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ABSTRACT: Cell-based therapies are emerging as the next frontier of medicine, offering a plausible path forward in the
treatment of many devastating diseases. Critically, current methods for antigen positive cell sorting lack a high throughput
method for delivering ultrahigh purity populations, prohibiting the application of some cell-based therapies to widespread
diseases. Here we show the first use of targeted, protective polymer coatings on cells for the high speed enrichment of cells.
Individual, antigen-positive cells are coated with a biocompatible hydrogel which protects the cells from a surfactant solution,
while uncoated cells are immediately lysed. After lysis, the polymer coating is removed through orthogonal photochemistry, and
the isolate has >50% yield of viable cells and these cells proliferate at rates comparable to control cells. Minority cell populations
are enriched from erythrocyte-depleted blood to >99% purity, whereas the entire batch process requires 1 h and <$2000 in
equipment. Batch scale-up is only contingent on irradiation area for the coating photopolymerization, as surfactant-based lysis
can be easily achieved on any scale.
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Increasingly, clinicians and researchers are seeking to use
differentiated cells from a patient’s own stem cells to

replenish a damaged cell population and naturally restore
biological function.1,2 A major barrier to this regenerative
therapy is the unintended transplantation of undifferentiated
cells which have a high risk for tumor formation.3 As such, high
purity sorting for lineage-positive populations from the
undifferentiated cells is a high priority in clinical applications.
This purity requirement becomes even more challenging when
considering the enormous quantities of cells used in these
applications. As an extreme example, loading differentiated cells
into a decellularized rat liver uses 108 purified cells,4 which
translates to roughly 1010 cells for human application. Similar
size scale and purity arguments can be made for the use of islet
cells to treat diabetes,5 chondrocytes to regenerate cartilage,6

and endothelial progenitor cells for tissue repair following an
ischemic event.7

Researchers currently have a portfolio of technologies to
meet many of their cell sorting needs. Critically, there is a
technology gap in isolating lineage-positive cells from
undifferentiated lineage-negative cells in a rapid, highly pure

manner. Magnetic sorting excels in high-speed, low-cost
sorting, but is hampered in purity by nonspecific adsorption
in antigen-positive sorts.8 Fluorescence-activated cellular
sorting (FACS) delivers exceptional purity but at low
throughput and high cost.9 Microfluidic approaches are
promising, but purities for populations adhered to antibody-
coated surfaces is typically low (<50%),10 throughput is limited
(∼10 mL or 1 × 108 cells per day),11 and recovery of isolated
cells from the devices has proven difficult.12 The most common
approach for sorting large numbers of antigen positive cells at
high purity is a sequential approach where cells are enriched
with magnetic sorting, and purity is attained with FACS.13 Even
in this debulked case, each antigen-positive cell must pass
through a FACS system, and throughput for high purity sorts is
typically ∼1 × 107 cells/day, involving time-consuming
sterilization and gate adjustment operations. The stark contrast
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in magnitude between rates achievable with FACS and the
requirements of regenerative medicine illustrates a critical
obstacle in the future of these revolutionary treatment
modalities.
Here, we present a fundamentally new approach to cellular

sorting. Antigen-specific lysis (ASL) consists of specific cellular
protection by a temporary polymer coating and the subsequent

lysis of unprotected cells (Figure 1A). The formation of a
polymer film requires a polymerization initiator,14 and ASL
utilizes antibodies to localize eosin (a type II photoinitiator) on
the surface of only antigen-positive cells.15−17 Coatings are
formed upon immersion in nitrogen-purged monomer mix (25
wt % UV cleavable PEG diacrylate,18 21 mM triethanol amine,
35 mM 1-vinyl-2-pyrrolidinone, and 0.05 wt % fluorescent

Figure 1. Pure populations of marker-positive cells through polymerization. (A) Cells are immunolabeled with polymerization initiators, and
protective coatings are formed only on initiator labeled cells. Unprotected cells are lysed while coated cells are viable. (B) Calcein viability assay of
Jurkat cells and polymer-coated Jurkat cells after 10 min in indicated solution. Data are mean ± s.d. (C) Naive Jurkat cells. (D) Uncoated Jurkat cells
are lysed in <10 s in 5% SDS. Only sparse cellular debris remains in the viscous lysate. (E) Polymer-coated Jurkats intact are after 10 min in 5% SDS.
(F) Epifluorescent image of Jurkat cells coated with a red fluorescent nanoparticle-loaded polymer in pure deionized water. Scale bars are 25 μm.

