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Abstract

Recent humanitarian efforts have led to the widespread release of antiretroviral drugs for the
treatment of the more than 33 million HIV afflicted people living in resource-scarce settings. Here,
the enumeration of CD4+ T lymphocytes is required to establish the level at which the immune system
has been compromised. The gold standard method used in developed countries, based on flow
cytometry, though widely accepted and accurate, is precluded from widespread use in resource-scarce
settings due to its high expense, high technical requirements, difficulty in operation-maintenance and
the lack of portability for these sophisticated laboratory-confined systems. As part of continuing
efforts to develop practical diagnostic instrumentation, the integration of semiconductor nanocrystals
(quantum dots, QDs) into a portable microfluidic-based lymphocyte capture and detection device is
completed. This integrated system is capable of isolating and counting selected lymphocyte sub-
populations (CD3+CD4+) from whole blood samples. By combining the unique optical properties
of the QDs with the sample handling capabilities and cost effectiveness of novel microfluidic systems,
a practical, portable lymphocyte measurement modality that correlates nicely with flow cytometry
(R2=0.97) has been developed. This QD-based system reduces the optical requirements significantly
relative to molecular fluorophores and the mini-CD4 counting device is projected to be suitable for
use in both point-of-need and resource-scarce settings.

Introduction

Of the more than 33 million people infected with HIV globally, more than 85% live in
developing countries with significant resource limitations. While portable lateral immunoassay
kits are available and can be used to diagnose patients with HIV, a missing link remains with
respect to the treatment and management of HIV patients in these developing countries.1:2

As HIV infection progresses into active AIDS, clinicians must frequently monitor the patient’s
CD4+ T lymphocytes to assess the degree of immunological deterioration and determine the
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effectiveness of antiretroviral therapy.3# According to the Centers for Disease Control and
Prevention guidelines, absolute T cell counts of 200 cells/uL or 14% CD3+CDA4+ serve as the
reference values at which HIV is considered to become active AIDS.%:6 To determine the status
of immune function, a multi-color signaling approach to identify and differentiate between the
different cluster of differentiation (CD) markers of interest, is typically obtained using flow
cytometers (FC), or on double platforms involving FC and hematology analyzers.

A number of more compact FC instruments have been developed, such as Guava EasyCD4
and the PointCare instrument, however, these alternative flow methods have not been widely
adopted.”-® Nonflow alternatives have also been developed based on impedance, microfluidics,
or magnetic beads, yet these methods suffer from lower throughput and more labor-intensive
manipulations.®-13 These alternatives are also less accurate than FC and have not received
endorsement from the World Health Organization.®12 The development of increasingly
smaller bio-analysis devices is attractive for several factors, including enhanced portability,
decreased sample size, and reduced turnaround times.24-17 Nano-bio technologies, advanced
microfluidics, and lab-on-a-chip sensor systems offer interesting and exciting new prospects
for these humanitarian diagnostic challenges.18 However, despite the remarkable advances in
the development of miniaturized sensing, and analytical components for use in a variety of
biomedical and clinical applications, the ability to assemble and interface individual
components in order to achieve a high level of integration in complete working systems
continues to pose daunting challenges for the scientific community as a whole. For example,
the optical requirements present in many miniaturized systems frequently challenge their
development.

Fluorescence, as a common transduction analytical signal, presents unique opportunities, as
well as demands, in a miniaturized assay platform. A robust excitation source and high
performance filters, used in conjunction with ideal reagent components, to generate a strong
target-specific signal and a reduced non-specific background, is crucial for the miniaturized
system’s ability to detect the intended target with sensitivity and accuracy. Current efforts to
overcome the optical challenges present in point-of-need devices include advanced excitation
sources such as lasers and powerful light emitting diodes (LEDs), miniaturized charge coupled
devices (CCDs), as well as next generation fluorophores.

For the analyte label area, one of the most promising fluorescent probes is the semiconductor
nanocrystal quantum dot (QD).1° These inorganic compounds are synthesized from group 11—
V1l elements through a number of synthetic routes with CdSe particles being the most common.
20,21 One or more passivation layers are generally coated around the fluorescent core serving
to increase hydrophilicity, reduce agglomeration and increase fluorescence intensity, resulting
in particles with diameters between 5-20 nm depending on the size of the original core
semiconductor.22-26 Attributes, such as long-term photostability, resistance to quenching, and
narrow emission profiles, have made QDs a popular alternative to traditional organic
fluorophores, which often suffer from photobleaching, broad bandwidth emission, and specific
excitation ranges.27+28

In contrast, QDs possess a broad excitation spectrum spanning the UV and near visible range,
and their emission wavelength is dependent solely on the size of the inorganic core, with larger
particles fluorescing closer to the IR, and the smaller, at shorter wavelengths. The resulting
extremely long Stokes shift combined with narrow emission profiles and the ability to
simultaneously excite a number of different size nanoparticles with characteristic emission
wavelengths, make QDs ideal fluorophores for multiplexed experiments such as CD3+CD4+
dual labeling.
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Coupling QDs to biological recognition moieties, such as antibodies, remains a challenge and
the area continues to evolve with a number of different techniques now being explored in the
literature.2:30 These efforts have contributed to some bio-assay successes whereby QDs have
demonstrated their use in such applications as Férster resonance energy transfer (FRET),31
cellular imaging,32-34 immunolabeling,3%:36 and protein assays.3”:38 Although not all areas
have harnessed the full capability of QDs, these particles have emerged as strong candidates
for signal generation in devices dedicated to a number of important diagnostic applications.
39 Currently, conjugation strategies involve diverse reagents and methodologies, including
electrostatic interactions,*° avidin/biotin affinity,*! and a variety of covalent techniques.30:42
Current promising conjugation schemes include 1-ethyl-3-[3-dimethylamino propyl]
carbodiimide/N-hydroxysulfosuccinimide (EDC/NHS) coupling of carboxyl coated QDs to
free antibody amines,*3 creating free sulfhydryl on the biomolecule with succinimidyl 4-(N-
maleimidomethyl) cyclohexanecarboxylate (SMCC) facilitating QD linkage,** and hydrazine
modified QDs with periodate oxidized antibodies.*> Common to all covalent conjugation
schemes is a modification of both the antibody structure and of the QD surface, with an inherent
risk to alter the recognition specificity of the biomolecule and fluorescence characteristics of
the nanoparticle. No clear universal bioconjugation methodology has evolved to date. Rather,
the most appropriate methods have shown to be dependent upon the specific end application
and have been defined on a case-by-case basis.

