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Abstract 

Despite the presence of the blood-brain barrier (BBB) that restricts the entry of immune cells and mediators into the 
central nervous system (CNS), a small number of peripheral leukocytes can traverse BBB and infiltrate into the CNS. 
Cerebrospinal fluid (CSF) is one of the major routes through which trafficking leukocytes migrate into the CNS. 
Therefore, the number of leukocytes and their phenotypic compositions in CSF may represent important sources to 
investigate immune-to-brain interaction, or diagnose and monitor neurodegenerative diseases. Due to the paucity of 
trafficking leucocytes in CSF, a technology capable of efficient isolation, enumeration, and molecular typing of these 
cells in the clinical settings has not been achieved. In this study, we report on a biofunctionalized silicon nanowire 
array chip for highly efficient capture and multiplexed phenotyping of rare trafficking leukocytes in small quantities 
(50 microliters) of clinical CSF specimens collected from neurodegenerative disease patients. The antibody-coated 3D 
nanostructured materials exhibited vastly improved rare cell capture efficiency due to high-affinity binding and 
enhanced cell-substrate interactions. Moreover, our platform creates multiple cell capture interfaces, each of which 
can selectively isolate specific leukocyte phenotype. Comparison with the traditional immunophenotyping using flow 
cytometry demonstrated that our novel silicon nanowire-based rare cell analysis platform can perform rapid detection 
and simultaneous molecular characterization of heterogeneous immune cells. Multiplexed molecular typing of rare 
leukocytes in CSF samples collected from Alzheimer’s disease patients revealed the elevation of white blood cell 
counts and significant alterations in the distribution of major leukocyte phenotypes. Our technology represents a 
practical tool potentially for diagnosing and monitoring the pathogenesis of neurodegenerative diseases by allowing 
an effective hematological analysis of CSF from patients. 
 

Introduction 
 
Although Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases1,2 and its prevalence is 
expected to double over next 30 years, there is no currently accepted early diagnosis for AD3. Development of 
sensitive biological markers for neurodegenerative diseases will allow for early diagnosis and longitudinal monitoring 
of AD in a routine clinical setting, resulting in more effective therapeutic intervention1. Increasing evidence has 
suggested a substantial contribution of leukocyte trafficking and inflammation in the pathogenesis of major 
neurological disorders including AD1,4–7. Despite the blood-brain barrier, a wide variety of peripherally derived 
leukocytes would traverse the BBB and infiltrate into the CNS during numerous neuropathological circumstances8,5,9. 
The cerebrospinal fluid (CSF) has been suggested as the major hub for leukocytes trafficking into the CNS9,10 (Figure 
1A). While healthy CSF typically contains a very small number of leukocytes11–14, neurological infection or 
inflammation in the CNS trigger marked elevation of leukocyte extravasation and accumulation into the CSF20,21. 
While abnormal CSF leukocyte count and variations in distributions of phenotypically different leukocyte subsets are 
typical observations among patients with CNS inflammatory neurological diseases [reference], little information 
regarding phenotypically diverse trafficking leukocytes in the CSF of AD patients is currently available6. Therefore, 
multiplexed detection of phenotypically distinct leukocyte subsets, and determination of phenotypic distribution may 
introduce a promising approach for clinical diagnosis and monitoring of neurological disorders6,19 (Figure 1B).  

To better evaluate immunogenicity in patients, simultaneous measurement of multiple phenotypic parameters of 
immune cells using a single analytical platform is increasingly needed to quantify complex cellular immune responses 
20,21

. Flow cytometry detection of distinct T cell surface markers is considered to be the gold standard of cellular 
immunophenotyping22–26. Flow cytometric immunophenotyping has been used to evaluate biological specimen such as 
blood or tissue to identify phenotypically abnormal cells with aberrant antigen expressions and characterize 
hematologic neoplasms and neurological disorders based on distinct immunophenotypes27,28. However, recovery of 
viable CSF leukocytes and characterization of their surface marker phenotypes have been technically limited due to 
extremely low abundance of trafficking leukocytes in cerebrospinal fluid combined with the rapidly decreasing CSF 
leukocyte viability following the centrifugation steps29. While sorting and characterization of heterogeneous cell 
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population using flow cytometry requires between 1-10 million cells for optimal performance, cerebrospinal fluid of a 
normal adult may contain only about 1000 leukocytes per mL9,12, indicating the need of 100mL of CSF in order to 
perform flow cytometric analysis of trafficking leukocytes, which is impractical for clinical testing. Moreover, 
because the detection of leukocyte subsets with distinct surface markers is based upon distinct optical signals, the 
number of different cell phenotypes that can be simultaneously analyzed on the same sample is limited by spectral 
overlap30. Although the degree of multiplexing can be improved by the recent development of mass cytometry, it 
remains impractical in a clinical setting to perform rare cell immunophenotyping due to the high cost and technical 
expertise required for advanced flow cytometry and the requirement of large quantities of cells22,23.  

Recent studies have reported antibody microarray-based T cell detection and sorting technologies, which can 
potentially increase the degree of multiplexing as cells are sorted and characterized based on their locations instead of 
colors30,31. However, those antibody microarray platforms were not used to capture rare cells and were developed 
based on traditional 2D materials. Many 3D nanostructured cell-capture substrates have been developed for highly 
efficient capture of cells of extremely low abundance32–37. Recent studies have shown 3D nanostructures coated with 
capture agents are advantageous over traditional 2D surface materials for high-quality rare cell capture as 3D 
nanostructures exhibit vastly improved cell capture efficiency32,34,37–40. The 3D nanotopography influences diverse 
cellular behaviors such as cell adhesion and motility, and enhances local topographic interactions between substrates 
and nanoscale cellular surface components (microvilli or filopodia)33–37,41–43. Moreover, the surface structures with size 
and shape-matched nanotopography can be readily fabricated from a range of materials to enhance interactions 
between the substrate and target cells32,38,44–47. Despite a significant improvement in cell capture efficiency, these 
nanostructure-based cell capture devices have not been demonstrated for multiplexed detection and analysis of 
phenotypically different immune cell subtypes in a single platform. Simultaneous detection and phenotyping of 
multiple cellular subsets with a single nanostructure has a number of advantages48,29,49. It can significantly reduce 
fabrication time for nanostructures, required reagent volumes, and cost of the assay. It also reduces consumption of 
clinical specimen, making the use of nano-enabled platforms in a clinical setting more practical.  

