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California, Los Angeles, CA, 90095, USA, “California NanoSystems Institute (CNSI), University of California, Los Angeles, CA,
90095, USA, >Department of Surgery, David Geffen School of Medicine, University of California, Los Angeles, CA, 90095, USA.

Computational microscopy tools, in particular lensfree on-chip imaging, provide a large field-of-view along
with a long depth-of-field, which makes it feasible to rapidly analyze large volumes of specimen using a
compact and light-weight on-chip imaging architecture. To bring molecular specificity to this
high-throughput platform, here we demonstrate the use of plasmon-resonant metallic nanoparticles to
automatically recognize different cell types based on their plasmon-enhanced lensfree holograms, detected
and reconstructed over a large field-of-view of e.g., ~24 mm?>.

omputational imaging without lenses has been recently emerging as a new biomedical imaging technique'~'.

Such lensfree imaging modalities record transmitted, scattered, or emitted photons from objects that are

placed directly on or only <2-3 millimeters away from the active area of a sensor-array such as a CMOS
(Complementary Metal-Oxide-Semiconductor) or a CCD (Charge-Coupled Device) chip. Due to this “on-chip”
imaging architecture, the imaging field-of-view (FOV) equals the active area of each sensor-array, and therefore it
can routinely reach e.g,, 20-30 mm”® using a standard CMOS imager or ~10-20 cm’ using a large format CCD
chip. In its holographic implementation"**"*, in addition to FOV, the depth-of-field (DOF) is also significantly
enhanced (e.g., ~1-5 mm), which permits rapid imaging of large specimen volumes of for example >20-2,000 puL
on a chip. This throughput advantage, when combined with the compactness and cost-effectiveness of its imaging
architecture, which can also be integrated with microfluidic channels””, or wireless devices such as cell phones",
makes lensfree holographic on-chip imaging a promising modality especially for biomedical imaging and diagnostic
needs in resource-limited settings as well as for telemedicine applications.

Unlike its coherent alternatives, some of the recent lensfree holography work focused on using partially
coherent quasi-monochromatic sources that emanate from rather large apertures (e.g., 50-100 pum). This par-
tially coherent illumination beam scatters from the body of each specimen, for example a cell, and then interferes
with the unscattered background light to form a lensfree in-line hologram of the object to be sampled at the sensor
array. These captured lensfree holograms can then be rapidly processed to reconstruct both phase and amplitude
images of the specimen. Still at a relatively early stage of development, lensfree holographic on-chip imaging has
already shown significant potential in a broad range of biomedical applications, such as three dimensional (3D)
tomographic imaging of model organisms'"'?, tracking of micro-swimmers'?, point-of-care (POC) imaging'®"*,
automated cell counting'>™'” among others'®'.

Some of the remaining challenges for computational on-chip imaging techniques include spatial resolution,
image contrast, and molecular specificity'. Recently, a lateral resolution of ~300 nm, corresponding to a numer-
ical aperture (NA) of 0.9, has been achieved over a large FOV of >20 mm?” in lensfree holography by capturing
multiple sub-pixel shifted holograms' that are digitally merged using a pixel super-resolution algorithm®. On the
other hand, compared to these recent improvements in resolution, molecular- or cellular-specific contrast has not
yet been demonstrated in lensfree imaging. Differentiation of cell sub-types is particularly important for medical
diagnostics and monitoring of various diseases. For instance, the ratio of CD4+ T lymphocytes to CD8+ T
lymphocytes is a crucial diagnostic marker of HIV progression and can be used to determine the need for
antiretroviral therapy. However, recognition of different cell sub-types with similar or identical physical
morphologies but different biological functions, e.g., expressing different surface receptors, still remains a major
challenge for computational on-chip imaging techniques in general, limiting their applications in cytometry.
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To provide a solution to this important need, here we demonstrate
that antibody-conjugated plasmonic nanoparticles (NPs) can serve
as efficient contrast agents for lensfree holograms by modulating the
optical absorption and scattering properties of targeted cells. In this
approach, NPs are used to encode the holographic images of the
labeled cells with unique plasmon-resonance based spectral signa-
tures that can be resolved by multispectral lensfree holographic
imaging, and automatically recognized by machine-learning algo-
rithms to enable classification of cell types labeled with different
NPs over a large FOV of e.g., ~24 mm’. We should note that plas-
monic NPs are also widely used as contrast agents in various
conventional microscopic imaging modalities®°, including lens-
based holographic techniques®~**. However, these previous appro-
aches, which are all based on lenses or microscope objectives, have
rather limited FOVs (e.g., <0.5 mm?) and DOFs (e.g., <0.1 mm),
which significantly limit their throughput for imaging cytometry
applications.

