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Capturing rare cells from blood using a packed bed of
custom-synthesized chitosan microparticles†‡

Chandamany Arya,ab Jason G. Kralj,b Kunqiang Jiang,c Matthew S. Munson,b

Thomas P. Forbes,b Don L. DeVoe,d Srinivasa R. Raghavanac and Samuel P. Forry*b

We describe batch generation of uniform multifunctional chitosan microparticles for isolation of rare cells,

such as circulating tumor cells (CTCs), from a sample of whole blood. The chitosan microparticles were

produced in large numbers using a simple and inexpensive microtubing arrangement. The particles

were functionalized through encapsulation of carbon black, to control autofluorescence, and surface

attachment of streptavidin, to enable interactions with biotinylated antibodies. These large custom

modified microparticles (z164 mm diameter) were then packed into a microfluidic channel to

demonstrate their utility in rare cell capture. Blood spiked with breast cancer (MCF-7) cells was first

treated with a biotinylated antibody (anti-EpCAM, which is selective for cancer cells like MCF-7) and

then pumped through the device. In the process, the cancer cells were selectively bound to the

microparticles through non-covalent streptavidin–biotin interactions. The number density of captured

cells was determined by fluorescence microscopy at physiologically relevant levels. Selective capture of

the MCF-7 cells was characterized, and compared favorably with previous approaches. The overall

approach using custom synthesized microparticles is versatile, and can allow researchers more flexibility

for rare cell capture through simpler and cheaper methods than are currently employed.
1 Introduction

Recently, there has been much interest in the isolation of rare
cells such as circulating tumor cells (CTCs) or stem cells from
whole human blood. Rare cell isolation remains a technical
challenge, because these cells are present in low numbers
relative to red and white blood cells, and has been documented
previously.1–3 The FDA-cleared CTC enumeration technique
CellSearch� relies on paramagnetic beads coated with anti-
bodies to isolate CTCs from blood.2 Compared to this tech-
nique, microuidic methods promise to increase the capture
efficiency due to their higher surface-to-volume ratios;4 however
integration of the functionalized surface necessary for capture
can be challenging. One popular microuidic device for CTC
capture relies on an array of antibody-coated posts to enhance
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the contacts between cells and antibodies.3 Newer designs
utilize injection molded plastic with similar surface function-
alization;5 however such devices are expensive and/or difficult to
construct and custom functionalize (i.e. changing the capture
antibody) for research studies, especially for researchers who do
not have specialized training in surface chemistry and micro-
fabrication techniques. For this, custom bead synthesis
becomes a viable alternative.

Recently, we introduced a new design wherein near-mono-
disperse polystyrene beads (diameter z 150 mm) with avidin
surface functionalization were packed into a bed within a
microchannel containing a weir.6 The beads are commercially
available with a surface functionality comprising the linker
protein avidin. Pre-stained breast cancer cells were spiked into
whole blood as a model CTC sample. Aer the addition of
biotinylated antibody against epithelial cell adhesion molecule
(EpCAM), a ligand that is highly expressed on many epithelial
cancer cells, this blood was pumped through the packed bed of
polystyrene beads. Cells labeled with the biotinylated anti-
EpCAM became bound to the beads through biotin–avidin
interactions and were enumerated through uorescence
microscopy.

In this paper, we manufactured microparticles for rare cell
isolation using the biopolymer chitosan. There were several
advantages to working with particles of chitosan compared to
polystyrene beads. Specically, we had greater control over the
size, inner contents, and surface properties of the chitosan
J. Mater. Chem. B, 2013, 1, 4313–4319 | 4313
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microparticles. Chitosan is derived from the deacetylation of
chitin, a polysaccharide found in the exoskeleton of crustaceans
and insects.7 Chitosan is inexpensive and abundant (chitin is
the world's second most common biopolymer8), widely
commercially available, water soluble below pH 6, and easily
functionalized through primary amine groups that allow cova-
lent attachment of enzymes, antibodies, and DNA.8 The chito-
san microparticles were created in-house using a microuidic
tubing device, where two-phase ow generated uniform drop-
lets that template monodisperse microparticles.9–15 The tubing
device allowed uniform particles to be prepared at a throughput
of about 5000 particles per hour. The particles were generated
continuously in a single step, using a simple and robust
method, and no training in microfabrication techniques was
necessary. Moreover, chitosan microparticles were easily func-
tionalized by attachment of the protein streptavidin. The core of
the microparticles could also be put to use by encapsulating
nanoparticles with desired properties. Here, we encapsulated
carbon black within the microparticles as a means to attenuate
their auto-uorescence. The nal functionalized chitosan
microparticles were packed into a bed and used to capture
cancer cells spiked into whole blood. Overall, the particles
shown here were versatile, utilized inexpensive reagents, and
their use within a microuidic packed bed could prove to be a
viable approach for capturing CTCs or other rare cells.
Fig. 1 Photographs and schematic of the tubing device used to generate chitosan
microparticles. The device (a) is formed by inserting capillary microtubing into
slightly larger PTFE tubing. A close-up of the device is shown in (b) and a schematic
at the junction between the two phases is shown in (c). An aqueous chitosan
solution is pumped through the inner tubing. Oil pumped through the outer tubing
exerts shear on the aqueous phase at the annular junction, causing uniform
microdroplets containing chitosan to break away and flow down the tubing. These
microdroplets are collected and cross-linked into uniform microparticles.
2 Experimental section
Materials and chemicals

