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Many recent advances in bioprocessing have been enabled by developments in miniaturization and
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that are assembled on-chip by electrodeposition are “smart” configurable interfaces that mediate
communication between the biological systems and microfabricated devices. Here, we demonstrate
the scalable performance of a production address, where incubated cells secrete antibodies, and a
capture address, where secreted antibody is retained with specificity and subsequently assayed. The
antibody exchange from one electro-address to another exemplifies integrated in-film bioprocess-
ing, facilitated by the integrated biofabrication techniques used. This in-film approach enables com-
plex processes without need for microfluidics and valving. Finally, we have shown scalability by re-
ducing electrode sizes to a 1 mm scale without compromising film biofabrication or bioprocessing
performance. The in situ reversible deposition of viable cells, productivity characterization, and cap-
ture of secreted antibodies could find use in bioprocessing applications such as clonal selection,
run-to-run monitoring, initial scale-up, and areas including drug screening and biopsy analysis.
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1 Introduction ples; they have also enabled a reexamination of

bioprocessing [1-3]. Virtually all bioprocess opera-

Advances in microsystems technologies have revo-
lutionized the study of biology by allowing rapid
and parallel analysis of micro and nanoliter sam-

Correspondence: Dr. William E. Bentley, Fischell Department of
Bioengineering, University of Maryland, College Park, MD 20742, USA
E-mail: bentley@umd.edu

Abbreviations: CaCl,, calcium chloride; CaCO,, calcium carbonate; DI,
deionized; DPBS, Dulbecco’s PBS; f,, fraction viable; HG3T, engineered pro-
tein G; 1gG, immunoglobulin G; ITO, indium tin oxide; TPP, tri-polyphos-
phate

428

tions have been tapered to significantly smaller
length scale [4, 5]. Both on-chip and fluidics-based
systems have appeared for a variety of tasks, many
of which are now commercial products (e.g., DNA
microarrays, DNA amplification, fermentation, and
molecular separations) [6-12]. Systems that inte-
grate two or more operations are less common,
however, in part because the spatial arrangement
of various biological components within these mi-
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crosystems remains a challenge [13-15]. Fabrica-
tion processes must allow for spatial organization
of fragile biological components while preserving
functionality. In addition, systems integration con-
cepts that ensure valving and microactuators reli-
ably distribute various fluid components to specif-
ic locales increase complexity both at the design
and fabrication stages.

We have proposed biofabrication as a strategy to
address this challenge [16]. Specifically, we employ
electrodeposited polysaccharide films to facilitate
the spatial assembly of relevant biomolecules and
cells on-chip and within fluidic microsystems
[17-20]. Polysaccharide films serve as biocompati-
ble interfaces with unique suitabilities [15]. Be-
cause they are stimuli responsive and because the
stimuli (pH, temperature) can be signaled using
microelectronics, their assembly and functionality
can be “programmed” with high spatial resolution
[20-23]. Then, because a particular bioprocess op-
eration of interest is associated with the polysac-
charide electrodeposited at a specific site, pro-
grammed assembly of multiple bioprocess opera-
tions should be enabled. In our recent work, we as-
sembled yeast in alginate and agarose, induced
antigen-specific binding variable lymphocyte re-
ceptors (VLRs) on their outer surfaces, then
demonstrated an on-chip immunoassay of the re-
ceptor-ligand binding [24]. All operations took
place at a single location on a chip. In our current
work, we demonstrate electro-addressing of anti-
body-secreting NSO cells within alginate-based hy-
drogels after assembling an antibody capture sur-
face in an adjacent register. All components are
surface addressed on-chip to enable rapid and sim-
ple “in-film” bioprocessing. The electro-address-
ability of film interfaces facilitates the proximal
placement of multiple biological functionalities,
conferring greater complexity in interactions by
their integration. Additionally, after demonstrating
the process integration, we miniaturized the sys-
tem to millimeter-scaled registers while preserving
function.

Central to our concept is a spatially mindful de-
sign for molecular exchange between electrode ad-
dresses. In Fig. 1A, we have envisioned a biofabri-
cated polysaccharide-based environment for in-
film bioprocessing events. Alginate has known util-
ity as a cell-entrapping scaffold [25, 26]. Here, an
electrodeposited alginate film assembles and hous-
es cells at a production address; metabolic products,
notably mAbs, are secreted from this address. Ad-
jacently, a capture address is biofabricated using a
chitosan film functionalized with engineered pro-
tein G (HG3T) molecules through fusion tag teth-
ering [18]. With protein G functionality, this ad-
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Figure 1. Integrated biofabrication. (A) In-film bioprocessing is facilitated
by the electro-addressing of alginate and chitosan films onto adjacent ITO
and gold electrodes. Film biofabrication achieves a cell-entrapped alginate
film and protein G functionalized chitosan film. Once assembled at neigh-
boring addresses, cells secrete antibodies, which may diffuse and bind to
protein G. (B) Integrated biofabrication occurs by sequential assembly.
First, gold is cathodically biased to electrodeposit chitosan, followed by
enzymatic assembly of protein G onto chitosan, using tyrosinase to acti-
vate a pro-tag engineered onto the protein. Then, transfectant NSO cells
are co-deposited with alginate by anodically biasing the ITO electrode in
the presence of CaCO, to release calcium ions for crosslinking.