We report on the development of a biofunctionalized silicon nanowire (SiNW) array for quantitative and 
multiplexed molecular typing of rare trafficking leukocytes from CSF specimens from neurodegenerative patients. 
Previous reports of 3D nanostructure-based rare cell capture platforms have inspired us to evolve the nanowire-based 
platform for rare cell capture into a novel platform for multiplexed detection and molecular phenotyping of rare and 
heterogeneous trafficking leukocytes populations. This platform combines nanostructure-enabled high-quality rare cell 
capture and “panning” of specific leukocyte subsets on the different locations of a single microchip to perform capture 
and quantificaiton of various lymphocyte phenotypes based upon their surface antigens (Figure 1C, Supplementary 

Figure S1). Additionally, integration of laser scanning cytometry method, a powerful technology for high-content, 
quantitative characterization of cellular functions, enables the large-area, automated detection and enumeration of 
captured leukocytes, and rapid on-chip determination of multiple leukocyte phenotypes at a single-cell level35. The 
validation of the platform using immune cell lines and primary T lymphocytes showed that multiplexed phenotyping 
using functionalized nanowire arrays was in a good agreement with a traditional flow cytometric immunophenotyping. 
Our study also demonstrated that the nanowire-enabled platform can achieve not only high capture efficiency, but also 
the ability to quantitatively measure leukocyte subsets of specific phenotypes from a mixture of primary immune cells. 
It was then successfully applied to the cellular phenotyping of rare trafficking leukocytes from AD patients. Based on 
multiplexed phenotyping using our platform, this study demonstrated a number of abnormalities and variations in the 
distribution pattern of diverse trafficking leukocyte subsets. Our results indicate that the total CSF white blood cell 
count and T lymphocytes of Alzheimer’s disease patients was elevated from the normal value, and the distribution 
patterns of major T lymphocyte subsets were significantly altered and varies from patient to patient. Our research 
represents the potential of biofunctionalized nanostructure as diagnostic or analytical tools based on rapid, highly 
multiplexed, and clinically practical molecular phenotyping of rare and heterogeneous immune cell populations.  
 

 

Results and Discussion 
 

Development of biofunctionalized silicon nanowire arrays for multiplexed detection and phenotyping of 

immune cells.  

We constructed the rare cell capture/analysis system using a SiNW array covalently linked with streptavidin for rapid 
biofunctionalization with protein capture agents such as antibodies as described in the experimental method 
section37,35. In brief, SiNW arrays were fabricated by a silver-catalyzed wet etching process of p-type Si (100) wafers 
with a resistivity of 1-10 Ω cm. assisted by nanosphere lithography (Materials and Method)50. To accurately count 
and analyze ultra-rare trafficking leukocytes in CSF samples with good statistical power, large-area SiNW substrate 
(>1 in.x1 in.) was fabricated for the device. Next, the SiNW substrate was treated with oxygen plasma that generated 
high density of silano group, and then sequentially applied with (3-aminopropyl)-triethoxysilane (APTES) and 
glutaraldehyde (GA), which provide chemical linker to functionalize nanowires with streptavidin in the next step 
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(Supplementary Fig. S1). The cell-capture reservoirs with multiple circular loading chambers was fabricated using 
PDMS elastomer, and carefully aligned onto the SiNW substrate so that all of loading chambers were directly above 
the substrate region containing silicon nanowire. While loading chambers were made as large as possible (diameter 
~8mm) so that the interaction between the nano-substrate and the cells can be maximized, the size of the chamber is 
adjustable depending on the area of a nanostructure and the number of phenotypes of interest. After streptavidin (STR) 
functionalization, 100 µL of biotin-antibody solution against specific leukocyte antigen was introduced into the 
streptavidin-immobilized region. Each distinct region was immuno-functionalized with one of different antibodies 
against distinct leukocyte phenotypic markers together with a negative control of bovine serum albumin (BSA). CD45 
is a common leukocyte marker, which is expressed by most leukocytes. CD11a is a structural subunit of LFA-1, which 
plays a vital role in leukocyte trafficking and is present in all monocytic leukocytes. CD3 is a biomarker for T 
lymphocytes, while CD4 and CD8 are surface antigens expressed in helper T cells and cytotoxic T cells, respectively. 
The resultant platform (Figure 1C) contained multiple distinct substrate regions coated with leukocyte-specific 
antibodies that simultaneously detection of multiple leukocyte subsets of specific surface phenotypes to achieve 
multiplexed immunophenotyping. To use this microchip, the sample would be loaded into each loading chamber and 
incubated on ice for 30 minutes, during which the whole platform is gently agitated on the electronic shaker to 
facilitate the interaction between the substrate and target cells. The loading volume per each chamber can vary, 
ranging from 50µL to 200µL. Following multiple washing steps with PBS to remove unbound or non-specific cells, 
the standard immunostaining procedure that includes fixing (~20 min), permeabilizing (~10 min), and antibody 
staining (~45 min) was followed to generate detectable fluorescent signals from captured leukocytes. Conventional 
hematocymeter method would not be efficient or reliable enough to perform enumeration and characterization of all 
captured cells over such a large area at the single-cell resolution. We integrated a biofunctionalized nanowire arrays 
with laser scanning cytometry (LSC) for rapid, high-throughput, and automated phenotypic assessment of all 
trafficking leukocytes separated and captured on a single platform35. The assay typically takes no more than 2 hours 
from the sample loading to the LSC imaging (Materials and Method). To quantitatively characterize the cellular 
morphologies of the CSF trafficking leukocytes captured on STR- and antibody-functionalized SiNW arrays, scanning 
electron microscopy (SEM) analysis was performed using a cell freezing technique41. SEM images of representative 
leukocytes from cerebrospinal fluid captured on the fabricated silicon nanowire array (Figure 1D) showed that the 
captured leukocytes are well bound onto the substrate without significant morphological alterations and there are 
distinctive local topographical interactions between nanostructures and cellular surface components. The SEM images 
showed the captured leukocytes with smaller diameters (~5µm) than the typical diameter of leukocyte (8µm). It has 
been known that a sample prepared through conventional fixation method typically retains 72% of its original size43,51.  

Determination of distinct immunophenotypes of well-characterized immune cell lines using nanowire-enabled 

multiplexed molecular phenotyping.  
 
Before we applied this platform to clinical specimens from Alzheimer’s disease patients, we first tested the ability of 
our cell capture-analysis integrated platform to perform multiplexed phenotyping and quantitative determination of 
phenotypic profiles using immune cell lines. We used CCRF-CEM, which was derived from human acute 
lymphoblastic leukemia. Cells were prepared in single cell suspension at the cell density of 400 cells per loading 
chamber (~100µL). This density range is 1 order of magnitude higher than the leukocyte density in normal CSF, but is 
necessary in order to perfume head-to-head comparative validation using the gold standard technology such as flow 
cytometry. The captured cells were immuno-stained with phycoerythrin (PE)-labeled CD45 antibody to enable 
detection by fluorescence imaging and identify specific phenotypes of captured cells. The fluorescent image of the 
captured cells on the substrate was acquired by scanning the entire chip surface with a laser microarray scanner36,35,52. 
Figure 2A show the fluorescence micrographs of CCRF-CEM cells captured on different sample wells of a single 
chip. Quantification of the cells captured on different capture regions showed that CCRF-CEM cells express multiple 
surface antigens at the varying levels and exhibits heterogeneous expression patterns (Figure 2B), which agrees with 
previous studies20,53.  