Chitosan (mediummolecular weight; degree of deacetylationz
80%), the nonionic detergent SPAN80, nonpolar solvent hex-
adecane, the reducing agent sodium cyano-borohydride, the
cross linking reagent glutaraldehyde (grade 1, 70%), 1-decanol,
phosphate buffer saline (PBS, P4417), albumin from bovine
serum (BSA), and streptavidin (from Streptomyces avidinii) were
obtained from Sigma-Aldrich. Ethyl Alcohol was obtained from
Pharmco-AAPER (180 Proof). Carbon black (N110) was obtained
from Sid Richardson Carbon Company, uorescent biotin (Atto
590-Biotin) was obtained from Santa Cruz Biotechnology, small
biotinylated polystyrene spheres were purchased from Spher-
otech ((6–8) mm), biotinylated anti-EpCAM was purchased from
AbCAM (ab79079), and DiI, the uorescent cell stain, was
purchased from Life Technologies (V-22885).16
Tubing device design

Two-phase ow was generated in a microtubing device. Oil and
aqueous chitosan solutions were loaded in plastic syringes (BD
part # 301030) and pumped through an annular junction as
shown in Fig. 1. The aqueous solution was pumped (1.5 mL
min�1) through silica capillary tubing (i.d. 150 mm, o.d. 260 mm;
SGE Analytical Science), inserted inside PTFE microtubing (i.d.
300 mm; Cole Parmer), which carried the immiscible oil phase
(30 mL min�1). Fluidic connections to the silica capillary and
PTFE microtubing were made using ve-minute epoxy (Devcon)
and Luer-lock ttings (1/160 0 hose barb; Cole Parmer). The rate
of aqueous shearing and droplet formation depended on the oil
4314 | J. Mater. Chem. B, 2013, 1, 4313–4319
and aqueous phase ow rates and was controlled using two
independent syringe pumps (New Era Pump Systems Inc.; part #
NE-300).

Chitosan microparticle synthesis

Two-phase ow was generated by a continuous oil phase (2% by
weight SPAN80 in hexadecane) and a dispersed aqueous phase
(2% by weight chitosan in DI water); ow rates used for the
aqueous phase and continuous phase were 1.5 mL min�1 and
30 mL min�1, respectively. For generation of carbon black
encapsulated chitosan microparticles, the chitosan solution
was mixed with 1% by weight carbon black, prior to injection
into the syringe. The droplets generated from the tubing device
were collected in a cross-linking solution (2% by weight
glutaraldehyde, 2% by weight SPAN80 in hexadecane) with
gentle stirring. Chitosan droplets were collected over 20 h to
generate over 105 chitosan microparticles. The microparticles
were le to incubate in the cross-linking solution over night.
They were then washed, by allowing the beads to settle to the
bottom of the solution and replacing the existing solution, in a
series of solvent exchange steps: pure hexadecane (5 times),
1-decanol (5 times), ethanol (5 times) and PBS (5 times). Aer
washing, the chitosanmicroparticles did not aggregate and they
This journal is ª The Royal Society of Chemistry 2013
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also retained their original monodispersity; however, their size
shrank by z40% through cross-linking and solvent exchange.
The nal diameters of the chitosan microparticles were
measured using brighteld transmission microscopy images.
The images were analyzed in MATLAB, using a Hough Trans-
formation to measure their projected diameter.17 This approach
is susceptible to error in determining the absolute particle size
(due primarily accurate edge determination), but provides a
good assessment of size heterogeneity between particles. The
measured sizes from individual microparticles (n ¼ 91) were
then arranged as a histogram (bin size ¼ 6.5 mm) in Fig. 2 along
with a Gaussian t to the data.
Fig. 3 Chitosan encapsulation of carbon black nanoparticles. Bare chitosan
microparticles cross-linked by glutaraldehyde (a and b) were transparent
and exhibited an intrinsic autofluorescence. By encapsulating 1% by weight
carbon black (c and d), the microparticles were rendered opaque, and
autofluorescence was reduced 50-fold. (Image contrast is identical for b
and d.)
Functionalization of chitosan microparticles