For over a decade, our laboratory has sustained work utilizing microelectromechanical systems
(MEMS)-based components for studies of the design, fabrication, and testing of microfluidic,
nano-bio-chip (NBC) structures with integrated fluid handling and optical detection
capabilities.*6 The NBC ensembles consist of a closed, miniaturized system (chip) that allows
for specific biological analytes (bio) to be immobilized from complex matrices and quantitated
via a colorimetric or fluorescent signal arising from nanoparticles that are entrapped in a nano-
net generated in agarose microspheres (nano). Immobilization of the target entity is performed
either via an antigen- or antibody-specific bead array or an analyte size-specific membrane.
Sample types amenable to the NBC include, but are not limited to, serum, plasma, saliva, and
whole blood, as well as environmental samples. These structures have been shown to be
suitable for the identification and quantitation of C-reactive protein,’ other cardiac risk
markers,*8 pH, and physiologically relevant cations.*® More recently, we have developed
miniaturized microfluidic systems that service cellular analysis applications.>? These
membrane-based micro-systems have been shown to be suitable for the determination of
lymphocytes for HIV immune function testing and total white blood cell counts for cardiac
risk assessment.21:52

In this manuscript, efforts are devoted to creating a bridge between QD-based detection
methods and the integrated membrane-based NBC systems. The efforts strive to relieve the
optical requirements and reduce the overall engineering demands for both the integrated NBC
sample processing modality along with the associated fluorescence-based detection system.
Specifically, the photostability of QDs and the ability to excite and image two different colors
concurrently with a single epifluorescent arrangement are exploited to reduce the optical
pathway and thus decrease the overall analyzer size. These efforts strive to bring these evolving
diagnostic tools one step closer to widespread use in resource-scarce settings.

Materials and methods

Reagents and samples

Primary mouse antibody specific to CD3 (OEM, Toms River, NJ) and rat antibody to CD4
(Genetex, San Antonio, TX) were purchased and centrifuged briefly prior to use. Goat anti-
mouse secondary antibody conjugated to QD with peak fluorescence intensity at 655 nm (QD
655), goat anti-rat QD 565, and goat anti-mouse QD 565 (Invitrogen, Carlsbad, CA), all H +
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L and highly cross-absorbed, were obtained. For comparison studies, goat anti-mouse Alexa
Fluor 647, goat anti-mouse Alexa Fluor 488, and goat anti-mouse FITC (Invitrogen) were also
procured. Fixative and FC reagents were also acquired (Beckman Coulter, Fullterton, CA).
InSpeck calibration beads with a green-channel fluorescence fingerprint similar to that of FITC,
and reagents for a SMCC and EDC/NHS facilitated conjugation were purchased from
Invitrogen. For the EDC conjugation, EviTag Hops Yellow QDs were purchased from Evident
Technologies (Troy, NY). These conjugations were performed as described previously.22:33

Whole blood samples were collected from anonymous donors at the University of Texas at
Austin in accordance with Institutional Review Board procedures by standard venipuncture
technique using dilute EDTA as an anticoagulant. Samples were evaluated within 24 hours of
collection.

Nano-bio-chip construction

The research grade NBC ensemble was constructed from a polymethyl methacrylate (PMMA)
base machined in-house. Stainless steel support frits were photofabricated and treated with a
non-reflective coating. Vinyl adhesive layers were precision-cut according to evolving
computer-aided designs and served to focus fluid flow through the nucleopore track-etched
membrane (Whatman/GE Healthcare, Piscataway, NJ). Stainless steel conduits were purchased
from Small Parts, Inc. (Miramar, FL). Each unit was typically assembled in under five minutes.
The research prototype was affixed beneath a customized optical station (see ESI*).

The integrated, disposable NBC was constructed from a plastic base and cover and various
levels of precision cut laminate adhesive (part number 9500PC, 3M, St. Paul, MN). A Luer
lock adapter served as a sample introduction port. Home-made polydimethylsiloxane (PDMS)-
based blister packs with an internal volume of ~500 uL containing liquid reagents and buffers,
were affixed onto the card and their output directed into the fluid channels created by the
adhesive layers. Fluidic networks were composed of channels of various widths from 200 to
2000 um. The membrane cell capture mechanism in the integrated NBC remained the same.
Waste reservoirs were created by forming chambers between the top and bottom layers.

Cell immunolabeling

Aliquots of 50 pL from a thoroughly homogeneous whole blood reservoir were briefly treated
with 5 uL Cyto-Chex fixative (Streck, Omaha, NE) before dilution to 1 mL with 1% bovine
serum albumin in phosphate buffered saline (PBS/BSA) purchased from Sigma Aldrich (St.
Louis, MO) and Thermo Scientific (Waltham, MA), respectively. The prepared sample was
injected into the NBC ensemble with a flow rate sufficient to separate the lymphocytes from
the remaining blood components. The sample was then subjected to a 500 pL treatment of 10
ug/mL primary antibody at a flow rate of ~17 puL/min for 10 minutes. Unbound antibody was
subsequently removed with PBS rinse at which point 500 pL of 10 nM secondary antibody
was introduced, incubated, and rinsed similarly to the conditions described above.
Alternatively, this labeling could be performed in microcentrifuge tubes prior to delivery to
the NBC; total assay time was under 30 minutes. For SEM images, the membrane was removed
from the NBC and fixed with 4% glutaraldehyde followed by ultrapure water washes. This
preparation was additionally stabilized with OsO4 and hexamethyldisilazane.