Our plasmonic lensfree holographic cytometer is also significantly
different from previous on-chip cytometry approaches, which are
typically miniaturized versions of conventional flow cytometers® .
First, our plasmonic lensfree cytometer does not rely on a microflui-
dic flow system, and thus it does not demand sophisticated chip
fabrication or fluid handling. Second, it serves as a dual-function
platform that simultaneously allows cytometric counting and sin-
gle-cell imaging with sub-micron spatial resolution over a very large
field-of-view, which is typically not available using other on-chip
cytometry devices. Third, it allows point-to-point verification of the
differentiation or counting results and permits re-interrogation of
any particular cell of interest over the sample field-of-view, whereas
in flow-based on-chip cytometry, once a cell has been measured, a
single cell level sorting platform would be needed for separation or
isolation of individual cells. These unique features make our plasmo-
nic lensfree cytometry approach a promising platform for multi-
parameter single-cell analysis on a chip.

Results

To demonstrate the proof of concept of our high-throughput plas-
monic NP based imaging cytometry approach over a large FOV of
e.g., ~24 mm?’, we first show the discrimination of gold nanoparticle
(Au NP) labeled CD4+ T cells from unlabeled ones, which will be
denoted as Au-CD4 and CD4, respectively. Our lensfree in-line
holographic imaging set-up is illustrated in Figure la, where a
monochromator is used to provide partially coherent quasi-
monochromatic illumination through a multi-mode optical fiber
with a core diameter of 100 pm. The end of the multi-mode fiber
is mounted ~10 cm (z1) away from the sample plane and is shifted
stepwise in a 4 X 4 array with a step size of ~0.85 mm (blue dashed
line) to enable deeply sub-micron resolution using pixel super-
resolution®. Samples to be imaged are held by two glass cover slips
(each ~0.1 mm thick, separated by 30-um-diameter polystyrene
beads and sealed), and are directly placed on a CMOS sensor-array
that has a pixel size of 2.2 um and an active area of ~24 mm?. The
vertical distance between the sample plane and the active area of the
CMOS sensor chip is ~650-700 pm (z2). This on-chip imaging
geometry has a FOV of ~24 mm* (see e.g., Figure 1b and
Supplementary Figure S1), which is around two-orders of magnitude
wider than the typical FOV of e.g., a 40X objective lens that has a
similar resolution. This large FOV conveniently allows screening of
several thousand cells within a single frame. Each specimen is imaged
sequentially at seven different illumination wavelengths (1) ranging
from 480 nm to 950 nm, each with a bandwidth of ~10 nm. 100-nm
diameter Au NPs (plasmon-resonance peak wavelength: ~554 nm,
see Figure S2a) are conjugated with antiCD4 antibodies (denoted as
Au-antiCD4) and are used to specifically label CD4 cells (see
Methods)*. In our initial experiments, CD4 cells with and without
Au NP labeling exhibited strong contrast differences under a

white ]
light Seanhing”
source arating

Figure 1 | Au NPs as contrast agents for lensfree on-chip imaging.

(a) Schematic illustration of a multispectral lensfree in-line holographic
system. (b) Full FOV of a lensfree hologram of Au-CD4 cells excited at
560 nm; the center region of the white box is shown in (g). (c,f) Darkfield
scattering microscopy of CD4 and Au-CD4 cells, respectively, obtained by
a 60X objective lens. (d,g) Lensfree super-resolved (SR) holograms

(A ~ 560 nm) and (e,h) reconstructed amplitude images of the same
regions of interest (ROIs) as the darkfield scattering images (c,f).