To quantitatively validate our platform, we performed dual-colored flow cytometric analysis for head-to-head 
comparison using the same cell samples (Figure 2C). To distinguish non-specific background signals, the gates were 
located to the right of the negative peaks of the negative control samples labeled with isotype control antibodies 
conjugated with corresponding fluorophores so that nearly 100% events were negative (Supplementary Figure S2). 
The side-by-side comparison of two independent technologies illustrates that the phenotypic antigen expression 
pattern of CCRF-CEM cells obtained by the nanowire-based multiplexed molecular typing approach is consistent with 
phenotypic expression profiles assessed by flow cytometry (Figure 3A). The percentage of the cells captured on a 
specific antibody-coated region is proportional to the frequency of the cells expressing the cognate antigen determined 
by flow cytometry. High capture yields for CD4 (~86.2%) and CD45 (~88.6%) antibody-coated wells correlated with 
immunophenotyping by flow cytometry that determined CD4 and CD45 expression on -80.4% and -99.8% of the total 
CCRF-CEM population, respectively. This observation also corroborates the notion that these acute lymphoblastic 
leukemia cells exhibit the high expression level of CD4 surface antigen20. Furthermore, the lower percentages of the 
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cells captured on anti-CD3 (~35.3%) and –CD8 (~40.2%) coated interfaces correspond with FACS analysis that 
revealed antigen expression on 25-40% of the population. The differences between two immunophenotyping results 
were not statistically significant (p-value greater than 0.1) for all five surface antigens tested. As a further validation of 
the technology, we also performed multiplexed immunophenotyping of U937, which is derived from human 
monocytes, and observed that U937 cells exhibit a unique molecular phenotype by differentially expressing multiple 
surface phenotypic markers (Supplementary Figure S3A-B, Supplementary Table S2). The side-by-side 
comparison with immunophenotyping by flow cytometry reveals that the phenotypic antigen expression profiles of 
U937 obtained using silicon nanowire-based phenotyping platform are also in good agreement with 
immunophenotype determined by flow cytometry (Figure 3B).  

Furthermore, we evaluated the platform’s capability for phenotyping of primary immune cells using the mixture of 
human CD4+ and CD8+ T cells (Astarte Biologics, Redmond, VA, USA). Varying numbers of CD4 and CD8 T 
lymphocytes were mixed in a ratio of 1:1, and the mixture was loaded into a silicon nanowire array coated either with 
anti-CD4 or anti-CD8. The captured cells were treated with PE-anti-CD8 and APC-anti-CD4 so that CD4+ and CD8+ 
T cells could be detected with red and green, respectively (Supplementary Fig. S4A). As shown in Fig. S4B, the 
SiNW substrates demonstrated excellent capture yields for both CD4+ and CD8+ T cells (90.1±7.74% and 
91.6±1.30%, respectively). In anti-CD4 coated surfaces, the specific capture efficiency for target cells (CD4+ T cells) 
was significantly higher than that for non-target cells (CD8+ T cells). In anti-CD8 coated substrates, the capture 
efficiency for CD8+ T cells was higher than that of CD4+ T cells (Supplementary Fig. S4B). The numbers of 
captured CD4+ and CD8+ T cells were nearly equal at varying cell loading numbers, consistent with the fact that the 
mixture contained 50% CD4 and 50% CD8 T cells (Supplementary Fig. S4C). We could also evaluate the cell-
capture specificity. As shown in Fig. S4A, the cells captured on the SiNW array surfaces coated with anti-CD4 or anti-
CD8 were predominantly T cells expressing the surface antigens that react with the substrate-functionalizing antibody. 
The capture purity was defined as (# of captured target cells) divided by (total # of all captured cells). The capture 
purities of both CD4 antibody-coated and CD8 antibody-coated substrates were high, (93.1±1.92%) and (93.9±1.10%), 
respectively (Figure 3C-D). While previously developed nanostructured-based cell capture platforms have reported 
excellent separation efficiency for primary T cells of single phenotype, the platform described in our current study, to 
our knowledge, is the first one to achieve highly efficient and multiplexed capture of different immune cell 
phenotypes and exhibit excellent capture specificity for specific target leukocyte phenotypes when multiple immune 
cell types are mixed. This observation of excellent capture purity demonstrates that our platform is capable of 
capturing target cells of specific phenotypes with high selectivity with insignificant level of non-specific capture.  

  To quantitatively evaluate how strong the correlation between immunophenotyping results from two platforms 
is, we performed linear regression for the proportions of different leukocyte phenotypes from all three immune cell 
populations, CCRF-CEM, U937, and primary CD4 and CD8 T cell mixture, determined by two platforms. The linear 
regression results showed that there is a statistically significant correlation between a nanowire array and flow 
cytometry as the slope of linear regression equation is ~0.955 (Figure 3E). The slope of linear regression that is close 
to 1 indicates that immunophenotypes determined by flow cytometry and our nanowire-based platform agree very 
well. R2 value is also close to 1 (0.972), indicating a strong linear correlation (Figure 3E). These observations indicate 
that our technology can achieve highly efficient and specific capture of multiple leukocyte phenotypes, quantitative 
molecular typing, and all together give rise to the immunophenotypes defined by surface antigen expression profiles 
with good accuracy and sensitivity while requiring only as few as hundreds of cells.  

 
Efficient isolation and multiplexed phenotyping of rare trafficking leukocytes in the cerebrospinal 

fluid of Alzheimer’s disease patients.  
 

Upon the validation of our platform, it was applied for multiplexed molecular typing of rare leukocytes from human 
cerebrospinal fluid collected from Alzheimer’s disease patients. We directly measured the as-collected cerebrospinal 
fluid samples from 5 CSF samples from individual AD patients and a pooled CSF sample from a large cohort of 
patients (Figure 1B). For each patient’s CSF sample, the experiment was repeated at least 3 times in multiple 
independent tests. In each test, we used a microchip that has five streptavidin-conjugated capture miniwells, four of 
which were further functionalized with biotinylated capture antibodies specific to different phenotypic markers and 
the last miniwell was left blank without adding any antibody that served as a negative control. The captured cells were 
fixed and stained with DRAQ and anti-CD45-PE and quantified using a laser scanning cytometry method36,54,55. Due 
to extreme cellular paucity in cerebrospinal fluid, the significantly fewer number of leukocytes were captured and 
detected from patient CSF samples (Figure 4A) than from the validation experiment using cell lines.  