As a reference method, flow cytometry data was collected on a Cytomics FC 500 (Beckman
Coulter, Fullerton, CA) using a protocol provided by the manufacturer. Aliquots from the same
blood reservoir were prepared with Immuno-Prep lysing reagents (Beckman Coulter) and
labeled with CD3-Alexa Fluor 488 and CD4-Alexa Fluor 647 (Invitrogen). Immuno-Trol and
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Lab Chip. Author manuscript; available in PMC 2010 March 30.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

Cyto-Comp standards and Flow-Count calibration microspheres (Beckman Coulter) as well as
mouse 1gG negative control Alexa Fluor 647 and 488 (Serotec, Raleigh, NC) were used for
negative control experiments and instrument calibration.

Nano-bio-chip devices

Through our previous studies, we defined the conceptual basis for cell counting in a
microfluidic packaged membrane-based system using the benchtop microscope seen in Fig. 1
(a). Like most current bioMEMSs sensors, this system utilizes external sample processing steps,
such as pipette-based liquid transfer. Fluid motion inside the device is controlled with external
pumps and manual volume metering of venipuncture blood specimens is employed.
Refrigerated liquid-phase antibody reagents, in tandem with molecular fluorophores, are
utilized to complete the cell counting assays. These experimental manipulations, while
arguably more convenient than flow cytometry, still require a lab-based infrastructure and
trained operators, both of which are problematic for use in resource-scarce settings.

Since the initial report, we have devoted significant efforts to develop a simplified, compact,
yet highly integrated measurement tool set that is shown in Fig. 1(b). The new integrated sample
processing and detection modalities shown in Fig. 1(b)i contains both mechanical and optical
components such as battery supply, compact LED illumination package, and minimicroscope.
Complementary to this analyzer is a disposable labcard (Fig. 1(b)iii) containing reagents, fluid-
holding blister packs, waste reservoir, and plastic mother board with integrated microfluidic
circuitry that is compatible with high fidelity fluorescence measurements. This selection of
components eliminates the requirements for external pumps, high voltage power supplies,
pipetting steps, waste handling, and antibody storage requirements. Sample collection is
performed via a needle stick to finger with transfer of blood to labcard by capillary tube and
antibody reagents and labels are stored within the cartridge as solid layers. This last
specification serves to eliminate the cold chain, i.e. refrigeration, which creates a significant
burden in resource-scarce settings.

In Fig. 1(b)ii the optical arrangement of excitation, emission, and beam filtering optics inherent
to an epifluorescent design is shown. Optical wavelength requirements are determined by the
molecular structure, and are specific to each fluorophore. In a multi-color analysis, separate
filter cubes would be necessary for each color regime. In contrast, the QD-based system utilizes
a reduced optical pathway (Fig. 1(a)ii) in which a single UV excitation source and a long-pass
emission filter replaces the stringent optical hardware requirements of multiple organic
fluorophores. More details on the construction of the integrated NBC will be reported
elsewhere. In this report, the focus is the integration of nanoparticle QDs into a NBC sensor
system for the determination of CD4+ T lymphocyte counts and percentages using unprocessed
whole blood samples.

Complementary to the condensed optics, the NBC miniaturized cell capture device serves to
sequester specific cells of interest from the whole blood matrix. The NBC used herein was
constructed internally and is based on an evolution from designs described previously, and
illustrated in Fig. 1(a)iii.°%°! The rectangular base houses the complete assembly including
the support frit, which serves to maintain a leveled surface and provide for membrane integrity,
while allowing for waste flow through. A polycarbonate track-etched membrane with pore size
determined by experiment is positioned upon the support. For this lymphocyte-specific
application, 3 um diameter holes within the membrane serve a dual role of both retaining
structures larger than that of the pores while allowing the sample matrix to pass through. Thus,
the more rigid and structured lymphocytes become immobilized here while the remaining blood
components including the more supple erythrocytes and small platelets, as well as plasma
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components, are allowed to pass; effectively isolating the cells of interest while allowing the
remaining blood components and unbound antibody to be relegated to waste without lysis or
additional preparatory steps (Fig. 2). Capture efficiency for lymphocytes is greater than 95%.
This was determined by injecting the sample eluate, or flow through, into a second NBC. After
support frit and membrane are inserted, a precision-cut layer of double-sided vinyl adhesive is
affixed to the top of the device effectively immobilizing the separation mechanism. The
adhesive vinyl layer seals the membrane securely around the surface of the underlying support,
and also fastens a cover slip to top the system. The membrane-based NBC is serviced by inlet
and outlet channels fitted with stainless steel tubing facilitating fluid flow including sample
introduction and waste removal.

QD evaluation

For our initial attempts to explore QD-labeled lymphocytes, we completed survey studies using
reactions in microcentrifuge tubes whereby direct conjugation schemes were employed
including EDC and SMCC-facilitated coupling of antibody to nanoparticle surface. These
studies served as a reliable and simple method to decouple the reagent transport issues as they
occur within the microfluidic elements, from the intrinsic issues related to the coupling
chemistry. Problems with conjugation procedures were noted with respect to nonspecific
binding as well as with the formation of precipitates.