Scale bar = 25 um for ¢, d, e; Scale bar = 10 pm for f, g, h.

conventional darkfield scattering microscope (see Figures 1c,f). For
the same CD4 cells, pixel super-resolved (SR) lensfree holograms and
their reconstructed amplitude images (A = 560 nm) are also shown
in Figures 1d,g and Figures leh, respectively. Based on these single-
wavelength lensfree reconstruction results, it is difficult to visually
resolve NP-labeled cells from unlabeled ones due to their similar 2D
texture and contrast.

To circumvent this limitation, we implemented a multispectral
lensfree imaging approach, which is also used in lens-based micro-
scopy techniques for enhancing spectral recognition and character-
ization of nanostructures*~*>. Figure 2a contains a series of SR
lensfree holograms and their reconstructed amplitude images cor-
responding to a single Au-CD4 cell imaged by seven different wave-
lengths in the visible and near infrared parts of the optical spectrum.
In our reconstructed holographic images, the cellular absorbance of
each cell (A.) can be defined as:

Acell = log(Iﬂ)
Leen
where I and Iy denote the mean intensity of the surrounding
background and the cell, respectively (Figure 2a). Representative
absorption spectra of labeled and unlabeled CD4 cells are also shown
in Figure 2b, where the unlabeled CD4 cells exhibit a decayed absorp-
tion pattern with increasing wavelength, whereas Au-labeled CD4
cells exhibit a major absorbance peak within the spectral range 560-
750 nm, which appears to be broadened and red-shifted compared to
the plasmon-resonant wavelength of isolated 100-nm Au NPs (/ax
~ 554 nm). A similar behavior is also observed in our Finite-
Difference-Time-Domain (FDTD) simulations, which will be
discussed later on. The spectral properties of these two cell types
measured by lensfree on-chip holography also agree well with
conventional UV-vis spectroscopy measurements, where a similar
wavelength-dependent contrast behavior can be observed (see
Supplementary Figure S2b and c). Conventional darkfield scattering
microscopy images were also employed on the same cells to
obtain the nanoparticle distribution per cell and to compare the
results with the optical features measured by multispectral lensfree
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Figure 2 | Differentiation of CD4 and Au-CD4 cells by multispectral lensfree on-chip holography. (a) Lensfree SR holograms and the corresponding
reconstructed amplitude images of an individual Au-CD4 cell imaged with seven different wavelengths (480-950 nm). Scale bars are 10 pum. Cellular

absorbance is calculated by the logarithm of the ratio of the background intensity () to the averaged cell intensity (L.y). (b) Representative absorption
spectra of CD4 (left, n = 15) and Au-CD4 cells (right, n = 15) measured by lensfree on-chip holography. (c) PC1-PC2 plot of 624 CD4 and 508 Au-CD4
cells. (d) Classification of CD4 and Au-CD4 cells by SVM based on a seven-dimensional vector (PC1-PC7). The boundary (defined by the black curve)
shows the maximum separation of unlabeled and labeled CD4 cells. Green: CD4 cells used as training; Cyan: CD4 cells classified; Red: Au-CD4 cells used
as training; Magenta: Au-CD4 cells classified. 50% of the total cell population was used for training and the rest for testing. An average accuracy of 93.7 =

0.5% was obtained over 10 independent SVM runs based on PC1-PC7.

holographic microscopy (see Figures lc-h and Supplementary
Figures S1d-e and S3).

The above outlined multispectral lensfree on-chip imaging
approach was performed on >600 unlabeled and >500 Au NP
labeled CD4 cells. The reconstructed images were first characterized
through principal component analysis (PCA)** and then trained by
support vector machine (SVM)*. PCA is a mathematical procedure
that transforms the original set of data into new coordinates called
principal components (PCs) such that the largest variance of the
original data lies on the first coordinate (first principal component,
or PC1), the second largest variance on the second coordinate (sec-
ond principal component, or PC2, which is orthogonal to PC1), and
so on. PCA can significantly reduce the dimensionality of the raw
data, while also extracting and presenting the most important fea-
tures of the original data in the new PC space. Complementing PCA,
SVM serves as a machine-learning tool that analyzes the character-
istics of variables in PC space to generate a decision boundary (or
support vectors) to automatically classify unknown data sets.