dress becomes receptive to the Fc portion of anti-
bodies, and in this application, recovers those gen-
erated at the production address [18, 27-29].
Figure 1B outlines an integrated biofabrication
procedure for sequential assembly of the produc-
tion and capture addresses. Procedures for our
work explored capture address assembly followed
by production address assembly, as depicted in Fig.
1B. Our capture address is created using an aque-
ous solution containing chitosan pipetted onto mi-
crofabricated chips with patterned electrode pairs
(one being indium tin oxide (ITO) and the other
gold). Locally, at a negatively biased electrode
(gold), chitosan’s primary amines become deproto-
nated, allowing film formation at the electrode sur-
face [21]. In our previous work, we demonstrated
chitosan film conjugation by enzymatic assembly
of an HG3T that is modified to contain a tyrosine
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rich “pro-tag” [18, 30]. Enzymatic “activation” of the
tag’s tyrosine residues via tyrosinase, enables cova-
lent coupling of the resultant quinone to the pri-
mary amines on deposited chitosan [31-33]. The ty-
rosinase activation reaction is depicted below:

O O

Tyrosinase

HG3T is then a binder with specificity for the Fc re-
gion on freely suspended immunoglobulin G (IgG),
and when coupled to chitosan, creates a capture
address (Fig. 1B).

Then, shown in Fig. 1B, a solution containing
NSO cells, alginate and calcium carbonate (CaCO,)
is applied on-chip, where an optically-neutral pos-
itively-biased electrode (ITO) is proximal to the
chitosan film. During conventional alginate gel for-
mation, alginate chelates calcium ions to form
crosslinks between chains [25]. In our strategy, the
hydrolysis of water at the electrode (low pH) re-
leases calcium ions and liberates carbon dioxide
from the CaCO,, yielding a cell-entrapped alginate
hydrogel overlaid onto the electrode with identical
dimensions [34]. The cells used here are an NSO
myeloma cell line, transfected to produce a mono-
clonal IgG (mAb) recognizing the vaccinia virus L1
protein. Contingent on remaining viable, the co-de-
posited productive NSO cells comprise the produc-
tion address. In our previous studies, eukaryotic
yeast cells were entrapped by alginate electrode-
position and remained viable [24].

Of note, alginate hydrogel formation is reversible,
subject to the presence of a calcium chelator such as
citrate. That is, addition of citrate should dissolve
these alginate films, presumably with minimal effect
on cell metabolism [35]. Exploiting this reversible
containment attribute, mAbs that were retained
within the alginate film could be liberated into solu-
tion along with cells by introducing citrate. This po-
tentially allows for both screening production capa-
bility and subsequent recovery of assembled cells. In
this paper, we demonstrate the creation of both ad-
dresses and their utility; we also demonstrate re-
versibility of cell capture for culture scale-up.

2 Materials and methods

2.1 Instrumentation

A Keithley 2400 SourceMeter was used for elec-
trodeposition and platinum foil was used as a

counter electrode. Olympus imaging technologies
were used: an MVX10 MacroView fluorescecence
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stereomicroscope for electrode and cell imaging
and a DP72 camera with CellSens Standard soft-
ware. Mean gray value measurements of electrode
fluorescence and immunoassay signals were eval-
uated with Image] software. ELISA results were
obtained with a SpectraMax M2e microplate read-
er and SoftMax Pro 5.3 software from Molecular
Devices. FACS analyses were performed using a BD
FACSCanto II flow cytometer and BioFACS Diva
software for data collection by BD Biosciences.

2.2 Electrode fabrication

Metal electrodes were coated onto a silicon wafer
by thermal evaporation of 12 nm of chromium (Cr)
and 120 nm of gold (Au). Standard photolithogra-
phy and subsequent etching of Cr and Au were
performed to define pairs of electrodes with 1 mm
separation. Each active rectangular electrode
(1 mm x 4 mm) is connected to a contact pad via a
thin contact lead (200 um in width). Electrodes
were physically separated using a microdicing saw.

