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We present a low-cost Lab-on-a-Chip option for cheap HIV diagnostics using whole blood, operating
largely instrument-free, with rapid time-to-answer.




Lab on a Chip Page 2 of 9

Journal Name RSCPublishing

ARTICLE
Rapid, Low-Cost and Instrument-Free CD4+ Cell

Counting for HIV Diagnostics in Resource-Poor
Settings

Cite this: DOI: 10.1039/x0xx00000x

Macdara Glynn, David J. Kinahan and Jens Ducrée
Received 00th January 2012,
Accepted 00th January 2012
We present a novel, user-friendly and widely autonomous point-of-care diagnostic to enable

HIV monitoring in resource-poor regions where the current pandemic is most prevalent. To
specifically isolate magnetically tagged CD4+ cells directly from patient blood, the low-cost
and disposable microfluidic chip operates by dual-force CD4+ cell magnetophoresis; whereby
the interplay of centrifugal- and magnetic fields govern the trajectory of target cells depending
on whether the cell binds to a magnetic microbead. Instrument-free pumping is implemented
by a finger-actuated elastic membrane; tagged beads are laterally deflected by a small and re-
useable permanent magnet. The single-depth and monolithic microfluidic structure can easily
be fabricated in a single casting step. After their magnetophoretic isolation from whole blood,
estimation of CD4+ cell concentrations is then measured by bright-field inspection of the
capture chamber. In addition, an optional fluorescence measurement can be used for confir-
mation of the bright-field result if required. On-chip CD4+ estimation produces a linear
response over the full range of medically relevant CD4+ cell concentrations. Our technology
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combines high-efficiency capture (93.0 + 3.3%) and cell enumeration.
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Introduction

Since its initial identification and characterisation in the early
1980s 2, HIV (human immunodeficiency virus) infection and
the associated pathology of AIDS (acquired immunodeficiency
syndrome) remain as an ongoing global pandemic disease. The
most recent UNAIDS report estimates that over 35 million
people were living with HIV in 2012, with total estimated
deaths since the emergence of the disease of around 36 million
3. This places HIV as one of the primary infectious diseases of
the modern age. Encouragingly, at a global level there is a year-
on-year decrease in the overall number of new HIV infections
(since 1996) and deaths (since 2005), even though the overall
number of people living with HIV is increasing; this is due, at
least in part, to increasing access to anti-retroviral therapies
(ART) which significantly extend the (average) life expectancy
of patients *. Although encouraging, 2012 statistics also showed
that 71% of those living with HIV, and 75% of the AIDS-
related deaths occurred in Sub-Saharan Africa ®. These statistics
clearly underpin that resource should primarily be concentrated
at this large reservoir of HIV.

The HIV Treatment Cascade (sometimes called the
HIV/AIDS Care Continuum) is a public health tool a HIV-
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infected individual must follow to achieve viral suppression > °.
The first step in this cascade (after infection) is diagnosis, often
referred to as “aware of status”. This is followed by: link to
medical care, continuation of medical care, ART, and finally,
viral suppression. In 2012, only 51% of those living with HIV
were aware of their status in Sub-Saharan Africa, and in some
countries (i.e. Burkina Faso), as little as 10% of infected
individuals are likely to be aware of their status >. A primary
reason for this shortfall in diagnosis is the technical challenge
of delivering effective testing to populations in such resource-
poor regions. Often, HIV diagnostics in these areas is attempted
using technology more applicable to high-income and
infrastructure-advanced regions — such as clinical flow
cytometry at a central national facility. This strategy coincides
with a high level of patients dropping out of treatment regimens
— known as “loss to follow up” "%,

Compact “Point-of-Care” (PoC) technologies which can be
taken along by medical staff to patients and set up in mobile
clinics distant from urban centres are frequently deemed a more
promising approach °. Indeed, a study by Jani ef al. showed that
loss to follow up dropped from 64% to 33% at a test clinic in
Mozambique following introduction of PoC testing '°. There
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are a number of such PoC instruments specifically designed for
HIV testing in resource-poor countries on the market, and more
in the late stages of validation before commercial release as
recently reviewed '

A reliable measure of HIV infection is the concentration of
CD4-expressing T-helper cells (Th-cells) in the blood of a
patient. As the target of the HIV virus, a reduction in the
number of these cells can diagnose and / or stage the infection.
The number of CD4+ cells in a healthy individual will vary
depending on a variety of demographic, environmental and
genetic factors '>, but in general a healthy number of CD4+
cells is greater than 1200 cells / pl of whole blood, and can
range as high as 2072 cells / pl '%; regardless, the current
threshold for initiation of ART since 2013 is 500 cells / ul °.