Figure 2c shows a scatter plot of more than 1,100 cells (624 unla-
beled and 508 NP labeled) in the PC1-PC2 space, as a result of
analyzing the spectral features of the lensfree reconstructed images
of these cells with PCA. SVM analysis using a seven-dimensional
vector (PC1-PC7) and 50% of the total cell population as the training
set generated a decision boundary that maximized the separation of
NP labeled and unlabeled cells (Figure 2d). For testing its classifica-
tion accuracy, the SVM analysis (based on PC1-PC7) was repeated
10 times on randomly selected training data but with a fixed training/
testing ratio (50%-50%). Overall, an average accuracy of 93.7%
was achieved (with a standard deviation of ~0.5%) for separating

NP-labeled CD4 cells from unlabeled ones. The narrow distribution
of our accuracy values over multiple independent SVM runs also
suggests that the decision boundary stays quite accurate regardless
of the composition of the training and test sets.

After these initial results involving a single NP type (Figure 2), next
we tested the concept of nanoparticle-enhanced lensfree cytometry
by using two different types of plasmon-resonant NPs (Au and Ag)
for multiplexed recognition of CD4 and CD8 lymphocytes, which
might especially be useful for monitoring of HIV+ patients and
initiation of antiretroviral therapy***. For this purpose, 100-nm
silver nanoparticles (Ag NPs, 4, ~ 480 nm) were conjugated with
antiCD8 antibodies using a similar strategy used in preparation of
Au-antiCD4 conjugates (see Methods). The success of labeling CD4
and CD8 cells with Au and Ag NPs, respectively, was verified by
darkfield scattering microscopy images as before, where the cells
scattered strongly at the plasmon-resonant wavelengths of labeled
NPs (Figures 3c,g). In addition, labeled CD4 and CD8 cell pellets
collected by slow-speed centrifugation (270 g, 5 min) showed purple
(Au labeled) or yellow (Ag labeled) color in all the pellets, indicative
of NP labeling (see e.g., Figures 3d,h).

Next we applied our multispectral lensfree on-chip imaging cyto-
metry approach to Ag NP-labeled CD8 cells (denoted as Ag-CD8).
Compared to Au-CD4 cells, we observed a blue-shifted absorption
peak at around 450-550 nm (see Supplementary Figure S4). For
classification, PCA analysis was performed on multi-class data,
including Au-CD4, Ag-CD8, unlabeled CD4, and unlabeled CD8
cells. Figure 3i contains a PCA scatter plot of ~2,200 cells in the
PC1-PC2 domain. It shows an overlapped distribution of native
CD4 (green) and CDS8 cells (yellow), which is expected since the
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Figure 3 | Multiplexed lensfree holographic detection of CD4 and CD8 cells using Auand Ag NPs. Lensfree holography of (a,b) CD4 and (e,f) CD8 cells.
(a,e) SR holograms and (b,f) reconstructed images of CD4 and CD8 cells. (c,g) Darkfield scattering images and (d, h) photographs of Au-CD4 and
Ag-CD8 cells, respectively. Cell pellets were formed in PBS buffer by centrifugation (270 g 5 min). (i) PC1-PC2 plot of CD4, CD8, Au-CD4, and Ag-CD8
cells by PCA. (j) Multi-class SVM classification results of four types of cells generated by LIBSVM. Scale bar = 50 pm for (a), (b), (e), and (f);

Scale bar = 10 pum for (c) and (g).

reconstructed images of unlabeled CD4 and CD8 cells look very
similar to each other as illustrated in Figures 3b,f. On the contrary,
Au-CD4 (red) and Ag-CD8 cells (blue) can be easily separated in the
PC1-PC2 space. We then performed SVM analysis on these multi-
class species using LIBSVM (which stands for a library for support
vector machines, an open-source program for support vector clas-
sification)*®. The results are summarized in Figure 3j. In agreement
with PCA (Figure 3i), native CD4 and CD8 cells without any NP
labeling were classified as the same group by multi-class SVM. Stated
differently, native CD4 and CD8 cells before NP labeling only
showed a classification accuracy of ~59.4 = 0.9% (Supplementary
Figure S5a), indicating a slightly better performance than flipping a
coin. On the other hand, after labeling with Au and Ag NPs, our
CD4-CD8 classification accuracy increased to 95.4 * 0.8% as illu-
strated in Supplementary Figure S5b. These results demonstrate that
multi-spectral lensfree holographic on-chip cytometry is capable of
classifying multiple species using plasmonic NPs as cell-specific
contrast agents.