Figure 2. Specific lysis of cultured cells. Representative flow cytometric analysis of populations before and after exposure to SDS. (A) Coating
targeted to EpCAM+ cells from an initial population of 8% A549 and 90% Jurkat after polymerization. (B) Population from A after 5 min exposure
to 5% SDS. (C) Coating targeted to CD45+ cells from an initial population of 9% Jurkat and 91% A549 after polymerization. (D) Population from C
after 5 min exposure to 5% SDS.
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nanoparticles in 1× phosphate buffer) and 530 nm LED
irradiation (30 mW/cm2) for 10 min, where a red fluorescent
polymer coating is formed on the outside of only targeted,
initiator-labeled cells. When the photoinitiators are targeted
against protein tyrosine phosphatase (CD45 antigen),
protective polymer coatings are formed on the outside of
Jurkat cells.16,19 Unprotected mammalian cells (Figure 1C) are
lysed and killed by a 10 min exposure to 5% SDS (Figure
1D),20 where we observe cells encapsulated fluorescent
coatings which retain both cellular integrity and activity.
Cellular integrity was determined visually (Figure 1E) and by
SYTOX assay (>80% viable in Figure S1). Viability by cellular
activity was determined by calcein esterase activity assay (>80%
in Figure 1B) and by lack of activation of caspase-3/7 apoptotic
pathways (<5% apoptotic in Figure S1). This cellular
protection by a targeted coating is the foundation of ASL
sorting, where complete elimination of the untargeted
population is feasible through conventional approaches of cell
lysis. Although enrichment based on the exclusion of SDS is a
chemical means of selection, we have also demonstrated the
preservation of cellular function in hypotonic solutions using
similar coatings. Immersion of 1 × 105 uncoated Jurkat cells in
1 mL of pure water results in a large imbalance of salt
concentration, leading to swelling and rupture of the cell.21

When Jurkat cells are coated with a PEG diacrylate polymer,
the polymer coating preserves cell membrane integrity and
enzymatic function (Figure 1B, F).
In each mode of lysis, we have observed reductions in the

numbers of uncoated cells within a population to undetectable
(SDS lysis) or statistically insignificant levels (hypotonic lysis, p
= 0.0517), demonstrating the potential for ASL to deliver 100%
pure populations with SDS or hypotonic lysis. We hypothesized
that 5% SDS solution is excluded from the polymer coating
because of the polymer mesh size (∼2.5 nm),22 which is a
hundred times smaller than SDS micelles. At 5% SDS
concentration (173.4 mM > CMC of 8 mM),23 most of the
surfactant is arranged into micelles, and the small fraction of
free SDS molecules are either excluded by the hydrophobic
interactions or penetrate through the polymer coating but the
concentration is not high enough to disrupt the cell membrane.
The limiting factor for ASL purity is the specificity of
polymerization afforded by the antibody-targeted initiator
species. To investigate the specificity of these polymer coatings,
we isolated A549 cells from a mixed population with Jurkat
cells. 104 A549 cells were added to 105 Jurkat cells. For the sake

of adaptability, we synthesized a streptavidin-eosin conjugate
that can be targeted to A549 cells through the use of
biotinylated antibodies against epithelial cell adhesion molecule
antigen (anti-EpCAM). The cell mixture was labeled with
initiator through incubation in 1:100 mouse anti-EpCAM for
40 min in a solution of 3% FBS in 1× PBS, 1:200 biotinylated
antimouse secondary, and then incubation in 10 μg/mL
streptavidin-eosin for 30 min. After polymerization (as before),
the mixture of cells were analyzed by flow cytometry, and two
distinct populations are observed that are consistent with
control populations of coated A549 cells and naive Jurkat cells.
The fraction of each gated population (8% A549 to 90% Jurkat,
Figure 2A) is consistent with the fraction of starting
populations. Upon addition of 5% SDS in PBS to the pelleted
cellular mixture, a purified population of coated A549 cells is
obtained through centrifugation (0.3g for 5 min) and rinsing in
3% FBS in PBS. Flow cytometry shows >98% of the population
to be consistent with coated A549 cells (Figure 2B). Purity was
further supported by fluorescence analysis of sorting a GFP-
transfected A549 cell line. ASL was performed in cell mixtures
of Jurkat cells and GFP-positive A549 cells, where isolated
fraction consisted of 97.1 ± 2.3% GFP-positive A549 cells, and
2.9 ± 2.3% per each 104 cell batch were GFP-negative cells
(Figure S2). A similar experiment to isolate minority Jurkat
cells from A549 cells (9:91, respectively) using anti-CD45 to
target the coatings yielded a > 96% pure Jurkat population by
flow cytometry (Figure 2C, D).
Removal of the polymer coating is essential for translation of