We present here a HIV test which determines the number of
CD4+ cells from a small volume of whole blood loaded to a
readily manufacturable and simple-to-operate microfluidic chip.
Although blood-based CD4+ cellular estimation is common in
many of the devices '
instrument-free as the flow is driven by mere finger-actuation.

, the presented strategy can be devised

Furthermore, the single-depth microfluidic features can be
monolithically manufactured, for example by casting, hot
embossing or injection moulding, without the need for hybrid
integration of functional materials, e.g. for pumping and
valving. This clearly distinguishes our work from other finger-
actuated micro-devices which require more complex and thus
(potentially) more costly and error-prone concepts of flow
control: using a ball to deform a barrier film ', installing a
multi-part pumping structure cast independently of the final
chip 5", or controlling fluidic passage using valving '®.
Isolation of cells based on expression of a specific protein
marker binding to magnetic beads (magnetophoresis) has been
applications of
magnetophoresis can, however, often involve complex design

demonstrated. Published and commercial

as the second force that acts in a distinct direction to the
magnetic force can require peripherals with active components,
electronics and software. Such peripherals include syringe
pumps '* 2° or more recently, a centrifuge *'; hence
compromising cost efficiency and ease of deployment of such a
device in infrastructure- and expertise-poor regions.

Similarly, current detection strategies, such as the two
currently available commercial PoC devices (Alere Pima™ and
Partec CyFlow® miniPOC), frequently
instrumentation, e.g. direct fluorescence measurement '' using
225 The use of such
specialised fluorescent antibodies can be both a cost and

involve complex
antibodies specific to CD4+ cells

storage burden. Other methods to enumerate isolated CD4+
cells include electrical impedance measurement 2%, and
surface plasmon resonance (SPR) * — both of which are
associated with technically advanced and intricate hardware.
Lens-less electronic CCD detection ** can provide a simpler
instrumentation platform for CD4+ enumeration.

We present the described microfluidic chip, as an option to
integrate specific, dual-force (fluidic and magnetic) CD4+ cell
isolation from whole blood, with a highly simplistic optical

readout using only a bright-field magnification option — such as
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a common microscope. A more sensitive readout can also be
achieved using optional UV-based imaging, but without the
need for an antibody binding step.

Operational Principle

A pneumatic fluidic reservoir (P1) at the base of the chip
connects directly to the separation chamber (Fig. lii) and a
secondary reservoir (P2) located at the opposite end of the
separation channel. The sample input port is positioned directly
below P2. Midway down the separation channel is the CD4+
capture locus. A permanent magnet is placed perpendicular to
the pneumatically-driven flow of liquid. Prior to testing, the
chip is primed by a degas-driven flow procedure (see Section
“Chip Fabrication and Priming”) with liquid buffer.
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Figure 1: Finger-press actuated magnetophoretic CD4+ isolation chip. i) Image of
a chip. The microfluidic structures are highlighted with red dye. ii) Schematic
showing main constituents. Direction of flow when P1 is depressed or released is
indicated with blue and green arrows, respectively. A zoom of the capture
chamber is shown in the circular red insert.
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Figure 2: i) Operation of one cycle to isolate CD4+ cells (shown as black circles) from whole blood. Direction of flow pressure is shown with blue (towards P2) and
green (towards P1) arrows. Elliptical insert represents a zoomed view of the capture chamber. ii) Analysis of the heights of the cell/bead pack in the capture chamber
from 1 — 8 cycles. “P1” (blue) and “P2” (Green) indicate the direction of the fluidic force. Images bordered in green represent zoomed micrographs of the capture
chamber at the completion of a cycle.