To create adjacent ITO and gold electrodes
(shown in Figs. 2A, 4A), photolithography and etch-
ing were performed on an ITO coated glass slide
(Sigma-Aldrich) to define “L-shaped” ITO elec-
trodes. Second, the gold electrodes were defined by
additional photolithography, thermal evaporation
(12 nm of Cr and 120 nm of Au) and lift-off. See
Table 1 for electrode dimensions.

2.3 Solution preparation

A solution of 2% alginate was prepared by auto-
claving a mixture of alginate (Sigma-Aldrich, medi-
um viscosity) and 1% CaCO, (Specialty Minerals,
MultiFex MM 70 nm particles) suspended in deion-
ized (DI) water to sterilize and promote dissolution,
then subjecting the solution to continuous stirring.
Green fluorescently labeled alginate was prepared
by adding 1 uL/mL of FluoroSpheres (Invitrogen,
F8765) amine-modified fluorescent microspheres
(1 um diameter, Ex/Em: 505:515) to the alginate so-
lution and vortexing for 1 min. The chitosan used
was isolated from crab shells and at least 85%

Table 1. Scalable electro-address dimensions

Electrode  Capture area (CA)  Production area (PA) PA/CA
pair (mm? gold) (mm?ITO)

Large 9 33 3.67
Medium 4 16 4
Small 1 4 4

ITO and gold electrode pairs were fabricated in three sizes, with nearly equiva-
lent surface area ratios between the production address (on ITO) and the cap-
ture address (on gold).

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Electro-addressability of sequentially deposited and cell-entrapped films. (A) Brightfield image of patterned electrodes prior to film electrodeposi-
tion. (B) Fluorescence image of red-labeled chitosan deposited on gold followed by green-labeled alginate deposited on ITO by localized calcium release
from CaCO,. (C) Fluorescence image showing a gold electrode with the absence of a chitosan film and a negligible presence of labeled alginate when de-
posited without CaCO,. (D) Cells were stained for viability (green = live; red = dead) before co-depositing on ITO with alginate. The viable fraction (f) is
representative of the cell culture viability, 0.85. Cells remained immobilized throughout washing steps. (E) Cells were stained for viability after co-depositing
with alginate; the f, is 0.89. Data depicted are representative of triplicate experiments.

deacetylated (Sigma-Aldrich). Chitosan was pre-
pared by dissolving at a low pH (~3) and then ad-
justing the pH to ~5 with NaOH. The final concen-
tration was 1.6% and was further adjusted to 0.5%
in DI water for electrodeposition. Red fluorescent-
ly labeled chitosan was prepared according to Wu
et al., 2003 using 5-(and-6)-carboxyrhodamine 6G
succinimidyl ester (Ex/Em: 525:560, Invitrogen) [36].

2.4 Cell culture
The cells used were provided courtesy of Darryl
Sampey (Biofactura, Inc.). Briefly, an NSO myeloma

cell line had been transfected by electroporation to
produce a chimeric IgG1 antibody that is mono-

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

clonal against vaccinia virus protein L1. Stably
transfected cells were isolated using a proprietary
metabolic selection strategy that exploits choles-
terol auxotrophy of the parental line. The stable
pool of transfected cells was cloned two times by
limiting dilution to isolate the high expressing sub-
clone. Cells were incubated in Gibco CD hybridoma
medium supplemented with MEM non-essential
amino acids and r-glutamine (Invitrogen).

2.5 Cell staining
A Live/Dead Viability/Cytotoxicity kit (Invitrogen

Molecular Probes) was prepared according to pro-
tocol in Dulbecco’s PBS (DPBS, Invitrogen) and ap-

431



Biotechnology

Journal

plied to the cells for 30 min. For observing stained
cells in solution, the cells collected by centrifuga-
tion for 5 min at 500 g, resuspended in DPBS to
rinse off excess staining solution, and centrifuged
again prior to imaging. For staining cells entrapped
within an alginate film, the film was briefly rinsed
with DPBS prior to imaging. Cell counting by Im-
age] analysis was performed on fluorescence im-
ages taken separately with FITC and TRITC filter
sets and merged for presentation.

2.6 HG3T assembly and antibody capture

HG3T expression and purification in Escherichia
coli BL21 (DE3) has been described previously [18].
To prepare the chip surface for antibody capture,
each electrode was electrodeposited using a solu-
tion of 0.4% chitosan in DI water. A cathodic bias of
3 A/m?was applied to each gold electrode for 2 min
followed by a rinse in DI water. To enzymatically as-
semble HG3T, the electrodes were incubated over-
night at 4°C with 0.4 uM HG3T and 50 U/mL ty-
rosinase from mushroom (Sigma-Aldrich). Next,
0.2% sodium cyanoborohydride (Sigma-Aldrich)
was applied for 15 min, followed by 1% sodium tri-
polyphosphate (TPP) for 15 min. Electrodes were
blocked in 5% dry non-fat milk in PBS for 4 h, then
incubated with a standard dilution in 1% milk-
PBS + 0.05% Tween or a sample for 2 h. As a sec-
ondary label, FITC-conjugated AffiniPure F(ab’),
fragment goat anti-human IgG (Jackson Immuno
Research Laboratories) was applied in 1% milk-
TPBS for 2 h. Washing steps were performed in be-
tween. For each electrode comparison, identical
magnification and fluorescence exposure times
were used.

