz, J.; Duerkop, A.; Wolfbeis, O.S. Fluorescence-based sensing and biosensors. Sensors Actuators B Chem. 2005, 107, 535±544.

55. Smith, A.M.; Duan, H.; Mohs, A.M.; Nie, S. Bioconjugated quantum dots for multiplexed and quantitative immunohistochemistry.

Nat. Protoc. 2006, 1, 1160±1164.

56. Murray, C.B.; Kagan, C.R.; Bawendi, M.G. Synthesis and characterization of monodisperse nanocrystals and close-packed

nanocrystal assemblies. Annu. Rev. Mater. Sci. 2000, 30, 545±610. [CrossRef]

57. Goldman, E.R.; Uyeda, H.T.; Hayhurst, A.; Mattoussi, H. Luminescent biocompatible quantum dots: A tool for immunosorbent

assay design. In Quantum Dots: Applications in Biology; Springer: Berlin/Heidelberg, Germany, 2007; pp. 207±227.

58. Zhang, X.; Wasserberg, D.; Breukers, C.; Connell, B.J.; Schipper, P.J.; van Dalum, J.; Baeten, E.; van den Blink, D.; Bloem, A.C.;

Nijhuis, M.; et al. An inkjet-printed polysaccharide matrix for on-chip sample preparation in point-of-care cell counting chambers.

RSC Adv. 2020, 10, 18062±18072. [CrossRef] [PubMed]

59. Li, W.; Gao, Y.; Pappas, D. A complementary method to CD4 counting: Measurement of CD4+/CD8+ T lymphocyte ratio in a

tandem affinity microfluidic system. Biomed. Microdevices 2015, 17, 1±9. [CrossRef]

60. BD Biosciences. BD FACSPresto Instrument System. 2024. Available online: https://www.bdbiosciences.com/en-eu/products/

instruments/flow-cytometers/clinical-cell-analyzers/facspresto/bd-facspresto-instrument-system.651000 (accessed on 5 Novem-

ber 2024).

61. PointCare V3 Product Page. 2024. Available online: https://www.inndix.com/en_GB/pointcarev3 (accessed on 16 June 2024).

62. Kim, J.K.; Shourav, M.K.; Cho, M.O.; Lee, Y. Nut and bolt microfluidics with helical minichannel for counting CD4+ T-cells.

Bioengineering 2019, 6, 24. [CrossRef]

63. Bergeron, M.; Daneau, G.; Ding, T.; Sitoe, N.E.; Westerman, L.E.; Stokx, J.; Jani, I.V.; Coetzee, L.M.; Scott, L.; De Weggheleire, A.;

et al. Performance of the PointCare NOW system for CD4 counting in HIV patients based on five independent evaluations. PLoS

ONE 2012, 7, e41166. [CrossRef]

64. Boyle, D.S.; Hawkins, K.R.; Steele, M.S.; Singhal, M.; Cheng, X. Emerging technologies for point-of-care CD4 T-lymphocyte

counting. Trends Biotechnol. 2012, 30, 45±54. [CrossRef]

65. Bwana, P.; Vojnov, L.; Adhiambo, M.; Akinyi, C.; Mwende, J.; Prescott, M.; Mwau, M. Correction: The BD FACSPresto point of

care CD4 Test accurately enumerates CD4+ T cell counts. PLoS ONE 2016, 11, e0167667. [CrossRef] [PubMed]

66. World Health Organization. Prequalification of In Vitro DiagnosticsÐPrequalification Reports. 2024. Available online: https:

//extranet.who.int/prequal/vitro-diagnostics/prequalification-reports (accessed on 5 November 2024).



Biosensors 2025, 15, 33 16 of 16

67. Bwana, P.; Vojnov, L.; Adhiambo, M.; Akinyi, C.; Mwende, J.; Prescott, M.; Mwau, M. The BD FACSPresto point of care CD4 test

accurately enumerates CD4+ T cell counts. PLoS ONE 2015, 10, e0145586. [CrossRef] [PubMed]

68. Sagnia, B.; Mbakop Ghomsi, F.; Moudourou, S.; Gutierez, A.; Tchadji, J.; Sosso, S.M.; Ndjolo, A.; Colizzi, V. Accurate and repro-

ducible enumeration of CD4 T cell counts and Hemoglobin levels using a point of care system: Comparison with conventional

laboratory based testing systems in a clinical reference laboratory in Cameroon. PLoS ONE 2024, 19, e0297790. [CrossRef]

69. Kingwara, L.; Stephen, K.B.; Ogada, C.; Chaba, L.; Muriungi, H.; Mumo, R.; Onkendi, E.; Kangogo, G.; Okeyo, D.O.; Umuro, M.;

et al. Field evaluation of BD FACSPresto for haemoglobin and CD4 measurement. Clin. Med. Diagn. 2017, 7, 57±66.