Discussion

The mechanism of enhanced recognition of morphology-similar
cells in NP-assisted lensfree holography is attributed to the modu-
lation of optical absorption and scattering profiles of the labeled cells
in the presence of plasmon-resonant NPs. Metal NPs are very well-
suited contrast agents for lensfree on-chip microscopy due to their
extremely high extinction coefficients (10°-10"° M™' cm™"') which
are typically several orders of magnitude larger than those of organic
dyes*~*'. Moreover, noble metal NPs are considered to be chemically

inert and biocompatible, and have been effectively used as diagnostic
imaging or therapeutic agents both in vitro and in vivo®>*.

In our NP-assisted on-chip cytometry experiments, although we
achieved highly accurate CD4-CD8 characterization, reaching an
accuracy level of 95.4 * 0.8% (e.g., Figure 3 and Supplementary
Fig. S5b), a significant variation among spectral features of each cell
type was observed, which is also evident in the scatter plot shown in
e.g., Figure 3i. To shed more light on this variation and its possible
sources, we characterized the distribution of the spectral responses of
each cell type by using a parameter, which we term as the Center of
Mass (CoM) of the spectra (Figure 4a, inset). Based on this, we
calculated the weighted center of each cellular absorption spectrum
measured by our lensfree on-chip microscope as a function of either
absorbance or wavelength (denoted as absorbance CoM and wave-
length CoM, respectively; see Methods). With this definition, the
distribution of CoM for Au NP-labeled CD4 cells is depicted in
Figure 4a where each data point represents a single cell’s lensfree
spectral measurement. It shows that more than 98% of the cells have
their wavelength CoM located within 640-740 nm range when the
cells were incubated with 3.6 X 10" Au NPs per milliliter (NP/mL).
We also repeated the same lensfree Au-CD4 imaging experiments
with four different NP concentrations ([Au NP]) ranging from 9.6 X
10° to 1.44 X 10" NP/mL, while other conditions of cell incubation
were kept the same. The results of these experiments on the depend-
ence of wavelength CoM on Au NP dosage are summarized in
Figure 4b, which reveals that the wavelength CoM of the labeled cells
shifts to longer wavelengths at higher AuNP concentrations. It is also
worth noting that this dependence of CoM wavelength on [AuNP] is
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Figure 4 \ The effect of Au NP concentration ([Au NP]) on the absorption
of CD4 cells. (a) CoM absorbance and CoM wavelength of >350 Au-CD4
cells measured by multispectral lensfree holography ([Au NP] = 3.6 X
10" NP/mL). A schematic illustration of the CoM of the spectrum is shown
in the inset, where x = CoM Wavelength, and y = CoM Absorbance.

(b) Distribution of CoM wavelength when incubated with different
concentrations of Au NPs (from 9.60 X 10° to 1.44 X 10" NP/mL). The
width of the distribution represents the relative population of cells at that
CoM wavelength. Number n on the top of each distribution represents the
number of cells that each group contains. The box chart on the right side
shows the statistical percentiles of each distribution (bars: the maximum
and minimum; whiskers: top 5% and 95%, respectively; the box: range of
25-75%; middle line: 50%; middle dot: mean of the distribution).

not linear, i.e., the red shift of CoM wavelength becomes much
smaller when [Au NP] exceeds 3.6 X 10" NP/mL, which can be
attributed to saturation of Au NP labeling on the surface of CD4
cells as well as formation of 3D clusters on the cell surface or within
the cell body due to partial endocytosis of NPs.