Cerebrospinal fluid abnormalities, including increased leukocyte numbers and alternation in leukocyte subset 
distribution, have been observed in neuropathological conditions, affecting the CNS56–58. The absolute count of white 
blood cell (WBC) and percentages of leukocyte subsets in cerebrospinal fluid are routine and important assessment 
parameters for the diagnosis and examination of many neurological disorders29. Although immunophenotyping of CSF 
leukocytes has been recognized as a potentially informative tool for diagnosing and monitoring pathogenesis of 
inflammatory conditions in the CNS59, to our knowledge, it remains challenging to perform multiplex molecular 
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typing of leukocytes from the AD patients’ CSF to determine the absolute counts of phenotypically distinct leukocyte 
subsets and establish the representative immunophenotype profile for Alzheimer’s disease CSF. We quantified the 
absolute number of white blood cells and the relative proportion of different leukocyte phenotypes in cerebrospinal 
fluid in order to evaluate their relative prevalence for diagnosing brain inflammation and understanding the immune 
responses during neurodegenerative diseases (Figure 4, Supplementary Table 3). The highest proportion of cells 
from CSF was consistently captured in anti-CD11a leukocyte function-associated antigen-1 (LFA-1) coated region in 
all six AD CSF samples (Figure 4A-B). This observation is consistent with the fact that trafficking leukocytes 
migrating via CSF are known to express high levels of LFA-1 molecules because it has been proposed that infiltrating 
T cells are recruited into CSF through the increased LFA-1 expression60. CD11a is the structural components of LFA-1 
which plays a critical role in the adhesion and migration of trafficking leukocytes at the sites of inflammation, and it 
has been shown to be present in the leukocytes in the brain of AD patients1. Our observation corroborates the previous 
reports that showed the up-regulated LFA-1 expression on infiltrating leukocytes in AD brain and the significant 
increase in the number of trafficking leukocytes expressing LFA-1 in Parkinson’s disease patients61. Also, a significant 
number of leukocytes were captured on anti-CD4 functionalized substrates than on anti-CD8 coated regions. This is 
supported by the previous reports that leukocytes contained in normal adult CSF are mainly CD4+ memory T cells9,11. 
We observed a small number of leukocytes captured in the substrate surface serving as a negative control , which is 
consistent with previous studies that biofunctionalized nanostructured substrates can capture rare cells more efficiently 
regardless of cells types33 (Supplementary Figure S5).  

We assessed the utility of the SiNW-based platform to determine proportions of specific leukocyte subsets in AD 
CSF and detect significant abnormalities in AD CSF leukocyte phenotype. First, it is known that the total white blood 
cell count in CSF is correlated to the development of a variety of neurological pathologies62. In our platform, the total 
trafficking leukocytes count could be estimated from detecting and enumerating the cells captured on anti-CD11a 
grafted region. Since LFA-1 plays a critical role in leukocyte trafficking and is present on all leukocytes, we could 
estimate the CSF trafficking leukocyte counts by enumerating the cells captured on the capture surface coated with 
antibody for CD11a, the structural component of LFA-163. The total number of trafficking leukocytes in the CSF of 
AD patients ranges from 1.28±0.062 to 3.03±0.82 (Figure 5A), which is slightly higher than the average white blood 
cell count in normal CSF (mean: 1.12 cells/uL [5th and 95th percentile: 0.40 and 3.17]) reported in previous 
studies62,14,59,64. The results demonstrated that our platform could capture trafficking leukocytes from 50 µL of CSF 
and estimate the total white blood cell density to examine disease states. Our observation that the number of migrating 
leukocytes expressing LFA-1 increased in the CSF of AD patients can be explicated by the recent hypothesis that Aβ 
deposition during AD pathogenesis promotes leukocyte adhesion and transmigration into the CNS by inducing up-
regulation of adhesion molecules including LFA-11,65.  

By detecting and enumerating the number of the cells captured in the region functionalized with anti-CD3, a T 
lymphocyte-specific marker, the platform could determine the total number of T lymphocytes in CSF of AD patients. 
Multiplexed phenotyping of CSF from AD patients showed that the leukocytes found in the CSF of AD patients were 
predominantly constituted of CD3 positive T lymphocytes (86.3±9.20%) (Figure 5D). The number of invading CD3+ 
T lymphocytes in the AD brain is lower than other inflammatory diseases in the CNS such as multiple sclerosis as AD 
lacks prominent infiltrates of peripheral leukocytes observed in those prototypical autoimmune neurological diseases66. 
However, multiplexed phenotyping showed that the number of trafficking T lymphocytes in the AD patient CSF 
detected by the nanowire-enabled rare cell analysis system was significantly greater than the typical number of T cells 
in normal CSF (mean: 0.46 and 0.62 cells/µL [5th and 95th percentile: 0.16 and 1.88]) (Figure 5B)31,67. Our observation 
agrees with previous studies that the number of infiltrating CD3 T cells typically increased in the AD brain compared 
to the control groups without neurological complications4. This result supports the notion that peripheral T 
lymphocytes may traffic and accumulate in the CNS more frequently in response to increased expression of leukocyte 
adhesion molecules and inflammatory signals during AD pathogenesis66.  

Measurement of the CSF leukocyte phenotypic distribution can be valuable in evaluating pathological conditions 
and immunological responses in the CNS during AD pathogenesis as the cellular composition of CSF leukocytes 
significantly changes as peripheral immune cells are migrated to the site of inflammation11. We calculated 
CD4+/CD8+ T cell ratio in AD patient’s CSF by simultaneously detecting and enumerating CD4+ helper T cells and 
CD8+ helper T cells within a single platform. We calculated CD4+/CD8+ T cell ratio in AD patient’s CSF by 
simultaneously detecting and enumerating CD4+ T lymphocytes and CD8+ T lymphocytes within a single nanowire 
array. Multi-colored fluorescence immunostaining was performed to visualize and identify molecular phenotypes of 
the leukocytes captured on different capture regions (Figure S6A-B). Enumeration of the captured cells showed 
increased frequency of both CD4+ and CD8+ T cells (Table 1). Our observation again agrees with previous findings 
showing increases of CD4+ T cells in CSF of inflammatory diseases in the CNS71,72. Increases of CD4+ T cells in CSF, 
which can assume a helper–I T cell phenotype and secrete pro-inflammatory cytokines, may indicate brain 
inflammation and related neuronal damage73. It has been reported that normal CSF exhibits the predominance of 
CD4+ T lymphocytes, low number of CD8+ cytotoxic T lymphocytes (CTLs), and high CD4/CD8 ratio. Multiplexed 
phenotyping of T lymphocytes showed that the major (>50%) T lymphocyte phenotype in AD CSF was indeed CD4+ 
T cells as in normal CSF (Figure 5C-D). Although the patient sample number was small (n=6), our data showed that 
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CD4/CD8 ratio in the CSF of AD patients was consistently reduced as the average CD4/CD8 ratio in all AD patients’ 
CSF is ~1.53 compared to the ratio (~3.1) observed in healthy CSF (Figure 5B)62,69. Several inflammatory diseases in 
the CNS are associated with increased extravasation of T lymphocytes including CD8+ CTLs, and their deleterious 
functions can be crucial for neuronal death and tissue destruction leading to neurodegenerative diseases74. The 
increased percentage of CD8+ cytotoxic T lymphocytes and the significantly reduced CD4/CD8 ratio suggests that 
Alzheimer’s disease patients may have developed chronic CNS inflammation that elicits increased CD8+ CTL 
recruitment and clonal expansion75. Excessive infiltration of cytotoxic T cells might have deleterious effects as CTLs 
mediate pathologic immune activities leading to inflammation and neuronal destruction in neurodegenerative 
lesions75,76. Our results using multiplexed molecular typing of trafficking leukocytes in CSF reveal the existence of 
diverse leukocyte subsets expressing distinct surface antigens and the CSF leukocytes from each patient have a unique 
spectrum of molecular phenotypes (Figure 5D).  Our results also show that the CSF leukocytes are predominantly 
composed of T lymphocytes with significantly smaller portion (<10%) non- T-lymphocytes (Figure 5D).  