The simple conjugation test procedure involved an incubation of 50 uL whole blood with the
QD-antibody adduct, subsequent dilution with buffer, and injection of the sample into the
membrane-based NBC. After a wash to ensure separation of blood components, images were
captured with both a 1 and 3 s exposure. This assay procedure was repeated with 50 pL of
buffer replacing blood to serve as a blank control. After these steps the resulting
photomicrographs were then analyzed for cell-like objects and precipitates using digital image
processing. Parameters of size (70-500 pixels), circularity (0.6-1.0; defined as 4n(area/
perimeter?), and intensity (2c above mean of image) were used to establish cell containing
areas of interest (AOIs). A more detailing description of the image analysis protocols used may
be found in the ESI.*

The 2o discrimination above the background of the image was found to be sufficient to identify
95% of fluorescent objects on the membrane. The pixel size range was determined empirically
and evolved from experiments with 6 um fluorescent polystyrene beads serving as a model for
the lymphocytes. This range was sufficiently broad to identify particles immobilized in slightly
different focal planes as well as those partially overlapping.

The fluorescent objects including cells and precipitates were further characterized by
comparing the signal intensity present in the AQOI to the signal of membrane surrounding the
area, i.e. the background signal. Variation in this background membrane signal was defined as
noise. Signal to background (SBR) ratios could then be determined by subtracting background
from signal, with the resulting value divided by background. Signal to noise (SNR) ratios were
calculated by taking the background corrected signal over noise. In thisapplication, SBR served
as the more relevant figure-of-merit as it was the basis for identification of the AOI as a cell;
particles with an SBR well above a value of 1 were considered to be an authentic event (i.e.
an actual lymphocyte). Electron microscopy and the use of multiple surface markers were used
to confirm the identity of authentic cells as described previously.>!

With these standard image analysis methods in hand, the results of different QD-antibody
conjugation methods were compared qualitatively and quantitatively to establish information
relative to labeling performance for each approach. With the SMCC conjugation method, in
addition to particles matching the expected lymphocyte qualification descriptors, additional
fluorescent artitifacts with irregular patterns, very large size, and extremely high intensity were
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seen as shown in Fig. 3(a). Especially important here were the blank experiments in which
only QD-antibody conjugate, in the absence of blood, was introduced into the membrane-based
NBC. Here, total mean membrane fluorescence without blood was actually slightly higher than
in the presence of sample at 8.08 vs. 5.11 a.u., respectively. This aggregation may be due to
either passivation layer defect in the QD, denaturation of the biomolecule, or both. The same
problematic background issues persisted despite attempts to solve the matter with filtration,
sonication, centrifugation, and further purification procedures. Although it is possible that
some of the particles in the sample-positive experiment were authentic lymphocytes,
discriminating between artifacts and labeled cells using only morphological characteristics was
considered to be prone to errors and not reliable.

The EDC technique (Fig. 3b), though less problematic in terms of precipitation (negative
control mean membrane fluorescence 3.66 a.u.) yielded only vague and dim labeling. This
conjugate behaved well for labeling stabilized, FC blood-type products (i.e. commercial blood
standards), but obtained results were found to be unacceptable with traditional fresh blood
specimens derived from standard venipuncture collection. As linkage to biomolecule is through
any free amine, a variety of antibody orientations of mixed avidity are available with this
technique, which could potentially reduce specificity.2® Mean SBR ratios were near unity, and
although some lymphocyte identification was possible, further optimization was not
performed. This poor performance of established conjugation methods may be attributable to
the specific structure of the antibodies employed and reinforces the necessity to separately
consider each application in terms of conjugation scheme. Although other methods of QD
conjugation exist including biotin—avidin interactions and use of a Histag, they were not
employed for the purposes of this study.2°

Effective in eliminating the obtrusive precipitate while concurrently increasing the overall
signal, were commercially available QDs, thiol-linked to secondary antibodies (Fig. 3c). Here,
unlabeled primary antibodies specific to CD markers were applied first, followed by a 2 minute
on-membrane wash; secondary QD-labeled antibody specific to primary was then applied.
Clone specificity of the secondary antibodies to their respective primaries was exploited to
allow simultaneous staining of two different lymphocyte populations. To find experimental
conditions optimized for highest cell intensity with low membrane staining and low non-
specific signal, a series of titrations were performed using varying concentrations of secondary
antibody versus a constant primary and vice versa (data not shown); 10 ug/mL primary antibody
and 10 nM secondary QD conjugate were used for the remainder of the experiments. These
conditions were repeated in the absence of any blood components and a nearly complete lack
of precipitate was observed. Negative and positive control mean membrane fluorescence was
2.80 and 5.28 a.u, respectively for QD 655 and 15.01 and 19.56 a.u for QD 565. The SBR
ratios were well above 4 for QD 565 and 10 for QD 655.

Optimization and validation

To validate the secondary antibody-QDs, we first labeled blood samples with CD4 mouse
primary antibody labeled with Alexa Fluor 488 and then QD 655 secondary antibody specific
to the mouse 1gG. Red and green color channel overlap was >99%, verifying this secondary
antibody QD visualization methodology. When secondary antibodies were incubated with
blood samples devoid of primary antibody, and subsequently injected into the NBC,
fluorescence signal was reduced by ~90% relative to the positive controls, as the unbound
fluorescent antibody is passed on to waste. This background signal is attributable to membrane
staining and stray, conspicuous aggregate—both easily identified and removed via image
processing.