2.7 Cell co-deposition and in-film bioprocessing
at the production address

Cells were taken from culture and collected by cen-
trifugation at 500 g for 5 min, resuspended in DPBS
to remove superfluous extracellular mAbs, and
centrifuged again. Samples were resuspended in
DPBS at 20 x 10° cells/mL and then an equal vol-
ume of 2% alginate and 1% CaCO, was mixed in to
achieve a final concentration of 1% alginate, 0.5%
CaCO,, and 10 x 10° cells/mL. Approximately 75,
150, or 250 uL of the mixture was applied to each
respective small, medium, or large electrode pair,
and the cells were allowed to settle on the chip sur-
face for 5 min. An anodic bias of 3 A/m? was applied
to each ITO electrode for 2 min followed by gentle
rinsing of each film with 0.145 M NaCl. Ten mil-
limolar CaCl, was briefly applied to the films for
crosslink densification with subsequent NaCl rins-
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es. Culturing media supplemented with 10 ug/mL
gentamicin (Invitrogen) and 500 uM CaCl, was
added for incubation and samples were covered
with Breathe-Easy film (Diversified Biotech). After
incubating for approximately 5 h at 37°C, produc-
tion address films were dissolved by applying min-
imal volumes of 0.2 M sodium citrate and gentle
pipetting. Equal volumes of DPBS were added to
improve isotonicity and the samples were cen-
trifuged at 500g for 5 min to recover suspended
cells. Supernatants, presumably containing secret-
ed mAbs, were applied to corresponding capture
addresses for 2 h, followed by additional blocking
at 4°C to minimize non-specific binding, and final-
ly application of a labeling antibody (see HG3T as-
sembly and antibody capture methods) for fluores-
cence imaging. Variations of the antibody capture
step were reported in our results.

2.8 ELISA standard curve

Standards of comparison were prepared between
on-chip and conventional ELISA techniques. Hu-
man IgG (Sigma-Aldrich) was prepared in serial
dilutions up to 5500 ng/mL. An ELISA was per-
formed using an anti-human IgG alkaline phos-
phatase conjugate (Sigma-Aldrich) as a secondary
antibody and PNPP (Thermo Scientific) as the en-
zymatic substrate for detection.

3 Results and discussion

3.1 Adjacent electro-addressability of chitosan and
alginate films

In Fig. 1, we hypothesized that chitosan and algi-
nate could be electrodeposited sequentially and
adjacently with minimal crosstalk or interference
between electrode addresses. In Fig. 2A, a bare
electrode pair is depicted to demonstrate neigh-
boring gold and ITO geometries. First, a red fluo-
rescently labeled chitosan solution (0.5%) was elec-
trodeposited on a gold electrode (Fig. 2B). Excess
solution was rinsed from the film, and a 1% sodium
TPP solution was applied to electrostatically rein-
force the chitosan film. Second, an alginate (green-
fluorescently labeled, see Section 2) and CaCO,
mixture was applied and electrodeposited onto a
neighboring ITO electrode. Afterward, the films
were rinsed and post-deposition calcium chloride
(CaCl,) solution was briefly applied. A fluorescence
image was taken of the resulting electrodes, show-
ing that both films were intact (Fig. 2B). A control
image is also shown in Fig. 2C where we imaged a
pair of electrodes through fluorescence filters after

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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an alginate deposition procedure in which CaCO,
was absent. In this case, we demonstrate negligible
background fluorescence and an inability of algi-
nate to electrodeposit without the presence of
CaCO, (Fig. 2C), thereby indicating its necessity.
Also of note, this assembly is evaluated for cross-
talk or electrostatic interactions that occur between
chitosan and alginate due to their respective net
positive and negative charges [37, 38]. Direct appli-
cation of dissolved alginate on a chitosan film could
potentially result in the formation of an electrosta-
tically bound alginate layer on the film’s surface
[39]. Our application of TPP prior to alginate served
to avert such an interaction. Because the overlaid
fluorescence image did not show colocalization of
the green and red films (Fig. 2B), these electrostat-
ic interactions were minimized.