The CD4+ count results from the interplay of two chip-based
mechanisms — i) flow-based magnetophoresis, and ii) cell-
displacement. The execution of the
diagnostics protocol involves the following sequence of
handling steps. First, the elastic membrane sealing the
pneumatic chamber (P1) is depressed (Fig. 2a). Due to the
reduction of the internal volume of the chip, a corresponding
fraction of liquid is expelled via the sample input port and
wicked away using an absorbent tissue. 4 pl of sample is then
applied to the loading port before the membrane at P1 is
released (Fig. 2i a-b). The subsequent reconstitution of the
initial internal chip volume generates an underpressure which

mediated volume

This journal is © The Royal Society of Chemistry 2012

drives sample from the sample port, past the capture region, and
towards reservoir P1 (Fig. 2i c-d). As the volume of displace-
ment resulting from depressing P1 (ca. 6 pl) exceeds that of the
applied sample (4 pl), the full sample volume is drawn into the
chip upon release of P1. Due to the described volumes, some
air can also enter the chip via the input port during loading.
When small volumes of air enter the chip, P2 provides excess
priming liquid to minimise the effect on the fluidic flow.

Due to the small dimensions of the microfluidic structure
(the chamber is 40 um in depth), the finger-actuated, pressure-
driven flow through the primary channel connecting P1 and P2
stays in the laminar regime, thus resulting in practically stag-
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nant flow in the dead-ended lateral capture region (which
would otherwise feature excessive viscous shear due to the
close proximity of incoming and outgoing flow lines).
Untagged background cells simply follow the streamlines by
means of the Stokes drag and are thus barred from the stagnant
capture zone (ESI video V.1). Instead this capture zone will be
almost exclusively populated by magnetic particles, i.e. free
beads and magnetically tagged (target) cells.

During this pressure-driven magnetophoresis through our
chip, the background of non-magnetically tagged cells follows
the flow towards P1; only the magnetically tagged CD4-posi-
tive cells (and any unbound magnetic beads) are deflected
towards the base of the flow-free capture chamber (Fig. 3). In
order to sequester remaining CD4+ cells to the capture cham-
ber, P1 is again pressed to propel the sample back past the
capture chamber and towards the sample input port (Fig. 2i e-f).
This dual-press pumping completes within 15 seconds. After
three complete dual-press pumping cycles (i.e. six passes of the
capture chamber within about 45 seconds), the increase in the
height of the cell / bead pack in the capture chamber reaches a
plateau; further cycles result in only minimal changes in the ob-
served height (Fig. 2ii). Hence, for data shown in this work,
three dual-press pumping cycles were performed unless other-
wise stated.

As they possess a diameter of 4.5 + 0.07 pm, which falls
just short of half the average radius of the CD4+ cells (ca. 12 -
15 pm 3", the magnetic beads are too large to be internalized
into the cells. Consequently, to a good approximation, the
volumes of cells and beads are additive, leading to a linear
relation between the number of CD4+ cells isolated to the
capture chamber and the filling level. The slope is governed by
the cell size and chamber geometry and can be calibrated with
samples exhibiting defined numbers of CD4+ cells. The offset,
“zero cell” volume can be quantified with a sample fully
depleted of CD4+ cells and spiked with a standard number of
magnetic beads.

The filling level (and thus a metric for the concentration of
CD4+ cells) can be measured using bright-field microscopy by
comparison to a scale alongside the capture chamber — much
like reading a thermometer. Alternatively, in particular for vali-
dation purposes, cells can be enumerated by fluorescence
measurement of stained white blood cells (Figs. 4 - 5). In many
similar applications, CD4+ cells are fluorescently detected
using specific anti-CD4 fluorescent antibodies as a consumable.
However, especially for applications in global diagnostics, the
rather high costs of the fluorescently-conjugated antibodies and
the necessity of a cold chain shipping and storage (or short
shelf-life) can be limiting factors. While the Dynabead™ CD4
magnetic beads used in the presented chip are recommended to
be stored at 4-8 °C, they are shipped in liquid form without the
need for refrigeration; and the protocols utilising the beads are
all carried out at room temperature. Further, the potential costs
of a high efficiency reagent such as Dynabead™ CD4 for an
assay designed to be low-cost can be offset by the low volume
required per test when performed using the microfluidic archi-
tectures of the presented chip. Optional antibody-free fluores-
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cent detection is also facilitated through DNA-binding, UV-ex-
cited 4',6-diamidino-2-phenylindole (DAPI); a common white
blood cell (WBC) stain. As red blood cells do not possess a
DNA-containing nucleus, DAPI will stain the entire WBC
population, but not the RBCs. Since the diagnostic specificity
of our system is not based on the affinity of a specific
fluorescent stain to the target cells, but rather on the affinity and
relocation of the magnetic beads, the level of CD4+ can be thus
measured by the aggregate fluorescence arising from the
capture chamber. All other WBCs, while also DAPI-stained,
will be located in the segregation channel and disregarded by
the observer. This allows a specific CD4+ fluorescent-based
measurement (if required) without the expense and difficulties
associated with specific biological reagents such as antibodies.