Chitosan microparticles in PBS were exposed to glutaraldehyde
(8% by weight, 2 h) and washed in PBS (3 times). The micro-
particles were then exposed to either BSA or streptavidin (100 mg
mL�1 in PBS) overnight at 4 �C, and sodium cyano-borohydride
(1% by weight, 30 minutes) was added to x the binding
between the chitosan microparticles and streptavidin.18 Finally
the chitosan microparticles were washed in PBS (7 times).
Fluorescent intensity was measured on an inverted uorescent
microscope (Axio Observer, DI, Zeiss; 60�magnication), using
a TRITC lter set (excitation at (520–570) nm; emission at (535–
675) nm) and compared between samples containing 0% by
weight and 1% by weight carbon black as outlined in Fig. 3.
Fig. 2 Particle sizing. Optical micrographs of chitosan microparticles (a) showed
that the particles were uniform and nearly monodisperse. The mean particle
diameter (b) was z164 mm with a relative standard deviation of 4.3% (n ¼ 91).
The solid line in (b) is a Gaussian fit to the data.

This journal is ª The Royal Society of Chemistry 2013
Functionalization of the streptavidin was tested using uo-
rescently labeled biotin. The streptavidin functionalized beads
were incubated in a working concentration of 4 mg mL�1 Atto-
590 biotin, overnight at 4 �C. The beads were washed in PBS
(7�) and then the uorescent intensity was measured using the
TRITC lter set. Functionalization at the particle surface was
veried by mixing the streptavidin functionalized chitosan
microparticles with biotinylated polystyrene microspheres
(500 000 beads per mL) on a rotary shaker (90 RPM, 30 min).
Similarly, human breast cancer cells (MCF-7, cultured as
described previously6) were functionalized by incubation with
biotinylated anti-EpCAM (0.2 mg mL�1) for 30 minutes, and the
cells were washed in PBS (3�). Binding of biotinylated cells to
streptavidin-functionalized chitosan microparticles was tested
(Fig. 4) by mixing the MCF-7 cells (100 000 cells in 1 mL PBS)
with the chitosan microparticles on a rotary shaker (90 rpm,
30 minutes).
Fig. 4 Specificity of cell-binding to chitosan microparticles. Chitosan micropar-
ticles functionalized with BSA (a) exhibit no specific interaction with biotin
covered MCF-7 cells (the MCF-7 cells were treated with biotinylated anti-EpCAM
against highly expressed surface proteins). However, streptavidin-functionalized
chitosan microparticles (b) are able to capture the same cells due to non-covalent
biotin–streptavidin interactions.

J. Mater. Chem. B, 2013, 1, 4313–4319 | 4315
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Rare cell capture device and experiments

Streptavidin functionalized chitosan microparticles that encap-
sulated carbon black were used for the rare cell capture in a
microuidic device. The experiments testing for rare cell capture
in a PDMS microuidic device capture were similar to previous
work,6 except chitosan microparticles were used instead of poly-
styrene particles. MCF-7 cells were stained with a membrane dye
(DiI, Life Technologies), following the manufactures recom-
mendations, and spiked into whole human blood at known
densities to mimic clinical CTC samples. Biotinylated anti-
EpCAM (0.2 mg mL�1) was then added to the blood sample,
directly labeling the EpCAM expressing cancer cells for capture
on the streptavidin-functionalized microuidic packed bed. The
whole blood samples were then pumped through the micro-
uidic packed bed. Immobilized MCF-7 cells within the micro-
uidic packed bed were washed with 200 mL PBS and then
identied by uorescent intensity in ImageJ19 (see ESI†).
3 Results and discussion
3.1 Generation of chitosan microparticles

We used a co-ow tubing device made with commercially
available tubing (Fig. 1a) to synthesize the chitosan micropar-
ticles. Others have reported using similar devices to generate
droplets.20,21 This device allowed a stream of oil (hexadecane) in
the annulus region to contact an aqueous stream containing
dissolved chitosan in the inner tube. The oil ow sheared the
aqueous chitosan solution into uniform spherical droplets
(Fig. 1b). The droplet size correlated with the inner diameter of
the outer tubing and therefore the size could be varied by
appropriate selection of the tubing. Using the tubing device,
regular chitosan droplets were formed continuously at a rate
of z5000 per hour.