To shed more light on these NP concentration experiments sum-
marized in Figure 4, we modeled the spectral properties of random
2D distributions of 100-nm Au NPs using FDTD simulations (see
Methods). Due to the small size of Au NPs compared to CD4 or CD8
cells (~1/100 ratio in diameter), we initially studied a model system
where Au NPs were laterally distributed on a ‘planar’ surface in an
attempt to mimic cell membrane labeling (see Figures 5a-d). With
the increase of Au NP surface density, mean particle-to-particle dis-
tance reduces significantly and thus leads to a greater chance of

plasmon coupling®, as also illustrated by our simulations
(Figures 5a-c). Two NPs in close proximity formed an inter-
particle region called a “hot spot” where the local electric field inten-
sity was enhanced by several orders of magnitude as illustrated in
Figures 5a—c (shown in red color). The number of such “hot spots”
was strongly dependent on the NP surface density, and the corres-
ponding extinction spectra of the Au NP assemblies broadened sig-
nificantly as the particle density increased (see Figure 5d). This
change also elucidated why the CoM of wavelengths gradually shifted
to the red as the incubation density of Au NPs increased (i.e., match-
ing our experimental results reported in Figure 4b). However, we
should also note that the simulated maximum possible CoM wave-
length for the 2D’ NP assembly (~680 nm) was smaller than the
largest measured mean value (~700 nm) in Figure 4b, which can be
attributed to the plausible formation of not only 2D but also 3D
assemblies of nanoparticles on or within the cell. The formation of
3D NP clusters can be due to partial endocytosis of NPs> or dynamic
remodeling of cell membrane curvature®. To explore it further, we
also performed FDTD simulations on NPs assembled on spherical
surfaces, in 3D volume-filling spaces, as well as planar multilayer
structures (see e.g., Figure 5e, inset). The 3D volume-filling and
multilayer models gave the largest coupling-induced red shifts up
to ~90 nm, which closely match our experimental data (Figure 4).
Previous simulations have also shown that plasmonic nanostructures
assembled in 3D tend to exhibit much stronger plasmon-coupling
shifts than 2D monolayer models®. Figure 5e presents an overall
calibration function that includes not only 2D planar models (first
7 data points) but also 3D multilayer cases (last 2 data points, bilayer
and trilayer, respectively). For the 3D morphology, the particle den-
sity is calculated by dividing the surface area of x-y plane by the total
number of particles in 3D volume. This relationship depicted in
Figure 5e predicts the saturation of the plasmon-coupling effect at
a density of ~150 NP/um?.

This nonlinear relationship of the nanoparticle density and its
corresponding wavelength CoM obtained through our FDTD simu-
lations (Figure 5e) may also be used to roughly estimate the average
number of bound NPs on CD4 cells. Using Figure 5e and assuming
NP spatial coverage follows a uniform random variable across the cell
surface, we can calculate the distribution of Au NP surface density on
individual CD4 cells at different Au NP concentration values ([Au
NP]) used during incubation (see Figure 6). Each histogram was also
fitted by a normal distribution curve (grey), which infers the mean
labeling density for each [Au NP] value. These estimations illustrate
that the mean NP surface density on CD4 cells increased as a func-
tion of Au NP concentration during the incubation period and satu-
rated at around 150 NP/um? when [Au NP] was above 3.6 X
10" NP/mL (Figure 6). This saturation density of Au NPs estimated
by our lensfree on-chip microscopy platform matches the values
observed by lens-based imaging methods. For instance, using plas-
mon-coupling microscopy Reinhard et al. reported a saturation con-
centration of 200 NP/pum? for 40-nm Au NPs on epidermal growth
factor receptor (EGFR) expressing A431 cells®*. Previous simu-
lation studies on particle packing also show that the maximum cov-
erage occurs at a particle density of around 114 NP/pm?*. Based on
Figure 6, the average surface coverage of Au NPs on CD4 cells can be
estimated as ~50% at low [Au NP] (e.g., 9.6 X 10° NP/mL), while it
reached close to 100% at higher [Au NP] (e.g., 1.92 X 10" NP/mL).
A surface coverage value that is higher than 100% implies over-
packing of AuNPs on the CD4 cells and the transition of the aggrega-
tion morphology from 2D structures to 3D clusters. However, one
should also emphasize that these estimated particle binding density
values are based on our FDTD simulations reported in Figure 5,
which treat the individual locations of nanoparticles as independent
random variables. Stated differently, our simulations assume that
plasmonic hot-spots appear randomly on the surface of the cell
and statistically become more frequent as the density of the NPs
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Figure 6 | Estimated Au NP surface density on CD4 cells for different Au
NP concentrations ([Au NP]) used during incubation.