Monocytes, like CD4+ T lymphocytes, possess the CD4 surface marker and, as such, are a
critical consideration in the membrane-based NBC analysis. The presence of monocytes can
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lead to artificially high CD4 counts. Fig. 4 details both the spatial and intensity gating strategies
employed to diminish any artificial monocyte contribution to desired cell count. First, the CD4
+ cells are divided into two categories, dim and bright, with only the bright cells subjected to
further processing (Fig. 4a). Second, the presence of the CD3 marker is required to confirm
the cell’s authenticity as a T lymphocyte (Fig. 4b) Only cells positive for both markers are then
counted (Fig. 4c). Monocytes and lymphocytes are clearly separated by the membrane-based
NBC into two distinct populations with a binomial distribution as seen in the histogram in Fig.
4d. The distribution gives baseline separation between the two populations of CD4+ cells. Flow
cytometry gives a similar distribution, but also contains a low level population of non-
specifically stained cells (Fig. 4e). Monocytes in the membrane-based NBC were found to have
a fluorescent intensity approximately 4 times less than lymphocytes. This is consistent with
their decreased expression of the CD4 epitope relative to the T cells.53

As clone specificity between the primary and secondary antibodies is of utmost importance in
this dual color staining approach, any non-specific binding within the system was also
investigated. Whole blood samples were first incubated with CD4 primary antibody raised in
rat; washed, blocked, and incubated with QD 655 labeled secondary antibody specific to mouse.
Non-specific signal was 9.1% of specific signal (90.9% reduction of signal) in such a trans-
species experiment. The CD3 mouse primary/QD 565 goat anti-rat secondary experiment was
performed analogously to that described above with similar results. Thus, for the remainder of
the experiments, CD4+ lymphocytes appear green (Fig. 5a) and CD3+ cells red (Fig. 5b). Upon
digital overlay of these two images, the dually stained cells of interest emerge yellow (Fig. 5c).
Dim green cells in the image are monocytes and cells remaining solely red represent CD8+
killer T lymphocytes and NK cells. Images were also obtained with a long-pass emission filter
similar to those acquired with individual filters (Fig. 5d). Image collection and processing time
as well as the optical hardware spatial requirements are reduced with the single emission
experimental design and SNR and SBR values validated the long-pass filter scheme (further
analysis below).

Absolute determinations

Having validated that the fluorescent particles seen on the membrane were indeed authentic
lymphocytes of identifiable subsets, next the ability of the membrane-based NBC system to
count QD-labeled cells was explored. Critical to this success was a NBC design in which a
near uniform distribution of sample is achieved across the entire membrane area. To evaluate
whether this was indeed the case, photomicrographs in 5 different fields of view (FOVs) across
the membrane were captured, with one in the center of the membrane and 4 additional locations
arranged orthogonally from each other and surrounding the center image. This consistent
method of defining FOVs across the membrane involves analysis areas both in the center and
near the edges of the membrane and creates a broad sampling of surface area. We have
investigated the use of different membrane sizes, pore sizes, and flow rates and found that with
the parameters used herein, low CVs were routinely obtained, consistent with our previous
work.52 Cell counting and profiling studies were done to show that a small fraction of the
membrane could be used to accurately represent the total count within the entire volume.
Standard deviation and mean when 5 FOVs were used result in a %CV value that was typically
5-10% (see below). These measurements serve to establish that the cell distribution is
optimized across the membrane structure. No further decrease in variance was seen upon the
inclusion of more than 5 FOVs.

Also critical was the consistency in the background autofluorescence of the membrane, as this
served to define the SBR ratio. Autofluorescence is reduced in the red QD 655 channel, relative
to the green QD 565 channel. Fortunately, this was negated by the high QD 565 signal which
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still allowed high SBR measurements. An alternative method used image capture before
introduction of sample and ensuing background subtraction.

To demonstrate the ability of the membrane-based NBC ensemble to count across a wide linear
dynamic range of cells, increasing volumes of whole blood ranging from 5 to 100 uL were
stained for CD4 cells and injected into the mini cell capture system. The resulting cell count
values (see ESI* for analysis protocol) were plotted versus volume and yielded a linear response
over this sample volume range (R? = 0.99, Fig. 6a). The linearity of this dose response curve
provides strong evidence for the analytical capabilities of the approach and suggests that the
fluorescent nanoparticles and automated digital counting methodologies here defined may be
used to measure lymphocyte populations under these conditions. As might be expected, at
either very high or very low blood volumes, the %CV of the measurements increases. This
behavior is due to overlap and clumping at the high end, and lack dissemination across the
entire membrane at low volumes. For the remainder of the experiments 50 pL of sample was
used.

To simulate the ability to perform cell counts over the range of values typically encountered
in both healthy and immunocompromised individuals, a dilution study was performed in which
blood volumes of 5-50 uL were diluted with 1% PBS/BSA to a total volume to 50 pL. Cells
were stained for both CD3 and CD4 and doubly positive cells (yellow) from 5 FOVs were
counted. This was again extrapolated via entire analysis area to give a total cell count which
was divided by the 50 uL sample volume resulting in a measurement of counts per puL. Good
linearity was observed across the 350 to 500 cells/uL region where increased monitoring is
recommended.® Lymphocyte counts to below 200 cells/uL were measured with acceptable
accuracy indicating that the diagnostic criterion for the separation barrier between HIV and
AIDS, in addition to measurement of healthy cell count values, can be achieved with this
approach (R? = 0.92, Fig. 6b).

Flow cytometry correlation

To compare the membrane-based NBC to the gold standard of cellular determinations, flow
cytometry, parallel experiments were executed to measure values of %CD4 (i.e. CD3+CD4+
cells per total CD3+ cells). Similar measurements have been completed previously using a
combination of red encoded CD3, CD19 and CD56 cell surface markers to secure the entire
population of lymphocytes. For the purpose of these experiments, whole blood samples were
collected from 6 different healthy donors by venipuncture, divided into 2 aliquots, and analyzed
the same day as collection on both the FC and membrane-based NBC systems. Through the
image analysis protocol described above, the number of cells displaying both the CD3 and
CD4 receptors can be determined and compared to CD3 counts. In the membrane-based NBC,
this corresponds to the total number of dually-positive yellow cells divided by total red cell
counts. In FC, lymphocytes were first identified from monocytes and granulocytes via their
unique side and forward scatter signature. These cells were further characterized by the number
of CD4 and CD3 surface receptors present, as determined by red and green fluorescence
intensity, respectively. Clear separation between dually positive and CD3+CD4~ cells was
seen and cell counts per uL derived via calibrator bead standards. The values of %CD4 could
then be determined by number of cells CD3+CD4+ divided by total CD3+. Linear regression
analysis gave an R2 = 0.97 correlation of the NBC to FC (Fig. 6c).