Chitosan droplets were converted to microparticles using
glutaraldehyde as the cross-linker similarly to previous micro-
uidic studies, where chitosan microparticles were manufac-
tured using microuidic T-junctions.22 Using the co-ow tubing
device, the aqueous chitosan droplets were collected in a solution
of glutaraldehyde in hexadecane and were le to cross-link for
$20 h. We typically synthesized batches of about 105 discrete
particles. The particles were transferred from the hexadecane
phase to an aqueous buffer (phosphate-buffered saline, PBS) by a
series of solvent exchange washing steps. In PBS, the particles
remained stably dispersed (i.e. no aggregation) for over 6months.
Fig. 2a shows a bright-eld optical micrograph of the particles.
The size distribution determined from these micrographs
(Fig. 2b) shows that the particles have a narrow size distribution
(4.3% RSD). Thus, our method yields near-monodisperse chito-
san microparticles at a reasonably high throughput.
3.2 Functionalization of chitosan microparticles

Chitosan microparticles cross-linked with glutaraldehyde
exhibit an intrinsic autouorescence across multiple wave-
lengths (Fig. 3a and b), as has been noted before.23,24 Here, the
autouorescence is not a desirable feature since it could inter-
fere with the enumeration of cells by uorescence microscopy.25
4316 | J. Mater. Chem. B, 2013, 1, 4313–4319
Others have shown carbon black, a nanoparticle pigment, as a
uorescence quencher.26 To attenuate the autouorescence in
the chitosan microparticles, we encapsulated nanoparticles of
carbon black (nominal size 12 nm). For this, 1% by weight of
carbon black was dispersed in the aqueous chitosan solution
used in the tubing device. Chitosan droplets bearing carbon
black were cross-linked by glutaraldehyde as before. The
resulting microparticles containing carbon black (Fig. 3c and d)
were almost completely opaque and showed a 50-fold reduction
in detectable autouorescence across multiple wavelengths.
This enabled uorescent cell detection without interference
from the native chitosan autouorescence (Fig. S1†).

Next, we functionalized the chitosan microparticles with the
protein streptavidin. Others have reported covalently anchoring
proteins to thin lms and beads made from chitosan,27,28 using
glutaraldehyde to attach the chitosan amines to primary amines
on the lysine side chains of proteins. As streptavidin is a lysine
rich protein, similar chemistry was adopted as previously shown
by Dubey et al. Since glutaraldehyde was already used here to
cross-link the chitosan microparticles, additional glutaralde-
hyde was added (to completely saturate free amine groups with
aldehydes linkages). Subsequent addition of a streptavidin
solution yielded streptavidin which was anchored to the chito-
san backbone. This was veried by incubating the particles with
uorescently tagged biotin, followed by washing to remove
unbound moieties. A signicant increase in uorescence
intensity was observed (Fig. S2†), indicating the binding of
biotin to attached streptavidin throughout the microparticle
volume. For the application of rare cell capture, we were
particularly interested in streptavidin functionalization at the
microparticle surface. This was tested using micron sized bio-
tinylated spheres; the polystyrene based biotinylated micro-
spheres were too large ((6–8) mm diameter) to diffuse into the
chitosan microparticle, but exhibited signicant interaction
with streptavidin conjugated to the chitosan microparticle
surface (Fig. S3†).

Finally, as a prelude to our rare cell capture experiments, we
studied the binding of MCF-7 breast cancer cells to chitosan
microparticles in free solution (Fig. 4). The cells were rst
combined with a biotinylated antibody to EpCAM, which is a
ligand that is highly expressed by MCF-7 cells. Cell binding was
studied with BSA-functionalized particles (control experiment)
as well as streptavidin-functionalized particles (Fig. 4). (Note
that, for these studies, particles without carbon black were
chosen so as to facilitate visualization in bright-eld images.) In
the case of the BSA-functionalized particles, little or no binding
of biotinylated MCF-7 cells was seen (Fig. 4a). Conversely, the
MCF-7 cells substantially cover the surfaces of the streptavidin-
functionalized microparticles (Fig. 4b). These studies show that
functionalized chitosan microparticles can specically target
biotinylated cells.
3.3 Rare cell capture with chitosan microparticles