We further investigated how the molecular phenotyping results may change with varying the CSF input volume 
(Figure S7 and supplementary information). With increasing the volume of CSF loaded into each microwell ranging 
from ~50 to ~200 µL, the number of cells captured increased linearly (Figure S7 A-D). Correlation between the CSF 
loading volumes and the quantitation of different phenotypes shows a strong linear relationship. Furthermore, as the 
CSF volume progressively decreased from 200 to 50 uL, the total leukocyte count per 100 µL did not change 
significantly (Figure S7E-F). CD4/CD8 T cell ratio was found to be consistent as well except for the result from 
200uL due to the relatively large error of a single data point (CD8 count in Figure S7D). These results illustrated that 
our platform can perform reproducible and accurate immunophenotyping of rare CSF trafficking leukocytes from AD 
patients by using 50 µL of CSF per microwell.   

 
 

Conclusions 
 
In this study, we described the development of a biofunctionalized nanowire array-based platform for efficient capture 
and multiplexed phenotyping of infiltrating trafficking leukocytes from the cerebrospinal fluid of Alzheimer’s disease 
patients. Because the readout of the assay by this platform is dependent on both distinct optical signatures and 
locations of captured cells, we demonstrated the platform’s multiplexing capacity to simultaneously capture and 
analyze multiple, phenotypically different leukocyte populations while not limited by spectral overlap. Multiplexed 
detection and analysis of different leukocyte subsets within a single microchip can permit significantly reduced 
fabrication time, cost, and required reagent volumes. It also minimized the batch-to-batch effect, the major source of 
variability29,48,49. Because our microchip permits the use of significantly reduced amounts of CSF samples for 
quantifying phenotypes of trafficking leukocyte, this platform is uniquely suited for clinical evaluation of neurological 
pathology, given limited availability of CSF in a clinical setting. Comparison with the conventional technology of 
immunophenotyping using multi-colored flow cytometry confirmed that the new technology can accurately quantify 
leukocyte subpopulations that express different surface antigens and accurately determine the immunophenotypes 
using well-characterized immune cell lines while requiring only a small number of cells. 

Although the role of trafficking leukocytes in the CNS has been widely appreciated, it remains unclear whether 
the absolute number and immunophenotype of trafficking leukocytes in the CSF are associated with the disease status. 
Jesse et al. observed a very small number of neurodegenerative disease patients that showed elevated CSF leukocyte 
count, but suggested the absolute count of CSF leukocytes can be helpful for specific cases77. Our preliminary study 
showed that the total trafficking leukocyte counts in AD patients’ CSF modestly increased compared to normal CSF 
leukocyte counts. An increased frequency of both CD4+ and CD8+ T cells was observed, which agrees with previous 
findings that there are elevations of both T cell subsets in the brain of neurodegenerative disease71,72. AD patients 
exhibited significantly altered profiles of leukocyte phenotypes, confirming the recent notion that the increased 
migration of CD8+ cytotoxic T cells is associated with AD development. More comprehensive quantitative analysis 
with a large cohort of patients may ultimately establish total trafficking leukocyte count and proportions of 
phenotypically different leukocyte populations as biomarkers for neurodegenerative diseases. 

This study is a significant step towards addressing the challenge in the clinical analysis of trafficking leukocytes 
due to the paucity of cells, the limit of sample quantity and the requirement of multiplex molecular analysis. It 
represents a promising tool for early clinical diagnosis and monitoring of neurological diseases. The platform can be 
further improved by introducing microfluidic channels. The microfluidic techniques can enhance the capture 
efficiency by optimization of channel dimension, cell distribution, and flow rate32,78–80. The technology will be 
expanded by fabricating a larger SiNW array substrate containing more capture interfaces. The expanded platform will 
provide greater multiplexing capacity to capture and quantify more diverse leukocyte phenotypic subsets, and to 
identify previously unknown abnormalities in cellular compositions of the CSF during neurological disorders. The 
multiplexed analysis of trafficking leukocytes in the CSF can lead to a better understanding of the molecular 
mechanisms responsible for increased infiltration of peripheral leukocytes during pathological circumstances affecting 
the central nervous system and the impacts of trafficking leukocytes in pathogenesis of various neurological diseases. 
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As a conventional flow cytometric analysis generates a database of phenotypic expression profiles that enable 
diagnosis of blood-born cancer27, this rare cell phenotyping platform has the potential to enable the recognition of 
distinct immunophenotypes of the CSF trafficking leukocytes from neurological disease patients and establish new 
molecular criterion for effective and early diagnosis of various neuropathological conditions.   
 

Experimental Methods 
 

Silicon Nanowire Array Fabrication.  
 
Silicon nanowire (SiNW) arrays were fabricated by silver (Ag)-assisted chemical etching of p-type Si (100) wafers 
with a resistivity of 1-10 Ω·cm81. First, a large-scale Si substrate (4 inch in diameter) was cut to a size of 2.5 cm × 2.5 
cm and was then cleaned by ultrasonication in acetone, isopropyl alcohol (IPA), and deionized (DI) water for 15 min, 
respectively. The cleaned samples were immersed in 10 wt% hydrofluoric (HF) acid for 5 min to remove the native 
oxide layer, and treated in boiling RCA cleaning solution (H2O2 : NH4OH : H2O = 1 : 1 : 5) for 1 h to convert the 
surface into a hydrophilic surface. An Ag film (~30 nm) was coated onto the cleaned Si substrates by electroless 
deposition in an aqueous solution containing 10% HF and 5×10-3 M AgNO3 solution at room temperature for 5 min. 
The Ag-coated Si samples were then immersed in an aqueous solution containing 10% HF and 0.3% H2O2 at room 
temperature for 30 min. Finally, the Ag metal remaining on the Si substrates was completely removed by aqua regia 
(HCl : HNO3 = 3 : 1) for 1 h and additional amorphous Si etching for 30 s in buffered oxide etchant (BOE, NH4F : HF 
= 6 : 1). The SiNWs were typically 60 – 100 nm in diameter and 5 – 10 µm in length, which are strongly dependent on 
the size of Ag nanoparticles and etching time, respectively82,42. 
 
Chemical functionalization of silicon nanowire arrays.  
 