To assess the precision of both approaches, one sample was repeatedly assayed 6 different
times with the membrane-based NBC. Here, the NBC system yielded a mean value of 53%
CD4 with a trial to trial variance of 5%; this %CD4 value is statistically the same as the
measurement value determined by flow cytometry, which yielded a value of 51% CDA4. Typical
trial to trial variance values for flow cytometry are in the range of 5 to 8%.° The FC procedure
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takes > 60 minutes from startup to results acquisition as its’ elaborate optical and fluid handling
design require daily maintenance. The NBC system produced results in < 30 minutes.

Comparison to molecular fluorophores

Previously, organic fluorophores have been used to label CD4 and CD3 cells for membrane-
based NBC HIV immune function testing. To explore the performance of the QDs relative to
their organic counterparts, a series of image analysis and photostability studies were completed
with the two labels. Here 50 uL whole blood was labeled with mouse CD3 primary antibody
and then fluorescently tagged with equi-molar quantities of goat anti-mouse secondary
antibody conjugated to QD 655, Alexa Fluor 488, or FITC. A sequence of images was acquired
with photomicrographs taken every 20 s for 15 minutes. The AOlIs, specific to each experiment,
were created from the initial and most intense image, and then applied to subsequent
photomicrographs recording the mean intensity of each AOI collection. Intensity values for
each fluorophore were plotted relative to their unique maximum signal versus time for the 3
fluorophores (Fig. 7a). The attributes of the fluorescent nanoparticles become clear as the
molecular dyes exhibit exponential signal intensity decay within minutes. Signal intensity
advantage at the end of the 15 minute experiment is a factor of 6 greater for the QD probes.
Excitation power values were comparable for both the molecular dyes and the quantum
particles in these measurements. The Alexa Fluor dyes used in these comparisons are provided
with a fluorophore to antibody ratio of ~ 7 : 1. Conversely, due to the large size of the quantum
particles relative to the molecular dyes, this ratio drops to ~ 0.3 : 1. This stability is particularly
advantageous to the membrane-based NBC system as multiple FOVs are captured, during
which time any loss of fluorescence would directly translate into a reduced number of
lymphocytes imaged. Furthermore, additional reagents targeting other intra, or extra, cellular
moieties of interest could be added after this initial analysis gleaning supplementary
information from the sample while retaining the stable QD signal.

Reduced optical pathway evaluation

To assess the performance characteristics between individual filter cubes for red and green
QDs versus a single long pass filter, images were captured under both conditions.
Photomicrographs were splitinto their RGB components, AOIs determined as described above,
and average pixel intensity in the gated regions recorded. The SNR and SBR values were
calculated, the results of which may be seen in Fig. 7b. Increase in the SBR value by 14% is
observed with the long-pass filter for QD 565, 6% for QD 655. The SBR values for the green
channel QDs are 60% lower than red channel QDs. This observation is attributable not to
decreased intensity, but rather to increased autofluorescence of the membrane. Capturing an
image before sample introduction with resulting background subtraction negates this effect.
The membrane-based NBC system was capable of adequately identifying cells even at SBR
values approaching unity. The similarity between the individual filter cubes and a condensed
optical pathway demonstrates the ability to develop QD-based NBC systems utilizing only a
single light conduit for reduced overall analyzer footprint.

Discussion

Despite the availability of antiretroviral therapy (ART) as treatment for declining immunity,
use of ART as a tool to decrease morbidity among the more than 33 million people infected
with HIV has not become widespread in resource-scarce settings. Lack of CD4 HIV immune
function testing has been described as the “missing link” in the management of HIV+ patients
in resource-scarce settings.! Problems with CD4 measurements here can be attributed to the
above highlighted infrastructure requirements including a lack of skilled operators, high cost,
constant power supplies, the need for refrigerated reagents, and lengthy sample preparation.
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Identifying those individuals most at need for ART as determined by the immunological profile
remains the ultimate goal of our sustained efforts in this area.

In this paper we describe the conceptual basis for the creation of a highly integrated sample
handling and cell counting modality that is compatible with use in resource-scarce settings.
Such a simplified infrastructure and ease of user interface are critical requirements for health
monitoring devices that will be deployed in these environments. Likewise, with the appropriate
experimental design and optimized microfluidic structures, in tandem with robust optical
components, it is possible to make high quality measurements in a miniaturized test modality
while concurrently reducing overall cost per assay. Assay costs, combined with infrastructure
considerations, and overall performance, serve as some of the key considerations in the
definition of the conceptual basis of new test modalities that may be used in resource-scarce
settings. It should be clear that the use of mini-systems here described has the potential to lead
to a significant reduction of reagent amounts (by 10 to 100 fold) to a degree that they are no
longer major considerations for the overall test cost. More importantly, the development of a
fully integrated approach that provides increased access for these critical measurements
requires all aspects of sample collection/handling, reagent processing, and cell separation/
counting to be completed in a convenient manner. By incorporating all aspects of analysis into
a single analyzer, the necessity of the laboratory is eliminated. The NBC cards are completely
disposable reducing risk of biological contamination and allows needle stick-sized samples to
be analyzed in under an hour, with CD4 percentages obtained to a degree similar to traditional
flow cytometry without the need for erythrocyte lysis, manual counting, or internal bead
standardization. This design no longer produces a “chip-in-a-lab”, but rather a true “lab-on-a-
chip”.

Further, we demonstrate here the ability of the membrane-based NBC system to determine
CD4 absolute counts up to 600/uL and below 200/uL whereby the disease diagnostic decision
threshold between HIV and AIDS is established. Through these activities, an important step
has been taken in the direction of defining methods for inclusion of inorganic quantum particles
as selective and stable cellular labels in the context of HIV immune function testing. The efforts
demonstrate the feasibility of incorporating next generation, nanometer-sized fluorophores
via a secondary antibody linkage into a microfluidic device to monitor the progression of HIV
and other immunologically relevant diseases.