The device design for rare cell capture was identical to the one
reported in our recent paper.6 Streptavidin-functionalized chi-
tosan microparticles were loaded into the channel in such a way
This journal is ª The Royal Society of Chemistry 2013
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that the microparticles formed a packed bed (2 mm wide and
15 mm long) against a shallow weir, as shown by the top view in
Fig. 5a. A model sample to mimic CTCs in blood was prepared
using MCF-7 breast cancer cells labeled with a uorescent
membrane stain. These cells were spiked into whole blood at
clinically relevant densities ((0–1000) cells per mL of blood).
This sample was then exposed to a biotinylated anti-EpCAM
antibody to specically tag the MCF-7 cells with biotins.
Thereaer, the whole blood sample was pumped through the
microuidic packed bed at a ow rate of 0.2 mL h�1. Fig. 5b
shows a closer uorescence microscopy image of discrete
MCF-7 cells captured in the packed bed. As noted earlier, the
autouorescence of the chitosan microparticles has been
sufficiently attenuated so that the captured uorescently
labeled cells showed up as bright spots in the image, which
allowed the cells to be counted easily in ImageJ.19 When the
total number of captured cells observed throughout the packed
bed was plotted against the number of cells spiked into blood
samples, a linear correlation was observed (Fig. 5c). The ratio of
these quantities represents the overall capture efficiency and it
varied between 21% (Fig. S4†) and 31% (Fig. 5c). For compar-
ison, our earlier packed bed based on polystyrene beads gave
similar variability between different blood donors and a capture
efficiency of about 40%.6 We speculate that some of the cells
captured by the chitosan-based packed bed could not be
Fig. 5 Capture of cancer cells from whole blood. The streptavidin functionalized ch
the microparticles led to the generation of a uniform packed bed (a). After pumping
fluorescence microscopy (b; expanded view of the rectangle in (a)). The total numb
response across the physiologically relevant range (c). A linear regression and Work

This journal is ª The Royal Society of Chemistry 2013
counted because of the opacity of the carbon black in the
microparticles – i.e., if the cells were captured on the far side of
the microparticles. In general, the majority of cells were
captured early in the packed bed and the rate of capture
decreased along the length of the packed bed (Fig. S5†).
However, capture of rare cells using a packed bed of chitosan
beads was not fully optimized in this pilot study. Future
experiments to increase capture efficiency could involve tuning
the microparticle size, ow rates, and packing length.

Overall, these results demonstrate a promising utility of
functionalized chitosan microparticles for rare cell capture. Our
calculations show that a single batch of 105 chitosan micro-
particles prepared using our tubing device is sufficient to ll
over 50 packed beds like the one shown in Fig. 5. This process
was not fully optimized, but based on the costs of the materials
(not including labor), this translates into a cost of z$1.50 per
packed bed of chitosan particles; for comparison, a similar
packed bed of commercially available streptavidin-coated
polystyrene beads costs z$25. Moreover, for clinical tests, the
packed beds would need to process standard blood draws
(7.5 mL) in 1 hour, which would require at least an order of
magnitude more beads, thereby magnifying the costs for use. In
applications where the high cost of commercial polystyrene
beads may be prohibitive, simple methods for batch generation
of beads may be preferred. Many bead materials including
itosan microparticles were loaded into a microfluidic channel. The uniform size of
through model CTC blood samples (200 mL), captured cancer cells were imaged by
er of cancer cells captured and enumerated in the packed bed exhibited a linear
ing-Hotelling 95% confidence bands are shown; capture efficiency was z31%.

J. Mater. Chem. B, 2013, 1, 4313–4319 | 4317
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common biopolymers (e.g. alginate) and synthetic polymers29

could be used. Chitosan is presented here as an attractive
alternative that is not only inexpensive, but contains free amine
groups that allow for simple chemistry and surface
functionalization.
4 Conclusions and outlook