Prior to the bio-functionalization, the silicon nanowire arrays were treated with H2O2:H2SO4 (1:1) for 30 minutes to 
remove all the organic materials and impurities on the surface. The substrates were washed in acetone, isopropyl 
alcohol, and distilled water sequentially, and dried with air. The cleaned silicon nanowire (SiNW) surfaces are treated 
with oxygen plasma for 2-3 minutes to present the hydroxyl groups on the substrate. The surface of the substrate is 
modified with 5% (volume/volume) 3-mercaptoproyl trimethoxysilane (APTES, Sigma-Aldrich, USA) in ethanol at 
room temperature for 45 minutes with gentle agitation, immediately followed by rinsing with ethanol. The reaction 
with APTES presents and functionalizes the substrate surface with amine groups. Next, the SiNWs are treated with 50% 
(v/v) glutaraldehyde (GA, Sigma-Aldrich, USA) in deionized water at room temperature for 2 hours, followed by 
gentle rinse with deionized water. The amine groups rendered by APTES are reacted with glutaraldehyde that 
functionalizes the Si surface with aldehyde groups. The chemical modification is to render stable and efficient 
deposition of streptavidin (STR) onto the nanostructured substrate.  
 
Integration of a PDMS loading chamber and streptavidin deposition.  
 
To enable multiplexed detection and phenotyping, multiple capture regions have to be created. To generate multiple, 
distinct locations, each of which can be functionalized with different agents, the chemically activated SiNW substrate 
is coupled with a polydimethylsiloxane (PDMS) elastomer mold. A mixture of GE RTV 615 PDMS prepolymer part A 
and B (10:1) is thoroughly mixed and degassed for overnight. The PDMS mixture is cured at 80°C for 2 hours and is 
solidified. The solidified mold is cut in the size of 1x1 inch2, which is also the size of a SiNW substrate, and a number 
of cylindrical wells (six) are drilled with a stainless steel hole punch with a diameter of 6.5 mm. The PDMS mold and 
the SiNW substrate are carefully aligned and permanently coupled after they are thermally cured at 80°C for 1 hour. 
The coupling has created the multiple loading chambers into which 50 µL of 5% streptavidin in PBS is applied and 
incubated for overnight in an incubator (37 °C, 5% CO2), leading to deposition of streptavidin. Previous study by 
Kim et al (2010) observed that the modification with oxygen plasma, APTES, and GA resulted in successful 
functionalization of streptavidin on the surface of the SiNW1,4. Now, there are specific regions on the SiNW surface 
that are functionalized with STR.  
 
Biochemical functionalization with biotinylated capture antibodies.  
 
The loading chambers of the platform are carefully washed several times with PBS to remove excess streptavidin 
without disintegrating the PDMS mold from the SiNW surface. To establish cell analysis system that enables the 
separation and phenotyping of multiple distinctive leukocyte subsets in a single platform, we used the fact that 
phenotypically distinct immune cell types tend to express a unique set of surface molecules. For example, helper T 
cells express CD4 molecules on their surface, but do not express CD8, which cytotoxic T lymphocytes express. The 
solution of biotinylated antibody against specific leukocyte surface antigen was prepared by dilution with PBS which 
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contains 1% BSA with 1:200 (v:v) ratio. BSA would block the substrate surface to prevent non-specific cell binding. 
30µL of the antibody solution against the specific surface biomarker of a distinctive leukocyte subset was loaded into 
one of the platform’s six cylindrical loading reservoirs, and reacted for 1 hour at room temperature. The SiNW surface 
functionalized with high density streptavidin allows strong immobilization of biotin-conjugated monoclonal 
antibodies due to high-affinity binding interaction between STR and biotin. Because of strong chemical affinity 
between biotin and streptavidin, the substrate would be immobilized with the high density of antibody in 20 min. Each 
circular capture region on the SiNW surface was functionalized with the monoclonal antibody against the specific 
surface antigen, serving as the capture antibody that attracts and immobilizes the phenotypically specific leukocyte 
type.  
 

Multiplexed capture and phenotyping analysis of existing heterogeneous cell lines (U937 and CCRF-CEM).  
 
To validate the platform’s capability for accurate multiplexed immunophenotyping, two cell lines, U937 (monocyte, 
CRL-1593.2) and CCRF-CEM (immature lymphoblast, CCL-119) were used. They were purchased from Amercian 
Type Culture Collection (ATCC, USA). Both cell lines were cultured with the medium composed of RPMI-1640, L-
glutamin, antibiotic-antimycotic (1x), and 10% fetal bovine serum. Prior to loading into the platform, cell density was 
manually determined using a conventional hemocytometer (Hausser Scientific Co. USA). The cell suspension was 
serially diluted in the culture medium so that cell suspension of about 100 µL could be introduced into each loading 
reservoir with cell numbers in the varying ranges including 400, 600, 800, and 1000 cells/well. After being loaded into 
the device, the cells were incubated at 37°C and 5% CO2 for 30 minutes, and allowed to interact with the silicon 
nanowire arrays functionalized with capture antibodies. After incubation, the PDMS wells and SiNW substrate were 
washed out with 1xPBS with 1% BSA at least three times to remove unbound non-specific cells and cellular debris.  
 
Multiplexed immunophenotyping of existing cell lines (U937 and CCRF-CEM) using conventional flow 

cytometric phenotype analysis.  
 
To validate the accuracy of multiplexed molecular phenotyping and quantification of phenotypically heterogeneous 
cell populations using a SiNW-based rare cell analysis platform, flow cytometric immunophenotyping was performed 
with the same two existing cell lines, U937 and CCRF-CEM. The cell suspensions were appropriately diluted in the 
culture medium to make the cell density of approximately 105 cells/mL. Accuri® C6 flow cytometer (BD Bioscience, 
USA) was used to perform the analysis. A cell suspension of 1 mL was fixed with 4% PFA at room temperature for 20 
minutes, and reacted with florophore-conjugated antibodies against various leukocyte surface molecules at 4°C for 1 
hour. As the flow cytometer contains two excitation laser lines for excitation wavelengths of 488 and 640nm, the cells 
were stained with two detection antibodies each with two distinct emission wavelengths. For instance, the suspension 
was reacted with FITC (488nm)-anti CD11 and APC (635nm)-anti CD4 to quantify the proportion of CD11+ and 
CD4+ cells in the heterogeneous cell populations.  
 

Assessment of capture-efficiency and capture-purity using a primary CD4+ and CD8+ T lymphocytes mixture. 

 

Additional experiments were conducted to investigate the capture purity and capture efficiency of target and non-
target cells when they were mixed together. The SiNW substrates were coated with either CD4 or CD8 antibody 
solutions diluted in 3% BSA in PBS (1:100 ratio). Fluorescent activated cell sorting (FACS) was used to sort primary 
CD4+ and CD8+ T cells from human PBMCs. CD4 and CD8 T cells were mixed in 1:1 ratio at the varying cell 
numbers. We then introduced the mixture composed of approximately 250 CD4+ and CD8+ T cells, 500 CD4+ and 
CD8+ T cells, or 650 CD4+ and 650 CD8+ T cells into anti-CD4 coated, anti-CD8 coated, or BSA-treated substrate 
capture regions, followed by incubation for 30 minutes in an incubator. Then, the cell suspension was gently aspirated 
from the cell-capture reservoirs, which were washed with PBS for 3 times to remove non-specific cells and impurities. 
50 µL of PE-CD8 and APC-CD4 antibody solution (1:100 dilution in 3% BSA PBS) was introduced into the loading 
reservoirs and incubated for 30 minutes in room temperature to fluorescently stain the cells bound on the substrates 
for detection. The captured CD4+ T cells, which illuminated red fluorescence, could be easily distinguished from 
CD8+ T cells, which illuminated green fluorescence (Supplementary Fig. S5A). 
 