A definitive explanation for the failure of established direct conjugation protocols in this
application may be impossible; however, it may be attributable to the specific types of antibody
used in the application or the generation of QD probes obtained from the vendor. As the EDC
technique links non-specifically through free amines, a variety of antibody orientations is
possible. This method yields high antibody to QD ratio which could potentially induce steric
hindrance of active sites. Further, this EDC can potentially induce cross-linking of non-targeted
amines. The SMCC method employs DTT, a strong reducing agent. While DTT may cleave
the disulfide linkages along the IgG backbone, it may also break other S-S bonds, damaging
tertiary structure and thus antigen specificity. This damage may go so far as to denature the
protein and, perhaps, explains the aggregates seen. It should be noted, however, that this
phenomenon is likely specific to individual antibody structure as we have since used the SMCC
method with excellent results in other non-cellular applications. Poor performance with directly
bound QDs is not uncommon, and the secondary antibody method thus employed proved to
be a specific and effective transduction pathway.2%:33 In addition, more than one secondary
antibody may be bound to each primary, further increasing the number of fluorophores per
lymphocyte and thus signal output.

An accurate comparison of the performance features between biologically active QDs and
molecular dyes is admittedly difficult.>* Although information describing the attributes of QDs
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in their native state abounds in the literature,5-57 the spectroscopic data characteristic of the
particles upon synthesis including molar extinction coefficient, quantum yield, FWHM,
emission maximum, and average radius can radically change after passivation and further
functionalization with biological ligands. Evaluation versus organic fluorophores adds the
additional challenge of uncertain antibody to fluorophore ratio and differences in excitation
intensity. Nevertheless, we observed photostability in the QDs superior to their molecular
counterparts. In the time dependent study in which relative intensities were calculated via each
fluorophores initial intensity, Alexa Fluor 488 diminished to an intensity one half maximum
in 280 s with Alexa Fluor 647 and FITC achieving this value in less than 80 s (Fig. 7a). Neither
QD 565 nor QD 655 displayed significant intensity loss during this time frame.

Analogous to the gates, or data discriminators, placed on data by flow cytometrists, with
parameters such as scatter and intensity, the membrane-based NBC and subsequent image
processing allows individual components of a complex sample to be identified and quantified.
In lieu of sample lysing to isolate the fraction of interest, the membrane-based NBC approach
utilizes a size gate, i.e. membrane, to isolate white blood cells from the greater sample matrix.
The scatter gate, typically related to cell morphology in FC, is replaced by both the size gate
described above as well as a fluorescent intensity discriminator. The intensity gate has two
important applications. First is the SBR ratio, used to discriminate between authentic and non-
authentic events. Secondly, the intensity gate addresses monocytes, an import consideration in
these types of cell assays as the presence of such cells in samples could artificially contribute
to the total CD4 count. Thus, low level CD4 expressing monocytes are effectively eliminated
in the digital image analysis method here devised so as to leave only green channel positive
lymphocytes without the use of additional CD14 labeling. Literature reference values of
approximately 50 000 copies of the CD4 antigen on lymphocytes, with 3000-9000 copies on
monocytes,>3 corresponds nicely to the factor of 4-5 intensity difference between monocytes
and lymphocytes observed in the membrane-based NBC. Intensity histograms for all CD4
positive cells show baseline resolution between lymphocytes and monocytes. From these
histograms the ratio of monocytes to lymphocytes could be determined for each image and
compared to the ratio determined by flow cytometry. The difference between the two methods
was <6%. Finally, cell location on the membrane serves as a spatial gate to identify doubly
positive CD3 +CD4+ T lymphocytes of interest and a circularity gate in the image analysis
protocol here used rejects the vast majority of the debris that may be present on membrane
surface.

Although many reports have been published in which QDs are used for cellular imaging,3°:
31 to the best of our knowledge, this is the first report in which QDs are used for cellular
quantitation in an enclosed, disposable device. Other methods using interference or impedance
are frequently incompatible with peripheral blood samples as they are overwhelmed by the
presence of erythrocytes.10:13 Manual counting methods involving magnetic beads!! often fail
to correlate to established methods above R? = 0.90, perhaps due to residual monocyte
contamination. Other alternatives to FC using QDs are not self-contained,3* an important
consideration when dealing with HIVV-positive samples. Literature reports using QDs
quantitatively in blood is limited to protein viral disease markers.3° The membrane-based NBC
correlates to FC at levels similar to non-labeling methods, based on cell affinity immobilization,
912 pyt also has the built-in capability for further analysis including ratios and percentages
along with the capacity to exclude monocyte contamination in a rigorous way. Indeed, the
membrane-based NBC can be extended to measurements of CD4/CD8 ratios, rare cell event
detection,>8:59 panel evaluations similar to complete blood counts®9:61 and other advanced FC
experiments.52:63 As such, the membrane-based NBC serves as an interesting new approach
that can service the requirements for a “personal flow cytometer” for use in both resource-
scarce environments as well as in numerous research settings where the cost and complex
nature of FC limits its current utility.
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Conclusion

In summary, these experiments demonstrate the viability of incorporating quantum dot
detection schemes into a microfluidic analysis device for lymphocyte enumeration as a tool
for monitoring HIV progression. Through the use of QDs, the optical requirements of the
system are reduced significantly allowing for small components in a smaller analyzer for point-
of-need analysis. Cell counts are obtained through interpretation of the fluorescent images with
automated software and require no manual counting. The correlation of results to flow
cytometry in a pilot study (R? = 0.97) suggests that a more exhaustive study is warranted now
s0 as to include samples from HIV+ individuals. The new method is compatible with %CD4
determinations, absolute CD4 counts, CD4/CD8 ratios and other cellular analyses. The
integrated approach here defined spans from the nano regime with the use of QDs to the global
health care area thereby addressing important gaps in health care. Advances of this type in
nanotechnology, materials chemistry, and microfluidics, promise to yield diagnostic tools with
relaxed optical requirements, which can provide essential information rapidly, robustly, and
reliably. Such devices have the potential to serve as transformative tools in joining currently
available antiretroviral therapies with those individuals in need of such treatment, especially
in resource-scarce environments.
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Fig. 1.