ASL as a cell isolation technology. We use a UV-degradable
PEG-diacrylate monomer developed by Kloxin et al.18 to
temporally control the presence of the cross-linked polymer
coating. Coated Jurkat cells were released from the polymer
coating through 10 min exposure to 10 mW/cm2, 365 nm light
in PBS and 10 mM EDTA. As photobleaching and particle
release possibilities weaken the certainty of direct observation
of coating removal by fluorescent means, the removal of the
coatings was confirmed by proliferation assays of the released
cells and comparison to naive Jurkat cell. While unreleased cells
will die over a few days (Figure S3), the released Jurkat cells
proliferate at rates comparable to naive Jurkat cells (Figure 3A).
We also evaluated the proliferation of released A549 cells,
which are anchorage dependent. The A549 cells had a 2 day lag
in proliferation. Discrepancies between the anchorage depend-
ent A549 and the anchorage independent Jurkat cells suggests
residual polymer may interfere with critical cell−substrate

Figure 3. Proliferation and viability of processed cells. (A) Proliferation rates of naive (dashed line) or processed/released (solid line) cells. Jurkat
cells (blue). A549 cells (gray). (B) Viability of Jurkat cells at critical steps in antigen specific lysis processing. Data are mean ± s.d.

ACS Applied Materials & Interfaces Letter

DOI: 10.1021/acsami.5b06298
ACS Appl. Mater. Interfaces 2015, 7, 17598−17602

17600

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06298/suppl_file/am5b06298_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06298/suppl_file/am5b06298_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06298/suppl_file/am5b06298_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b06298/suppl_file/am5b06298_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b06298


interactions. Observation of the cells in culture showed viable
cell spreading and residual red fluorescent polymer remaining
after 1 day (Figure S4). PEG hydrogels have been commonly
used to prevent cell−substrate interactions, and the screening
of these interactions by residual polymer highlights an
opportunity for improvement of ASL through the more
efficient removal of the polymer coating. Yield of viable cells
(>50% by calcein, Figure 3B) throughout the ASL process is
comparable to FACS,9 which is promising for a newly
discovered technology. Viability was further supported by
SYTOX (>70%) and apoptotic activity was detected in <5% of
the released cells. There is a small (<10%) impact of UV light
on cell viability by calcein (Figure S5) and negligible DNA
damage as quantified by γ H2AX foci24−26 (Figure S6).
To support the generalized use of ASL for isolations beyond

cultured cells, we spiked A549 cells into the leukocyte-enriched
plasma fraction harvested from human blood subjected to 1xg
red cell sedimentation (Figure 4A). The mixed population was
labeled with anti-EpCAM, biotin-anti-Mouse IgG, and
streptavidin-eosin, prior to polymerization in the monomer
formulation with 530 nm light at 30 mW/cm2 for 10 min. The
polymer coated A549 cells are distinguished from blood
components by flow cytometry, constituting 16% of the
nucleated cells in the mixture (Figure 4B). After exposure to
5% SDS, > 99% of nucleated cells remaining correspond with
A549 cells as quantified by flow cytometry (Figure 4C). The
scale-up of ASL promises the rapid processing of large
quantities of cells. By starting with a large sample, rare
populations may be isolated in appreciable numbers, allowing
occult phenotypes to be studied beyond single-cell analytical
techniques.
ASL constitutes a completely unique approach for cellular

isolation. Even at this early stage in development, the potential
is clear for a high-purity, high-viability cell isolation technique

for both small and large batch isolations. As in the popular
antibody-coated microfluidic systems, ASL is limited to single
antigen sorts at a given sensitivity. As such, it provides a high
throughput alternative to microfluidic sorting which comple-
ments existing antigen-negative magnetic sorting technology for
high throughput, high purity applications. Prior work has also
shown the ease of tuning the sensitivity of antibody-directed
polymer coating system through antibody dilution or
competitive binding with nonlabeled probes.27 As in all
antibody-based sorting systems, ASL has the potential of
inadvertently activating cells, and caution is advised when using
this or another antibody-based system with easily activated cells
prior to use. ASL’s reliance on common light sources (LEDs
from epifluorescent microscopes) allows capital costs to be
>100× cheaper than a FACS system. Furthermore, all ASL
processing can be performed in common disposable labware,
eliminating the expensive and time-consuming sterilization
procedures used in most other sorting techniques. Additionally,
others have shown fluorescein to be a reasonable alternative to
eosin-based initiation, where FITC-labeled antibodies could
potentially replace our custom eosin conjugates.28 Further
developments using fluorescein-antibody conjugates for poly-
meriztmeation initiators would logically make ASL even more
accessible to a broad range of researchers.
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Figure 4. Isolation of EpCAM+ cells spiked into blood. (A) Overview of approach. (B) Flow cytometric data of A549 cell spiked into erythrocyte-
depleted blood after EpCAM-specific polymerization. Dashed line indicates distinction between polymer coated A549 cells and other blood
components based on control studies of pure populations. (C) Flow cytometric data after lysis of EpCAM- components.
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