Multiplexed immunophenotyping and detection of trafficking leukocytes in cerebrospinal fluid (CSF) of human 

Alzheimer’s disease patients.  
 
The CSF specimens were donated from the Alzheimer’s Association. There were five CSF samples collected from five 
individual Alzheimer’s disease patients, each of which was 10 mL. There was one pooled CSF mixture sample, which 
was pooled mixture of CSF collected from many individual patients. All CSF samples had been aliquoted in smaller 
volumes to reduce the number of freeze-thaw cycles, which can preserve the viability of cells contained in CSF. The 
CSF sample was thawed in the ice immediately before the experiment. 50 µL CSF was loaded into the device’s 
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multiple loading chambers, and incubated on 4°C for 30 minutes on a gentle shaker to maintain cell viability and 
facilitate the interaction of trafficking leukocytes with capture antibody-coated SiNW surface. During the incubation, 
trafficking leukocytes interacted with the silicon nanowire arrays functionalized with the capture antibodies, and they 
were strongly attracted and captured onto the SiNW surface if leukocytes express the specific surface antigens that 
induced high affinity interaction with the corresponding capture antibodies. After the experiment, the CSF supernatant 
was carefully removed with a pipette or a microfluidic pump. The capture regions surrounded by loading chambers 
were rinsed with PBS solution with 1% BSA to remove non-specific cells and other debris from the CSF sample. 
Because it is generally considered unethical to perform lumbar puncture for acquisition of the CSF without a clinical 
indication of malignancy, our multiplexed phenotyping analysis of AD patients’ CSF was compared with the reference 
values of the CSF from healthy subjects67. 
 
Fixation and staining of captured cells and trafficking leukocytes.  
 
Captured leukocytes were fixed by applying 50 µL of 4% PFA in PBS into each PDMS loading reservoir and reacting 
for 20 minutes. The device was subsequently treated with a solution of 50 µL of 0.1% Triton X-100 in PBS for 10 
minutes to increase cellular permeability and allow for intracellular staining (DAPI dye agent stains for cell’s nucleus). 
To identify and confirm the phenotype of the captured cells, 50 µL of fluorophore-conjugated antibody solution (1:100 
dilution) against the surface antigens of specific target leukocyte subsets was introduced into the platform and reacted 
for 1 hour at room temperature. PE-conjugated CD11, APC-conjugated CD4, FITC-conjugated CD8, AlexaFluora 
645-conjugated CD4, and PE-conjugated CD45 were used to label the captured cells with fluorescence. After 
incubating with detection fluorescent antibodies, the chip was carefully rinsed with PBS for three times.  
 
Scanning electron microscopy analysis for characterization of the leukocytes bound on the SiNW substrates 

 
The immobilized trafficking leukocytes on SiNW substrates were fixed with 4% GA in 4˚C for 2 hours and post-fixed 
in 1% osmium tetroxide for 2 h. The cells were dehydrated by successive immersion in 25%, 50%, 75%, 95%, and 
100% ethanol for 5 minutes, and slowly dried under vacuum for 24 h. To make samples conductive before the FE-
SEM measurements, the surface-bound leukocytes were then sputter coated with a thick layer of platinum (~5-6 nm).  
  
Detection, immunophenotyping, and quantitative analysis of CSF leukocytes using laser scanning cytometry.  
We employed a rapid laser scanning cytometry (LSC) method to detect and quantify all the captured leukocytes on the 
entire substrate surface in a rapid and fully automated fashion. An Axon Genepix microarray laser scanner 4000B 
(Molecular Devices, USA) was used to acquire the fluorescent images of the CSF leukocytes captured by the device. 
The microarray laser scanner equipped with three laser beams (635, 532, and 488 nm) was used to scan and visualize 
the substrate with 5 µm resolution. The leukocytes stained with PE-, APC-, and FITC-conjugated antibodies were 
detected by the 532 nm laser (green channel), 635 nm laser (red channel), and 488 nm laser (blue channel), 
respectively. The fluorescent images were exported from the Genepix 6.0 and transported into CellProfilerTM, the cell 
image analysis software. We developed our own software algorithm that allowed for rapid identification and 
enumeration of potential leukocytes. Color of fluorescent emission, fluorescence intensity (brightness), and physical 
characteristics such as cell size, shape, and circularity were considered in developing algorithm to identify target CSF 
leukocytes and exclude cell debris and other non-specific objects. Cells that stained positive for CD11 and met the 
morphological characteristics of typical human leukocytes were identified as trafficking leukocytes. The proportion of 
antigen-expressing leukocyte subsets could be calculated by enumerating the cells captured on each distinct location 
functionalized with specific antibody and dividing the count by total number of loaded cells. 
 
Supplementary material. Additional data are available in the supplementary information, supplementary tables, and 
supplementary figures, which are available online. 
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Figure 1. Overall experiment design. A) The graphical representation of trafficking leukocyte migration into the central nervous system. In normal 
physiological conditions, immune cells enter the CNS for immune-surveillance. During pathological conditions, leukocytes increasingly traverse the blood-
brain barrier and accumulate, leading to inflammation. One of the leukocyte migration pathways follows the formation of cerebrospinal fluid (CSF). B) The 
cartoon shows lumbar puncture, a conventional procedure to acquire CSF. Counting and immunophenotyping of trafficking leukocytes in CSF can yield 
valuable diagnostic information and help monitoring the status of the central nervous system. C) Conceptual illustration of highly efficient capture and 
multiplexed immunophenotyping of rare immune cells in CSF using a biochemically functionalized silicon nanowire platform. Integration of a PDMS 
construct with multiple loading chambers allows for functionalization of multiple antibodies at distinct regions. The platform contains multiple cell capture 
regions, each of which is functionalized with a specific antibody. Each region captures only the cells expressing specific surface antigens against a coated 
antibody. D) The SEM images of the CSF trafficking leukocytes captured on the silicon nanowire substrate. The images show that the cells are immobilized 
via a strong cell-nanostructure interaction.  
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Figure 2 Validation of multiplexed detection and immunophenotyping analysis using CCRF-CEM cells. (A) Fluorescence images of CCRF-CEM cells captured 

on different capture regions of a silicon nanowire platform functionalized with antibody against the specific leukocyte surface molecule. To detect and identify the 

captured trafficking leukocytes, the captured cells on the substrate were stained with PE-conjugated antibody against universal leukocyte surface antigen 

(CD11a). Excitation wavelength: 532 nm. The number in red on the bottom right corner of each image represents the number of cells captured and enumerated. 