Schematics are provided for the subject matter related to analyzer and NBC condensation. ()
The bench top model is used to optimize individual components of the overall miniaturized
device and employs an automated microscope (i), in tandem with support components
including Hg lamp, CCD camera, peristaltic pump and other fluid handling elements. The
adapted microscope used herein contains an epifluorescent arrangement customized for QD
image capture (ii). This long-pass filter is selective for light above 520 nm which, in tandem
with the simultaneous excitation of two different QD color regimes, results in a reduction of
optical hardware by one half. (iii) The cell capture device is constructed from a custom-
machined PMMA base fitted with stainless steel inlet and outlet ports onto which a support
frit is placed. The base structure is fitted with a polycarbonate track etched membrane for
lymphocyte capture and stabilization. This membrane is sealed to the underlying support via
two layers of double-sided adhesive acrylic laminate. (iii) Insets: requirements of the bench-
top microscope analysis system include refrigeration for reagents, fluid metering secondary
hardware, and a reliable power supply. (b) After optimization, individual components are
integrated into the prototype self-contained analysis platform that combines battery power
supply, optics, and image analysis software into a portable device (i). This device employs
singly selective fluorescent filter cubes specific to each color channel (ii). Sample metering,
on-board reagent supply, and waste disposal are all contained within this highly integrated
NBC system (iii).
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Fig. 2.

An image recorded by SEM is shown of the blood components immobilized on the capture
membrane within the NBC. The more rigid leukocytes are retained by the porous membrane
while the more flexible erythrocytes, as well as plasma are relegated to waste. Inset shows
platelet aggregate and erythrocyte passing through overlapping pores. Note rarity of pore
overlap in lower magnification image.
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Three QD-antibody conjugation strategies are shown. (a) First, DTT treatment cleaves
disulfide bonds within the intact 1gG species allowing free sulfhydryl linkage to QD surface
after SMCC activation of amino-PEG functionalized nanoparticles. (b) Second, an alternative
approach utilizing an NHS-enhanced EDC linkage is illustrated. (c) Third, a secondary
antibody based approach using commercially available F(ab’)2 fragments specific to primary
antibody, with QD thiol-linked is shown and yielded a strong, specific signal without particle

aggregation.
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Graphical depiction of cells and the spatial and intensity gating procedures used for selected
lymphocyte and monocyte populations. (a) The CD4+ cells fall into two distinct populations:
CDA4+ bright, lymphocytes, and CD4+ dim, monocytes, as shown in the schematic. The
intensity of this CD4-specific signal is an initial descriptor to remove monocytes from analysis.
(b) The CD3+ cells include T and NK lymphocytes. (c) Overlap of the two images results in
red, green, and yellow cells. Cells doubly positive for red and green, and thus yellow, are the
CD4+ T lymphocytes of interest. Cells remaining green are the interfering monocytes. (d) A
green color channel 8-bit intensity histogram is shown for the CD4+ cells as analyzed by the
membrane-based NBC. The cells are labeled with QD 565. (e) A similar 10-bit histogram is
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shown for the populations as determined by FC. (FC histogram truncated from 1024 to ~550
to maximize plot area).
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Fig. 5.

Representative photomicrographs of whole blood labeled with CD specific antibody and QD
fluorescently tagged secondary antibody taken with a 10x objective and 3 seconds of exposure
time. The QD 565 labels CD4+ cells including monocytes and T lymphocytes in the green
channel (a) while QD 655 stains CD3+ lymphocytes red (b), as observed through separate filter
cubes specific to each fluorophore. A digital overlap of the red and green images (c) shows
monocytes (CD3—CD4+, green), T lymphocytes (CD3+CD4+, yellow) resulting from signal
both in red and green channels, and remaining NK and CD8+CD3+ T-killer lymphocytes (CD3
+CD4-, red). An alternative approach (d) utilizes a long-pass emission filter cube allowing for
a single capture event to produce a similar image to that generated by separate
photomicrographs. Insets illustrate highlighted areas with 2x digital zoom.
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Fig. 6.

Whole blood of varying volume was subjected to the staining process and membrane-based
NBC analysis. (a) Undiluted blood was stained for CD4+ lymphocytes and counts per field of
view translated into total number of cells distributed across the entire membrane. (b) To
simulate immuno-compromised samples, blood volumes were subjected to PBS/BSA dilution
to a total volume of 50 pL and stained for CD3+CD4+ lymphocytes with total membrane area
and dilution correction factors utilized to estimate cells per uL in the original 50 uL sample.
(c) Small pilot study comparison of the membrane-based NBC method to flow cytometry for
9%CD4 determinations correlates at R? = 0.97.
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Fig. 7.

(@) The CD3+ cells were processed with equimolar concentrations of both primary and
secondary antibody—fluorophore conjugate, which was normalized to fluorophore. This was
injected into the NBC, and images captured every 20 s for 15 min. Intensities from each
fluorophore were plotted relative to their individual maximum, initial intensity. Conventional
fluorophores exhibit exponential decay versus QD photostability that is critical for capturing
a number of FOVs in the NBC system. This stability may also be exploited to add additional
reagents for further cell analysis. (b) Signal to noise and signal to background ratios for
individual filter cubes versus a single long pass filter for staining CD3+ cells. Individual cell
intensities were evaluated relative to immediate environment in terms of membrane auto-
fluorescence and variation in background signal. For this application, SBR proved critical in
identifying authentic events.
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