Materials and Methods

Chip Fabrication and Priming

The microfluidic chips were formed from a silicone elastomer —
polydimethylsiloxane (PDMS) (Dow Corning, MI, USA);
mixed at a ratio of 10:1 base and curing agent. The procedures

for making the master mould ** 33

and the cavities required for
securing the on-chip magnets in the PDMS and curing the
PDMS in the moulding rig have been described elsewhere '.

Once the PDMS is cured and the magnetic positioning
mould has been removed, the PDMS chips were cut out and
pealed from the wafer, leaving 40-pm deep microfluidic struc-
tures on the underside, and cavities for placing the magnets
through the PDMS. A sample-loading hole was defined in the
PDMS using a dot punch. The PDMS slab was placed onto a
25 X 60 mm?® glass substrate, and allowed to bond for 30 s.
Finally, using pressure sensitive adhesive (PSA — Adhesives
Research, Ireland), the PDMS / glass chip was secured to a
supporting bracket cut from polymethylmethacrylate (PMMA)
(Radionics, Ireland) by a CO2 laser writer (Epilog Zing, USA).

To prime the microchannels, the chips were placed under
vacuum for at least 1 hour. Subsequently a large drop of
priming buffer (PBS pH 7.4, 0.1% w/v BSA, 1 mM EDTA)
was placed on the surface of the PDMS, covering the sample-
loading hole. Degas-driven flow then primes the channels *.
We used NdFeB N45 cylindrical magnets, with a diameter of
3 mm and a height of 6 mm (Supermagnete, Germany). These
magnets were placed in the moulded cavities before the sample
was loaded to the chip.

Sample Preparation

The operation and efficiency of the chip was tested using three
types of input samples. A) The ability of the chip to perform
flow-based magnetophoresis was demonstrated using a mixture
of magnetic and non-magnetic beads, with the latter being
additionally fluorescent. B) Cell-mediated volume displacement
was demonstrated using whole blood as starting material,
spiked with fluorescently stained HL60 cells. Finally, C) a
standard curve of whole blood with increasing numbers of
native CD4+ cells was used to demonstrate the chip in its

This journal is © The Royal Society of Chemistry 2012
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diagnostic mode. The sample preparation protocols for all these
sample types are documented in the electronic supplementary
material (ESI).

Microscopic Imaging and Quantification of Signal

Cell / bead packing in the detection chamber was visualised on-
chip IX81 epifluorescent
microscope (Olympus, Tokyo, Japan). For non-fluorescence
quantification, the height of the packing was simply compared
by eye to the scale bar integrated alongside the detection
chamber (Figs. 4-5) by bright-field microscopy. The result
reported by this method represents the notch that the highest
event in the capture chamber reaches when viewed visually. If
the level is found between two notches, then the higher of the
two is reported. For fluorescence-based quantification, we
employ DAPI staining of WBCs, or the NucBlue™ staining of
spiked HL60 cells — both of which are detected using a UV-
excitation filter set on the microscope (Ex = 370 nm, Em = 460
nm).
fluorescent signal between samples is described in detail in the
ESI.

using an Olympus inverted

The method for calculating the relative levels of

Experimental Results

Flow-based Magnetophoresis

To demonstrate its capability to isolate magnetically-tagged
particles from a background population of non-magnetic
particles, a mixture of magnetic and non-magnetic particles was
processed on the chip. The particle size in both populations was
similar (10 pum — 11 pm), and chosen to approximately mimic
the size of target cells. For further distinction only the non-
magnetic particles were infused with FITC and so could be
detected fluorescently. Suspensions were prepared at a number
ratio of 2500 non-magnetic to 500 magnetic particles per pl
sample. 4 pul of this sample was loaded to the chip and
processed using the three cycles as described in Fig. 2.
Following flow-based magnetophoretic processing of the
sample, the majority (93.0 +3.3%) of the magnetic particles
arrived in the capture chamber where only a small proportion
(0.01 £0.02%) of the originally abundant fluorescent particles
(green) were observed (Fig. 3i-ii). These non-magnetic beads
may have been conveyed to the capture zone by either binding
to one of the deflected magnetic particles, or by their entrap-
ment in the migration of the magnetic particles. Conversely,
99.99 + 0.02% of the non-magnetic particles, and 7.0 + 3.3% of
the magnetic particles remained in the separation chamber
(Fig. 3ii). Overall, the two populations were efficiently isolated
from each other using flow-based magnetophoresis within 45
seconds of sample application to the chip.