increases. In cases where 2D and 3D clustering of nanoparticles
occurs more frequently (making the individual locations of nano-
particles correlated), our simulation results (e.g., Fig. 5¢) would no
longer be accurate, and cannot be used to estimate the NP density on
the cell surface.

In summary, we demonstrated that plasmon-resonant metal NPs
are effective contrast agents for lensfree on-chip holographic cyto-
metry. Cellular-specific contrast on our lensfree imaging platform
over a FOV of ~24 mm”* was achieved by first measuring the res-
onant optical properties of labeled cell lines with multispectral lens-
free holographic imaging, and second, automatically recognizing the
spectral patterns by statistical analysis and machine learning. In its
proof of concept, we successfully differentiated native CD4 cells from
Au-CD4 cells with >93% accuracy. Furthermore, multiplexed lens-
free recognition of CD4 and CD8 cells with an accuracy of >95% was
also demonstrated by using antibody-conjugated Au and Ag NPs
simultaneously. This lensfree holographic imaging and cytometry
platform can serve as a powerful screening tool for studying cell
properties or behavior with approximately two orders of magnitude
larger FOV than conventional lens-based microscopy tools.
Therefore, it has the unique capability of being able to simultaneously
identify large numbers of different, but closely related, cell sub-types,
while also allowing for high resolution inspection of individual cells.
To this end, we also demonstrated, through the combination of
FDTD simulations and lensfree multi-spectral imaging experiments,
that holographic on-chip imaging enables the characterization of
cell-receptor-mediated plasmon coupling and nanoparticle labeling
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density. Plausible labeling models at different Au NP concentrations
were also provided. Given its simplicity, compactness, and ultra-wide
FOV, nanoparticle-enhanced lensfree imaging tools may find broad
applications in cell biology and cytometry studies, such as quantitat-
ive screening of cells or cell surface receptors.

Methods

Chemicals and materials. 100-nm diameter citrate-coated Au and Ag NPs were
purchased from nanoComposix. CD4, CD8 mouse anti-human monoclonal antibody
(denoted as antiCD4 and antiCD8), and recombinant human Interleukin 2 (IL2) were
purchased from Invitrogen. 4,7,10,13,16,19,22,25,32,35,38,41,44,47,50,
53-Hexadecaoxa-28,29-dithiahexapentacontanedioic acid di-N-succinimidyl ester
(PEG,-NHS disulfide), hexadimethrine bromide (polybrene), bovine serum albumin
(BSA), and phosphate buffered saline (PBS) were obtained from Sigma-Aldrich.

Preparation of antiCD4-conjugated Au NPs and antiCD8-conjugated Ag NPs. To
prepare Au-antiCD4 conjugates, 24 pL of freshly prepared PEG,-NHS disulfide
solution (5 mM, in PBS) was reacted with 5 pL of 1 mg/mL antiCD4 solution and the
mixture was incubated for 2 h at 4°C to form PEGylated antibody disulfide complex.
Next, PEGylated antibody was added to 0.3 mL of citrate-stabilized AuNPs (OD ~ 1)
and mixed continuously on a shaker (100 rpm) for 3 h. AntiCD4-conjugated Au NPs
(Au-antiCD4) were further stabilized by adding 5 uL of 5 mg/mL BSA. The solution
was left overnight at 4°C to complete the conjugation reaction. Finally, Au-antiCD4
conjugates were collected by centrifugation (3500 g, 10 min) and resuspended in
30 pL of PBS. AntiCD8-conjugated Ag NPs (Ag-CD8) were prepared in a similar
procedure as Au NPs, except that 10 pL of 5 mg/mL BSA was used as stabilizing
reagent since Ag NPs were slightly less stable than Au NPs. All antibody-
functionalized metal NPs were stored at 4°C for no more than two days before the
labeling experiments.