Next, we monitored cell electro-addressing dur-
ing the deposition process. In Fig. 2D, chitosan was
deposited as mentioned. Cells were stained with a
viability/cytotoxicity stain (Live/Dead, Invitrogen);
providing visualization and viability assessment.
These stained cells were then rinsed, centrifuged,
and resuspended to a density of 10 x 10° cells/mL
in a solution of 1% alginate and 0.5% CaCO, in
DPBS. Cells were then introduced onto the chips
and co-deposited on ITO. The fluorescence image
(Fig. 2D) shows that cells were successfully electro-
addressed to the ITO electrode. Additionally, the
cell population used, stained upon sampling from
culture, appeared healthy (live cells fluoresce
green while dead cells are red). By image analysis,
green and red fluorescence was quantified to de-
termine the fraction viable (f, = 0.85).

On a test ITO electrode, cells were again co-de-
posited with alginate as described, but were probed
for viability after deposition. An identical cell sam-
ple was suspended at 10 x 10° cells/mL in a deposi-
tion solution. Alginate deposition was performed as
described, followed by application of the Live/Dead
stain. The fluorescence image (Fig. 2E) again
shows an electrodeposited healthy cell population
(f, = 0.89). Figure 2E has significance in that it
demonstrates co-deposition of NSO cells without
negative impact on cell viability; quantified viabili-
ties between Fig. 2D and E are nearly the same
(0.85 and 0.89, respectively).

3.2 Rapid monitoring of mAb production
from NSO cells

Our next set of studies demonstrates rapid and sim-
ple on-chip entrapment of cells. Moreover, because
the process is simple and rapid we hypothesize these
procedures may enable interrogation of cell produc-
tivity over time for a full scale production process.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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3.2.1  Production address characterization and
scalable assembly
We were aware that many parameters may affect
the electrodeposited cell density in-film and sought
to determine electrodeposition conditions that
would ensure uniform and reproducible popula-
tions. While many factors were varied, we report
here the electrodeposited cell number as a function
of cell seeding density, cell “settling” time (duration
between loading cell sample and biasing the elec-
trode), film volume, and the electrode surface area.
Results are depicted in Fig. 3A. For each parameter
tested, data were obtained by first co-depositing
cells with alginate on each electrode keeping all
other conditions constant (conditions, except when
varied: 10 x 10° cells/mL seeding, 5 min settling
time, 4 mm? electrodes, 3 A/mm? current density for
2 min to yield films 0.38 mm in thickness). To count
cells, films were fixed with paraformaldehyde (2%),
citrate-dissolved, then washed, resuspended, and
counted via FACS. Using the electrode area and the
estimated film thickness (~0.38 mm, generated at
3 A/mm? for 2 min; ~0.52 mm, 5 A/mm?, 2 min) [34],
we estimated an in-film volumetric cell density.
The data demonstrates that “settling” time impacts
in-film density; if there was no “settling” time (or an
on-chip incubation period), the resultant cell den-
sity was ~3 x 10° cells/mL, much lower than the ini-
tial seeding density (10 x 10° cells/mL). Beyond
5 min the deposited cell density was typically
7 x 10° cells/mL. Indeed, there were many factors
that influenced the deposited cell number: applied
voltage and current density, cell number in the sus-
pended sample, duration of the electrodeposition,
etc. In addition to the “settling” time, we tested
initial seeding density (Fig. 3A). Here, the deposit-
ed cell number was a strong function of initial
seeding density, as one might expect. In seeding
experiments with initial concentrations below
3 x 10°¢ cells/mL, we found the resultant densities
were typically concentrated by a factor of nearly 2.
At the highest seed level (10 x 106 cell/mL), the op-
posite was observed (~30% decrease). For our pur-
poses, a seeding density of 10 x 10® cells/mL and
5 min settling time were selected as the most con-
venient for creating sufficiently consistent produc-
tion films. These values were used in all subse-
quent experiments.

Lastly, in Fig. 3A, we depict the in-film density as
a function of the electrode area and deposited film
thickness. These were of significant interest as a
key focus of this work is its performance as the en-
tire process and chip are shrunk in all geometric di-
mensions. That is, we were interested as to whether
the density of entrapped cells at a production ad-
dress was consistent over a variety of defined elec-
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Figure 3. Characterization of the NSO cell composition of a production address. (A) Electrodeposition parameters were varied to examine their effect on
the resulting in-film cell density. Variation of the parameters are specified at the base of each graph and plotted against the in-film density, counted by
FACS. Each variable was evaluated in at least duplicate. *p < 0.05. (B) Cells were incubated in-film for time intervals ranging from 0 to 8.5 h in order to
measure mAb production over time. Titers were evaluated by the fraction detected within the alginate film and the fraction diffused, or “exchanged” from
the film at regular time intervals. Titers were quantified by ELISA; the exchanged titer is reported in (B) in context of the fraction that it represents of total

mAb produced per time.