Cell-Mediated Volume Displacement

In order to show the effect of a cellular population co-localising
with magnetic beads in the capture chamber, both depleted
blood and depleted blood supplemented with cultured and
NucBlue™ stained HL60 cells were processed on chip (method

This journal is © The Royal Society of Chemistry 2012
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Figure 3: i) Results of finger-press pumped magnetophoretic isolation of 10 um
magnetic beads (black) from 11 um non-magnetic fluorescent beads (coloured
green in the merged images). The areas enclosed by the red boxes are shown
magnified on the right. The edge of the capture chamber is shown as a yellow
dashed line in the zoomed fluorescent image. Scale bar is 0.5 mm. ii) Statistical
analysis of the distribution of non-magnetic and magnetic particles. Error bars
represent one standard deviation. Data was collected over n=3 experiments.

of blood processing and HL60 staining / spiking is described in
supplementary information). In both cases, the same number of
Dynabead™ CD4 magnetic beads were added to the samples
(ca. 5.1 X 10* plI'"). HL60 cells were added to depleted blood at
a concentration of 1600 cells / pul whole blood, thus falling
within the medically relevant healthy level of CD4+. Following
three of the dual-press pumping cycles described in Fig. 2, the
capture chambers were observed by brightfield and fluorescent
microscopy.

In the absence of HL60 cells, the level of bead packing in
the capture chamber reached a height of 0.23 £0.03 mm,
corresponding approximately to the mid-point between notch 4
and 5. Since the larger value is used as the diagnostic metric
when the pack height lies between two notches, the zero-cell
metric is recorded as 5 (Fig. 4i). Accordingly, repeated experi-
ments (n =4), resulted in a mode of 5 when pack height was
measured against the integrated notch scale (Fig. 4ii). When an
identical sample is processed supplemented with HL60 cells,
the pack height is 0.48 £0.04 mm, corresponding to 9- 10
(mode = 10) on the notch scale (Fig. 4i-ii). The presence of
HL60 cells is confirmed using UV fluorescence (note that the
CD4 beads do not show auto-fluorescence under UV
illumination). Given that the concentration of beads between
the two samples are identical, the increase in packing level can
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reasonably be assumed to scale with the number of CD4
expressing HL60 cells present.
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Figure 4: i) Results of finger-press pumped magnetophoretic isolation of
fluorescently stained CD4-positive cultured cells (HL60) from whole blood that
has been depleted of native CD14 and CD4 cells. HL60 cells were spiked to the
depleted blood at 1600 cells / ul to represent a medically relevant concentration.
Merged brightfield / fluorescent images are shown on the left, raw fluorescent
images are shown on the right. The highest level of bead / cell packing reached is
indicated by a red arrow, and the notch corresponding to the associated metric
is indicated with a red star. Scale bar is 0.05 mm. ii) Statistical analysis of cell-
mediated volume displacement. Pack heights are measured as both absolute
height (in mm) and the corresponding modal notch number on the integrated
scale. Error bars represent one standard deviation, n=4 experiments were
carried out.

Native CD4+ Cell Analysis from Whole Blood

The goal of the presented chip is to address the requirement for
a diagnostic test for starting ART treatment in patients infected
(or suspected infection) with HIV. HL60 cells are CD4 positive
and can hence be employed to demonstrate the functionality of
the chip (Fig. 4); however, as these are cultured cells, they may
not be representative of native blood-borne cells with regard to
size — and thus one cannot base a diagnostic standard curve on
HL60 cells. To address this without the need to resort to bio-
hazardous blood from HIV-positive individuals, we generated
real blood samples with adjustable numbers of target cells by
mixing blood fully depleted of CD4+ with blood populated
with a given number of CD4+ cells (Fig. S.1). To rule out
issues with type-based coagulation, both samples originated
from the same donor. Using this strategy, a number of samples
covering the range of CD4+ concentrations in a diagnostically
relevant range were prepared and processed as described.