Cell culture and nanoparticle labeling. Labeling CD4 cells with Au-antiCD4
conjugates followed a similar procedure described by Hansen et al.**. CD4 cells were
maintained in RPMI 1640 medium under normal cell culture conditions (37°C, 5%
CO,). For labeling, 0.5 mL of CD4 cells (10° cells in total) were placed in culture tubes.
Polybrene was added to CD4 cells with a final concentration of 10 pg/mL. Polybrene
served as a charge neutralization agent to increase the affinity of negatively charged
antibody to the cell membrane during the incubation*’. CD4 cells were then mixed
with 4, 8,15, and 60 pL of Au-antiCD4 conjugates (OD ~ 10), and incubated at 37°C
with continuous mixing (100 rpm) overnight. After incubation, CD4 cells were fixed
with 1.5% formaldehyde for 10 min at room temperature (RT). Unbound
nanoparticles were removed from labeled cells by slow centrifugation (270 g, 5 min)
and discarding the supernatant. The washing steps were repeated twice. Finally,
labeled Au-CD4 cells were resuspended in 1X PBS buffer and store at 4°C for future
imaging use. Similar incubation steps were also applied to label CD8 cells with Ag-
antiCD8 conjugates. Different from CD4 cell culture, CD8 cells were maintained in
RPMI 1640 medium with 20 ng/mL IL2 to promote cell growth.

Darkfield scattering microscopy. Darkfield scattering microscopy was performed
on an inverted microscope (Nikon Eclipse TE2000-E) equipped with a high NA oil-
immersion darkfield condenser (NA 1.2-1.43). A broadband halogen lamp was used
for excitation. Images were collected by either a 60 X or 100 X objective and a digital
color camera (Leica DFC 295).

Center of mass (CoM) of the absorption spectra. For the discrete cellular absorption
spectra, the center of mass (CoM) was defined as:

> aidiwi
CoM _wavelength= ————
s Z aiwi
Z a;liw;
CoM _absorbance = —————
4 Z Z,‘ Wi
i

where g; is the absorbance and /; is the wavelength for the ith data in the spectra. w; is
the weighting factor calculated by (441 — Zi—1)/2. The wavelengths used to
compute the center of mass ranged from 480 nm to 950 nm.

FDTD simulations. RSoft FullWAVE version 6.1 was used to perform the FDTD
simulations. For monolayer simulations, the nanoparticle clusters occupied a region
with size 1.25 pm X 1.25 pm X 0.1 pum. For bilayer simulations, the region was
0.75 pm X 0.75 pm X 0.20 pm. For trilayer simulations, the region was

0.75 pm X 0.75 pm X 0.30 pm. For monolayer simulations, the domain size was
1.322 um X 1.322 um X 0.172 pum. For bilayer and trilayer simulations, the domain
size was 0.822 um X 0.822 pm X 0.372 pm. The voxel size in all simulations was
5.5 nm X 5.5 nm X 5.5 nm. A perfectly matched layer with thickness 0.15 pm was
included outside of the simulation domain. The time step was 0.003 pm, and the total
simulation time was 12 um (where 1 pm of time is the time it takes light to travel

1 pm in vacuum.) The excitation beam was directed perpendicularly to the layered
structures and was restricted to a region of 1.3 pm X 1.3 um X 0.15 pm

(0.8 pm X 0.8 pum X 0.35 pm for bilayer and trilayer structures); outside this region
only the scattered light was present. The power scattered outward from this region
was measured as a function of frequency, as was the power absorbed within the
region. Extinction was computed as scattering plus absorption. The excitation field
(either E, or E, depending on polarization) was a short pulse given by,

t 2 X 2n
E{t)=exp|—|=—=———3) |sin| ———1).
0.85 um 0.65 um

This provided a band of wavelengths in the excitation pulse. For each particle
packing density, five random packings were simulated, each with both transverse-
electric (TE) and transverse-magnetic (TM) polarizations, and the results averaged.
Random packings were generated by randomly selecting particle coordinates within
the domain, and placing a particle if it did not overlap with any other particles.
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