70. Hwang, S.H.; Yang, J.J.; Oh, Y.H.; Ko, D.H.; Sung, H.; Cho, Y.U.; Jang, S.; Park, C.J.; Oh, H.B. Microparticle-tagged image-based

cell counting (ImmunoSpin) for CD4+ T cells. Microchim. Acta 2021, 188, 431. [CrossRef] [PubMed]

71. Cheng, X.; Irimia, D.; Dixon, M.; Sekine, K.; Demirci, U.; Zamir, L.; Tompkins, R.G.; Rodriguez, W.; Toner, M. A microfluidic

device for practical label-free CD4+ T cell counting of HIV-infected subjects. Lab Chip 2007, 7, 170±178. [CrossRef] [PubMed]

72. Jung, J.; Matemba, L.E.; Lee, K.; Kazyoba, P.E.; Yoon, J.; Massaga, J.J.; Kim, K.; Kim, D.J.; Park, Y. Optical characterization of

red blood cells from individuals with sickle cell trait and disease in Tanzania using quantitative phase imaging. Sci. Rep. 2016,

6, 31698. [CrossRef]

73. Moon, S.; Keles, H.O.; Ozcan, A.; Khademhosseini, A.; Hñggstrom, E.; Kuritzkes, D.; Demirci, U. Integrating microfluidics and

lensless imaging for point-of-care testing. Biosens. Bioelectron. 2009, 24, 3208±3214. [CrossRef]

74. Huang, X.; Guo, J.; Wang, X.; Yan, M.; Kang, Y.; Yu, H. A contact-imaging based microfluidic cytometer with machine-learning for

single-frame super-resolution processing. PLoS ONE 2014, 9, e104539. [CrossRef] [PubMed]

75. Fennell, R.D.; Sher, M.; Asghar, W. Development of a Microfluidic Device for CD4+ T Cell Isolation and Automated Enumeration

from Whole Blood. Biosensors 2021, 12, 12. [CrossRef] [PubMed]

76. Abràmoff, M.D.; Magalhães, P.J.; Ram, S.J. Image processing with ImageJ. Biophotonics Int. 2004, 11, 36±42.

77. Wang, S.; Tasoglu, S.; Chen, P.Z.; Chen, M.; Akbas, R.; Wach, S.; Ozdemir, C.I.; Gurkan, U.A.; Giguel, F.F.; Kuritzkes, D.R.; et al.

Micro-a-fluidics ELISA for rapid CD4 cell count at the point-of-care. Sci. Rep. 2014, 4, 3796. [CrossRef] [PubMed]

78. Tharakan, S.; Faqah, O.; Asghar, W.; Ilyas, A. Microfluidic Devices for HIV Diagnosis and Monitoring at Point-of-Care (POC)

Settings. Biosensors 2022, 12, 949. [CrossRef] [PubMed]

79. Murray, L.P.; Mace, C.R. Based Cytometer for the Detection and Enumeration of White Blood Cells According to Their Im-

munophenotype. Anal. Chem. 2022, 94, 10443±10450. [CrossRef]

80. Gils, T.; Hella, J.; Jacobs, B.K.; Sossen, B.; Mukoka, M.; Muyoyeta, M.; Nakabugo, E.; Van Nguyen, H.; Ubolyam, S.; Macé, A.; et al.

A Prospective Evaluation of the Diagnostic Accuracy of the Point-of-Care VISITECT CD4 Advanced Disease Test in 7 Countries. J.

Infect. Dis. 2024, jiae374. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


	Introduction 
	Electrical Impedance Sensing
	Coulter Principle-Based Impedance Sensing
	Label-Free Impedance Sensing
	Electrical Impedance Spectroscopy (EIS) Sensing

	Optical Sensing
	Fluorescence-Based Optical Sensing
	Imaging-Based Optical Sensing
	Absorbance-Based Optical Sensing
	Colorimetric Optical Sensing

	Conclusions
	References