The upper level of the bead / cell packing increases with the
number / concentration of CD4+ cells. Below the current WHO
threshold for ART initiation (500 CD4+ cells / pl), the level is
in the range of 5-7 notches on the integrated scale (Fig. 5). At
the lower levels of CD4+ concentration, there can be slightly
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Figure 5: i) Results of finger-press pumped magnetophoretic isolation of native
CD4+ cells from whole blood. Samples were prepared by mixing fully CD4+
depleted blood with non-depleted blood to achieve the CD4+ concentrations
indicated. Fluorescent signal is generated by incubation of whole blood with
DAPI during sample preparation. ii) Analysis was based on simple observation of
the upper level of packing compared to the integrated visual scale alongside the
capture chamber, and also by DAPI-based fluorescence. (a) Visual readout
analysis - upper and lower bars represent the maximum and minimum reading,
respectively; the median and mode readings are also displayed. (b) Fluorescent
analysis - the integrated density values (IDV) from identically sized ROIs from the
images were calculated relative to the number of native CD4+ cells in the original
blood sample. Error bars represent one standard deviation. In both (a) and (b),
data was collected over n = 4 experiments.
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variable results linked to the secondary bead structures that tend
to form around the magnetic field lines at the top of the bead /
cell pack. This is possibly due to the elevated excess of
unbound beads in the pack at lower cell concentrations. Such
artefacts can be clearly discerned in the upper part of the 500
CD4+ per pl images in Fig. S.2 (ESI). As the metric is based on
the highest point of the pack, such a secondary structure may
lead to slight fluctuation in the recorded result. The level is
more stable between experiments as the CD4+ concentration
rises into the healthy ranges (>1000 cells / ul). This observation
highlights that although the result can to a limited degree be
subjective to the observer, bright-field observation can yet be
utilised to identify samples in the lower CD4+ range without
the need of equipment more complex than a low-end magni-
fication device.

Given that a known number of beads is added to a sample,
and the volume of a bead population can be calculated based on
the low variation in bead size (+ 1.5%) - the volume the bead
pack theoretically occupies can hence be estimated (Fig. S.3).
When compared to the actual volume occupied by a bead pack
in the absence of target cells, the observed packing volume is
significantly lower than expected (Fig. S.3). It is unknown why
this discrepancy exists; however, the extent of the error
produced appears to be consistent as demonstrated by the
repeatable experimental results observed (Figs 4 — 5). Thus,
although of interest for further investigation, the discrepancy
does not significantly hamper the diagnostic use of the chip.

Using dark-field fluorescence measurement of the capture
chamber when sample preparation was performed in the pre-
sence of DAPI, we recorded a linear relationship between fluo-
rescent signal and cell concentration (Fig. 5ii-b). As an im-
provement to the bright-field results, the data across experi-
ments groups tighter around the lower CD4+ levels than the
higher levels using the fluorescence based method. These data
suggest that a first level of screening could be carried out using
rapid and equipment-free bright-field observation to identify
individuals with healthy levels of CD4+ cells in the blood (for
example, with a result of > 8 notches). Individuals presenting
with a brightfield result below 8 notches could then have the
same test chip analysed by a simple optical instrument capable
of UV-illumination to determine more accurate low-range
CD4+ estimations, without the need to re-sample the blood.

Summary & Outlook

In summary, we present a microfluidic, dual-force device,
incorporating regions of flow and stagnant conditions, for the
isolation and numerical estimation of the HIV-relevant CD4+
cell type from a patient’s blood sample. Instrument-free
operation is enabled by finger-press actuated pumping in com-
bination with magnetophoretic separation through a conven-
tional magnet which can readily be re-used. We successfully
demonstrated high capture efficiency of magnetic events from a
background of non-magnetic particles. A linear relationship
was observed between the concentration of CD4+ cells har-
boured in blood and the packing level detected in the capture

This journal is © The Royal Society of Chemistry 2012

Page 8 of 9

region. This endpoint can be queried by two methods — bright-
field magnification and fluorescence output. In the case of the
fluorescence method, no specific antibody reagent is required —
thereby reducing the cost-per-test of the chip.

This work represents a significant advancement towards a
CD4+ counting PoC device commensurate with the very chal-
lenging techno-economical demands in resource-poor settings
where HIV/AIDS is endemic. Future work will focus on incor-
porating the few, still off-chip preparation steps into the chip,
facilitating the entirety of the diagnostic to be processed locally,
and driven by finger-pumping.
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