trode areas and film thicknesses. Table 1 describes
the geometries of ITO and gold electrode pairs des-
ignated for production and capture addresses, re-
spectively. By electrode patterning, the electrode
dimensions were, per pair, intrinsically set to scale
(see PA/CA, Table 1). The calculated in-film cell
density is shown as a function of production area
size in Fig. 3A. We observed that regardless of elec-
trode size (assuming same height/width ratios), the
resulting in-film densities were nearly equivalent,
with no statistical difference. Also, regardless of the
electrodeposited film thickness (0.38 vs. 0.52 mm)
the in-film density was constant. Our results
demonstrate that adjusting deposition parameters
provides some degree of control over the cellular
in-film composition. We envision biofabrication at
a yet smaller scale — electrodeposition on micron-
sized electrodes [40]. In-film seeding, subject to the
choice of parameters described here, could yield
single cell entrapment for clone separation capa-
bilities.

434

3.2.2 Productivity performance: Antibody production
and release from alginate hydrogels

Electrodeposited NSO cells were then examined for
productivity when entrapped at 10 x 106 cells/mL;
mAD titers were recorded as well as their distribu-
tion (within gel or secreted from gel and in the su-
pernatant). Factors that may contribute to this dis-
tribution include the production rate and whether
it is sustained [26], the crosslink density of the hy-
drogel network [24], and the charge density of the
mADbs relative to the hydrogel (both negatively
charged) [25]. Cells were codeposited into alginate
films and allowed to incubate with media for 8.5 h;
samples from parallel experiments were taken reg-
ularly by separately removing the extra-film media
(~200 uL per test), then dissolving the film with
sodium citrate (200 uL) and removing cell debris to
collect the intra-film solution. The mAb levels were
assayed via ELISA. In Fig. 3B, the total titer in the
extra-film fluid is depicted as well as the fraction
in-film and extra-film. In as little as 2 h, over 60%
of the mAb was found in the extra-film fluids. This

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Cell viability during on-chip incubation and recovery. Codeposited cells were tested in triplicate for survival upon incubation in-film and recovery
by film dissolution at the smallest electrode. (A) Electrode brightfield image. Cells stained for viability after (B) electrodeposition (f, = 0.76), (C) 4 h in-film
incubation and recovery (citrate dissolution, f, = 0.78), and (D) in-film incubation, recovery, and 24 h incubation in a 96-well plate (f, = 0.63). Each inset
graph plots the viable fractions (f,) and SDs for images B, C, and D, the associated data point highlighted in black.

fraction was fairly constant until 8.5 h, when the
bulk (>80%) of the mAb had been diffused away.
Importantly, the secreted antibody titer increased
uniformly over the entire experiment, reaching
700 ng/mL at 8.5 h. These results indicate that
mADbs generated and secreted at the production ad-
dress may be available for capture within 2 h. As
such, NSO cells can be entrapped at a production
address preserving their viability and productivity.
Also, the films produced are sufficiently diffuse so
that produced mAbs perfuse through the film. Cells
were retained within the film and are maintained
in a mAb-producing state. These results, we be-
lieve, hold promise for several applications as a
means to immobilize cells and permit interactions
with large molecules by diffusion into or out of the
film. In addition to clonal productivity analysis, this
platform could enable spatially controlled cell ar-
rays to study metabolomics, biopsy screenings, drug
targeting, or cell signaling.

3.2.3 In-film bioprocessing utility:

Incubation of entrapped NSO cells and recovery
Since we have observed preserved cell viability af-
ter co-deposition in an alginate film, we hypothe-
sized that the film may serve as an adequate envi-
ronment for subsequent cell incubation. Further-
more, since alginate films comprise reversible
crosslinks and we have measured exceedingly high
cell densities within the films, we also expected
feasible cell recovery. Figure 4A shows the smallest
electrode pair having dimensions of a 1 mm?2 gold
electrode (capture address) and a 4 mm? ITO elec-
trode (production address) used for a cell incuba-
tion and recovery study. We monitored cell surviv-
ability after co-depostion with alginate, but espe-
cially after the cells were incubated for several

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

hours at a high density. Cell samples were concen-
trated to 10 x 10° cells/mL in 1% alginate with
0.5% CaCO,. After deposition, the Live/Dead stain
was applied as described. The films were imaged by
fluorescence microscopy and show significant via-
bility (Fig. 4B, f, = 0.76).