We have utilized a simple tubing-based device and method for
bulk generation of uniform custom-functionalized, non-uo-
rescent chitosan microparticles. These devices were quickly and
easily assembled using inexpensive and commercially available
microtubing. Microparticle properties were modulated through
both physical encapsulation of carbon black and attachment of
streptavidin: inclusion of carbon black provided a means to
attenuate the intrinsic autouorescence of the microparticles;
attachment of streptavidin was shown to allow selective binding
to biotinylated surfaces. The utility of the inexpensive produc-
tion of uniform chitosan microparticles in bulk was demon-
strated by loading microuidic packed beds with functionalized
microparticles for studies in rare cell capture. Model cancer
cells (MCF-7) were isolated from whole blood at physiologically
relevant levels. In comparison to the polystyrene microparticles
used previously, chitosan microparticles were more than an
order of magnitude cheaper and could offer unique advantages
as a tunable biopolymer-based material. Future studies on
optimization of the chitosan capture system through adjusting
bead sizes and surface functionality could allow for higher
capture efficiencies. The versatility of custom synthesized chi-
tosan microparticles allows for generation of more advanced
capture devices. For example, alternate capture antibodies
could allow isolation of other types of rare cells such as hema-
topoietic stem cells (HSCs),30 and the incorporation of magnetic
nanoparticles could allow magnetic manipulation of the chito-
san microparticles. The overall exibility in batch generation of
custom chitosan microparticles may offer useful means for
researchers interested in rare cell isolation through the
simplest, inexpensive, and most accessible methods possible.
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Figure S1. Fluorescent image of DiI-stained cells and chitosan microparticles (diameter ≈ 164 µm). The chitosan 

microparticles were loaded with 1% by weight carbon black to attenuate their intrinsic autofluorescence. The one 

bright microparticle contained no carbon black and emitted a strong autofluorescence that was much brighter than 

the microparticles encapsulating carbon black or fluorescently stained cells. This image was taken using an inverted 

fluorescent microscope and a TRITC filter set (Ex: 520-570; Em: 535-675) at 10× magnification.  

 

 

Figure S2. Fluorescent biotin increased the fluorescent intensity of streptavidin-functionalized chitosan 

microparticles. The chitosan microparticles, which encapsulated 1% by weight carbon black, were covalently 

functionalized with streptavidin.  Following exposure to fluorescent biotin in solution followed by washing, a 

significant increase in fluorescent intensity was observed. These images were taken using an inverted 

fluorescent microscope and a TRITC filter set (Ex: 520-570; Em: 535-675) at 10× magnification. 
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Figure S3.  Attachment of small biotinylated polystyrene spheres (6-8 μm) to streptavidin-functionalized 

chitosan microparticles. When chitosan microparticles were mixed with the commercially available biotinylated 

polystyrene spheres, significant surface attachment of the spheres to the chitosan microparticle demonstrated 

that covalently bound streptavidin was present at the microparticle surface. 
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Figure S4. Additional CTC model samples (MCF-7 cells spiked into whole blood) analyzed using the 

microfluidic packed bed. The total number of cancer cells captured and enumerated in the packed bed exhibited 

a linear response across the physiologically relevant range with a capture efficiency ≈ 21%.  This experiment 

was identical to the one shown in Figure 5, except that the whole blood was collected from a different healthy 

donor.  This system response is identical to our previous work. 
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Figure S5.  Cumulative cells captured as a function of position in the packed bed. The top line represents data 

from a single capture experiment (figure 5C) where 160 MCF-7 cells were spiked into 200 L whole blood and 

run through the packed bed of chitosan beads. The bottom line shows results of the control run where 200 L of 

whole blood that did not contain any MCF-7 cells were run through the packed bed. 
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Enumeration of Captured Cells for Figure 5: 
 

DiI stained cancer cells were captured using a packed bed of chitosan microspheres as described in Figure 5. To 

analyze the data in Figure 5, fluorescent images of the column were taken using two different filter sets. The 

first filter cube (a; TRITC: excitation at (520-570) nm and emission at (535-675) nm) overlapped with the 

excitation and emission of membrane cell stain (DiI: excitation peak ≈ 549 nm; emission peak ≈ 565 nm). The 

second filter set (b; FITC: excitation at (450-490) nm and emission at (515-565) nm) did not detect the cell 

stain. The chitosan microspheres exhibited a broadband autofluorescence that was detected in both filter sets.  

Thus, the difference between the filter sets (c) allowed facile enumeration of the cells. Overlapping images at 

each point along the packed beds were manually stitched together (e.g. Figure 5a) and the cells were counted 

(e.g. Figure 5c; Figure S4) using a simple fluorescent intensity threshold in ImageJ.  

 

 
 

 

 

 

 

 

 

 

 

 

Figure S3.  Attachment of small biotinylated polystyrene spheres (6-8 microns) to streptavidin functionalized 

chitosan microparticles. The chitosan microparticles were mixed with the commercially available biotinylated 

polystyrene spheres, and significant surface attachment of the spheres to the chitosan microparticle was 

observed. 
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