(B) The enumeration of CCRF-CEM cells captured on different nanowire capture interfaces coated with phenotypic surface markers. 500 CCRF-CEM cells were 

loaded into each loading chamber. Captured cells which were stained positive for CD45 were counted. N=3. (C) Flow cytometric immunophenotyping result of 

CCRF-CEM cell populations. The cell suspension at the cell density of >106 cells/mL was reacted with fluorophore-conjugated detection antibodies against cell 

surface antigens (APC-CD11a, APC-CD4, PE-CD8, and PE-CD3). The number on the top left corner in each plot indicates the proportion of cells that were 

negative for the specific antigen expression. The number on the top right corner in each plot indicates the proportion of cells that were positive for the specific 

antigen expression. The locations of the gates were determined based on isotype control samples (Supplementary Figure S3).  
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Figure 3. Comparison of multiplexed molecular phenotyping of two different immune cell populations with flow cytometric immunophenotyping, and capture 
specificities on primary T lymphocyte mixture on the SiNW-based platform. (A) Side-by-side graphical illustration of multiplexed immunophenotyping results of 
CCRF-CEM cells by both our silicon nanowire rare cell analysis platform and conventional flow cytometry approach. For each surface antigen expression level, 
the proportions from flow cytometry and our silicon nanowire-enabled platform were statistically compared using unpaired two-tail t test. * denotes the 
differences of proportion determined by flow cytometry phenotyping and nanowire-enabled rare cell analysis platform are not statistically significant (p-
value>0.05). (B) Side-by-side graphical comparison of immunophenotyping results by flow cytometric analysis and our novel rare cell analysis chip. The percent 
proportion of each cellular phenotype was determined as the number of cells detected versus total number of U937 cells loaded in each well. For each surface 
antigen expression level, the proportions from flow cytometry and our silicon nanowire-enabled platform were statistically compared using unpaired two-tail t test. 
* indicates the differences in percentages of leukocyte expressing specific phenotypic antigens determined by two methods are not statistically significant 
(p>0.05). (C) The capture purity (capture specificity) of CD4+ and CD8+ T cells on the substrates coated with CD4 antibody. The red bar indicates the average 
proportion of target CD4+ T cells among all captured cells, while the blue bar represents the average proportion of non-target CD8+ T cells among all captured 
cells. (n=4) (D) The capture purity (capture specificity) of CD4+ and CD8+ T cells on the substrates coated with CD8 antibody. The red bar indicates the average 
proportion of non-target CD4+ T cells among all captured cells, while the blue bar represents the average proportion of target CD8+ T cells among all captured 
cells. (n=4) (E) Correlation of the proportions of leukocyte subsets expressing different surface antigens determined by the bio-functionalized silicon nanowire 
arrays as a function of the proportions measured by flow cytometric immunophenotyping for three different cell types (black-primary CD4 and CD8 T cell mixture, 
blue-U937, and red-CCRF-CEM). The solid blue line represents a linear regression, indicating a strong linear correlation (R2=0.972). The linear regression 
illustrates that the agreement between immunophenotyping based on flow cytometry and our silicon nanowire substrate is statistically significant with the slope 
is close to 1 (0.955). Each point shows the mean proportion of the specific leukocyte phenotype and the standard deviation with the sample size (n) greater than 
or equal to 3. 
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Figure 4. Capture and multiplexed quantification of leukocytes in five CSF samples collected from individual Alzheimer’s disease (AD) patients and a 
pooled CSF aliquot. A) Fluorescence images of trafficking leukocytes in 50 µL CSF captured on biochemically functionalized silicon nanowire substrate. 
The fluorescent image of a whole chip was acquired through microarray laser scanner. Biotinylated antibodies against leukocyte surface antigens such as 
CD11a, CD4, CD3, and CD8 were conjugated with streptavidin-coated silicon nanowire arrays. The captured leukocytes illuminate with green fluorescence 
as they are tagged with PE-conjugated antibody against a common leukocyte antigen, CD45. The regions highlighted with yellow circles represent the 
antibody functionalized capture interface. Very few cells were detected in the region, which is not functionalized with antibody and serves as negative 
control. B) Quantification of trafficking leukocytes in CSF captured on each region functionalized with different antibodies. Counting of the captured 
leukocytes was fully automated via our image analysis scheme (described in ref. 10) that distinguishes the cells based on their physical characteristics. For 
each CSF sample from one patient, the experiment was repeated at least three times, and the average number of the cells captured at different regions 
was plotted in the bar graph.   
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Figure 5. Molecular phenotyping analysis and interpretation of trafficking leukocytes in CSF of Alzheimer’s disease patients. A) The scatter plot illustrating 
the cell density of trafficking leukocyte population expressing LFA-1 in CSF of five AD patients and in one pooled CSF sample. For each phenotyping 
analysis, the number of all trafficking leukocytes contained in 50 µL CSF was first determined, and it was normalized to determine the cell density (absolute 
count/µL). The values of trafficking leukocyte density in normal adult’s CSF were derived from previous studies. B) The scatter plot illustrating the cell 
density of CD3-positive T lymphocytes in CSF of AD brains. The cells captured on the region coated with anti-CD3 and stained positive for CD45 were 
enumerated. For each patient CSF sample, the phenotyping analysis was repeated four times. C) The ratio of CD4+ helper T cells to CD8+ cytotoxic T cells 
based on immunophenotyping of AD patient’s CSF. The average CD4 helper T cells:CD8 cytotoxic T cells in Alzheimer’s disease CSF was significantly 
lower than the ratio observed in CSF of healthy subjects. The population average of CD4:CD8 ratio in normal adult CSF was used for comparison. One 
sample student’s t-test was employed to calculate statistical significance of the difference between Alzheimer’s disease and healthy CSF. *P-value<0.05 
(1.2x10-5); n=6. D) Graphical illustration of CSF trafficking leukocyte distribution of five Alzheimer’s disease patients and one pooled mixture. The analysis 
shows that trafficking leukocytes in AD patient’s CSF are predominantly T cells (CD3+), and there are a small number of T cells that express neither CD4 
nor CD8 antigen, indicating the presence of T cells that are not fully developed.  
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Table 1. Comparison between reference values (absolute count) of leukocyte subsets in normal CSF [1] and 
measured values of leukocyte subsets in Alzheimer’s disease CSF  

Subset Immunological phenotype 
Reference cell densities in 

normal CSF; n=84a 
Measured cell densities in AD 

CSF; n=6b 

Leukocytes CD45+ 1.12 (0.40-3.17) 2.57 ± 0.88 
T lymphocytes CD3+ 0.62 (0.16-1.88) 2.31 ± 0.67 

CD4 helper CD4+ 0.44 (0.08-1.43) 2.11 ± 0.52 
CD8 cytotoxic CD8+ 0.13 (0.04-0.40) 1.46± 0.44 
a. Medians (5th-95th percentile) of absolute counts/µL are given based on flow cytometry immunophenotyping of cerebrospinal fluid 

from 84 individuals without any neurological disorders,65,54 .   

b. Means (± standard deviation) of absolute counts/ µL of different leukocyte subsets in CSF of Alzheimer’s disease patients (n=6) are 
given. The cell densities were determined using biofunctionalized nanowire array-based rare cell capture and phenotyping platform.  
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