Equivalent cell-entrapped films were incubated
in culture media at 37°C for 4 h. After incubation,
they were treated with 0.2 M sodium citrate to dis-
solve the films and recover the cells. Figure 4C
shows cells stained for viability after incubation
within a 4 mm? alginate film on-chip, citrate disso-
lution, centrifugation and resuspension steps for
recovery. The majority of cells imaged were alive
(f, = 0.78), suggesting that the electrodeposited al-
ginate film provides a favorable cellular microenvi-
ronment. Other samples were rinsed and recollect-
ed by centrifugation, then incubated in a 96-well
plate. Figure 4D shows an image of cells recovered
from a single 4 mm? ITO electrode and transferred
to a single well for an additional 24 h incubation af-
ter residing in the alginate film. In addition to pre-
serving their viability (f, = 0.63), these cells recov-
ered from 4 mm? addresses were eventually re-
grown to near confluency. These results suggest po-
tential for subsequent scale up to larger cultures
despite their electrodeposition and minimal sam-
ple size.

3.3 HG3T functionalized chitosan films as
receptive surfaces for antibody capture

In final studies, we integrated the assembly pro-
cess: a production address was assembled adjacent
to a capture address, placing antibody-secreting
cells in proximity to antibody-receptive HG3T,
thereby allowing an opportunity for mAb ex-
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change. We evaluated capture surfaces for de-
tectable response upon exposure to varying anti-
body concentrations, then their capture reliability
directly from a cell sample, scalability, and semi-
quantitative correlation.

3.3.1 Capture address characterization by fluorescence
analysis
In order to ascertain whether the co-addressed
cell-entrapped hydrogel would enable release and
capture of antibodies (over the time span of the in-
cubation period and after release), we first estab-
lished that area-based fluorescence measurements
were correlated with standard ELISA measure-
ments. That is, human IgG at known concentrations
were prepared and assayed via alkaline phos-
phatase based ELISA (see Section 2). For on-chip
analysis, these same solutions were used as sub-
strates for electro-assembled chitosan and enzy-
matically assembled HG3T capture. That is, a chi-
tosan film was first deposited on gold, and then
functionalized by applying HG3T and tyrosinase
(see Section 2). Captured IgG was labeled, after in-
cubation of the IgG solutions on-chip, with a fluo-
rescently-conjugated F(ab’), secondary antibody
fragment for fluorescence detection. Fluorescence
images (Fig. 5A) were scanned using gray scale in-
tensity measurements by examining equivalent ar-
eas of each electrode. In Fig. 5A, it was readily ap-
parent that a monotonic increase in fluorescence
with antibody titer was observed. This demon-
strates success of several factors required for
quantitative assessment. First, it demonstrates that
the chitosan deposition and HG3T assembly
processes were uniform within a particular elec-
trode surface and, in results not depicted, repeated
processing using parallel electrodes was equiva-
lent, suggesting a robust and reproducible process.
The quantified results for each surface are de-
picted in Fig. 5Bi, and corresponding ELISA meas-
urements in Fig. 5Bii. The ELISA standard curve
was linear below 1000 ng/mL (r? = 0.99). On-chip
detection of the same solutions was also linear over
the same range (r*> = 0.99). These results suggest
that antibody capture using covalently assembled
HG3T and detection on-chip is feasible because
differences in antibody concentration can be dis-
tinguished among samples. These results also sug-
gest the mAb capture efficiency for the on-chip
method was equivalent to ELISA methods. Finally,
we selected these concentrations for study as they
were estimates for mAb secretion on-chip. That is,
our fluorescence standard was later used to gauge
the amount of mAb directly transferred from an
on-chip cell population.
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Figure 5. Fluorescence detection of captured antibody correlated to
ELISA. Known concentrations of human IgG were detected by protein
G-conjugated chitosan films and ELISA. (A) Fluorescence image of films
after secondary FITC-labeling with an F(ab'), antibody. (Bi) Area-based
fluorescence analysis of (A), using electrode duplicates, fluorescence
intensity SD indicated by error bars. (Bii) Alkaline-phosphatase-based
ELISA analysis, measured in triplicate with indicated SD. (Bi, ii) show
linear curves below 1000 ng/mL.

3.3.2  Receptive performance:
Antibody exchange across addresses

Transfer of mAb produced by cells incubated at the
production address directly adjacent to the capture
electrode was then evaluated. In this study we ex-
amined another attribute to the system that was an
unanticipated benefit. Namely, the deposition of
NSO cells were suspected to increase productivity
due to an artifact of increased cell density. Cell
samples were taken, concentrated to 10 x 10° cells/
mlL, and co-deposited with alginate as described

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Scalable and quantifiable antibody exchange from production address to capture address. (Ai) A negative control shows capture address fluores-
cence due to non-specific binding of the secondary FITC-conjugated F(ab’), antibody. (Aii-iv) Capture addresses secondarily labeled after exposure to
mAbs generated at the production address during incubation. After area-based fluorescence measurements, inset graph in (Ai) has been normalized to the
negative control, showing fluorescence from samples as greater than twofold above the control. (B, ii) Identical samples were fluorescently probed for
mAbs at the corresponding capture addresses (Bi — small, Bii — medium), with equally sized negative controls (not shown). Inset graph shows nearly
equivalent fluorescence measurements normalized to the controls. (C) From Fig. 5(Bi, ii), the on-chip standard curve was plotted against that of ELISA,
and detection data of two samples (mAbs diffused from production addresses) and positive control (5500 ng/mL) were semi-quantitatively measured in

at least duplicate and plotted with error bars of the SD.

above. ITO electrode addresses were each paired
with gold electrodes preassembled with an HG3T-
functionalized chitosan film. That is, in these stud-
ies, we first created the chitosan capture surface
and then assembled the production film. After dep-
osition, the electro-addressed cell-entrapped films
were incubated at 37°C for 5.5 h (see Section 2). Af-
ter incubation, supernatant media were removed
and hydrogels were dissolved using sodium citrate.
We subsequently removed the supernatants, cen-
trifuged the cells, and reapplied the clarified su-
pernatant to the chips. These supernatants were
incubated for 2 h for capture. Thus, the entire cap-
ture exposure time was 7.5 h, including the cell in-
cubation time. Figure 6Aii-iv shows fluorescence
images at capture addresses of each size (referring
to Table 1). The fluorescence of the small, medium,
and large electrodes were all significantly greater
than that of a negative control (Fig 6A, normalized
intensities of electrodes in Aii-iv are represented
by the inset graph in Ai). Thus, we have demon-
strated integrated in-film bioprocessing, where
cells were entrapped and incubated and mAbs
were secreted, collected, captured, and detected, all
on-site, and all at distinctive millimeter-scaled ad-
dresses.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

3.3.3  Scalable relationship between addresses

We completed identical capture studies on differ-
ently sized chips. We found that for the medium
system, comprising a 4 mm? capture area and a
16 mm? production address, and over 5 h incuba-
tion, sufficiently significant mAb levels were pro-
duced, captured, and imaged. We then kept nearly
the same ratio of production/capture areas (Table 1)
and shrunk the entire system to contain a 1 mm?
capture address and 4 mm? production address. By
performing studies using identical processes and
times, we show in Fig. 6Bi-ii that the level of fluo-
rescence in the small system was nearly equivalent
to that of the large system (Fig. 6B inset graph). Our
results are overall consistent with the notion that
the biofabricated surface construction and use is
both simple and robust, but also scalable.

3.3.4 In-film bioprocessing utility:

Semi-quantification of antibody titer

Another test probed the extra-film supernatant for
released mADb during cell culture on-chip at varied
incubation periods. After incubating for 2 and 4 h,
we proceeded with our on-chip detection strategy.
We performed gray scale quantification and also
measured the supernatant via ELISA. The gray
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scale quantification of the capture address’ fluo-
rescence, plotted against corresponding ELISA
data, placed the antibody loading near 300 ng/mL
(Fig. 6C). Importantly, the quantities were both in
line with the standard curve obtained via in vitro
studies. In order to verify consistency in our on-
chip detection strategy, we also remeasured a pos-
itive control of 5500 ng/mL to check for correlation
to standard data and found that our control closely
matched (Fig. 6C). We have demonstrated success
in gauging antibody presence on-chip, and have
quantified its concentration.

4 Concluding remarks

This work demonstrates for the first time that bio-
fabrication strategies can be utilized in an integrat-
ed way to electro-address multiple polysaccharide-
based films for unique yet cooperative bioprocess-
ing functions at separate yet contiguous electrode
addresses. Upon cell entrapment on-chip and re-
covery, the functionality of an entrapped antibody-
producing cell population was confirmed by on-
chip detection of the secreted antibody; this is coin-
cident with the receptive functionality maintained
by HG3T after surface conjugation to capture an
antibody, a metabolic product. The integration of a
hydrogel-based film for non-permanent contain-
ment of a cellular component and a protein-teth-
ered functional surface imparts new complexity in
the construction of dynamic on-chip components
for miniaturized bioprocesses. We suggest this ap-
proach may find the most direct utility in screening
clonal populations, monitoring production runs for
productivity, and for the capture of products, in-
cluding other proteins, using the same technique.
Furthermore, cell electrodeposition and receptor or
enzyme-functionalized “biofabricated” surfaces
may streamline other studies including targeting
for drug delivery or signaling studies between dif-
ferentiated cell populations. Ultimately, integrated
biofabrication strategies may advance efforts to
heighten the complexity of in vitro models.
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