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Cellular decisions in human development, homeostasis, regeneration, and disease are coordinated in large

part by signals that are spatially localized in tissues. These signals are often soluble, such that biomolecules

produced by one cell diffuse to receiving cells. To recapitulate soluble factor patterning in vitro, several

microscale strategies have been developed. However, these techniques often introduce new variables into

cell culture experiments (e.g., fluid flow) or are limited in their ability to pattern diverse solutes in a user-

defined manner. To address these challenges, we developed an adaptable method that facilitates spatial

presentation of biomolecules across cells in traditional open cultures in vitro. This technique employs de-

vice inserts that are placed in standard culture wells, which support localized diffusive pattern transmission

through microscale spaces between device features and adherent cells. Devices can be removed and cul-

tures can be returned to standard media following patterning. We use this method to spatially control cell

labeling with pattern features ranging in scale from several hundred microns to millimeters and with se-

quential application of multiple patterns. To better understand the method we investigate relationships be-

tween pattern fidelity, device geometry, and consumption and diffusion kinetics using finite element

modeling. We then apply the method to spatially defining reporter cell heterogeneity by patterning a small

molecule modulator of genetic recombination with the requisite sustained exposure. Finally, we demon-

strate use of this method for patterning larger and more slowly diffusing particles by creating focal sites of

gene delivery and infection with adenoviral, lentiviral, and Zika virus particles. Thus, our method leverages

devices that interface with standard culture vessels to pattern diverse diffusible factors, geometries, expo-

sure dynamics, and recipient cell types, making it well poised for adoption by researchers across various

fields of biological research.

Introduction

In multicellular organisms, individual cells maintain life by
making complex and coordinated decisions within larger

populations of cells.1 Many of these decisions are based on
soluble signals that are localized spatially.2 For example, spa-
tially and temporally patterned cues (e.g., growth factors, me-
tabolites, and damage associated signals) orchestrate pheno-
type and subtype heterogeneity to build, maintain, and
rebuild tissues during development, homeostasis, and
regeneration.2–6 And during pathogenesis and infection, cells
respond to localized insults that often spread across the tis-
sue.7,8 Despite the known role of multiscale positional cues in
organisms, most in vitro experiments to measure, model, and
manipulate cellular processes are still performed by dosing
soluble biological molecules (i.e., biomolecules) homo-
genously into cell cultures. The ability to spatially deposit sol-
uble biomolecules throughout the course of a cell culture ex-
periment would enable scientists to mechanistically probe
how complex positional cues direct biological events.

Spatial positioning of soluble biomolecules in macroscale,
“open” culture dishes and well plate formats most commonly
used by biologists has been prevented by convective mixing
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that disrupts patterning.9 To overcome this challenge and fa-
cilitate biomolecule patterning, a range of specialized micro-
scale technologies, such as microfluidic gradient generators,
have been developed.10–14 Most microscale devices pattern
solutes by leveraging limited fluidic mixing in laminar
flow,15–17 diffusion through porous matrices,11,18 or pressure
driven injection of solutes into culture chambers.19,20 Solutes
have also been patterned using hydrodynamic focusing at the
tip of microfluidic probes21–24 or by creating immiscible me-
dia phases that can be dispensed across culture surfaces.25

However, the majority of such technologies have not been
widely adopted in biological research, possibly because they
either rely on specialized equipment such as external
pumps,12,21,23,26 motorized stages or probes,24,27 or pneu-
matic fluid handlers28,29 that are not readily available in biol-
ogy labs, require modification to cell culture media,25 culture
substrate alterations,30,31 or dissociation and recovery proce-
dures,32,33 expose cells to stimuli that induce
mechanotransduction, such as fluid shear or direct cell con-
tact,21,23,34 or are limited in the area that can be stimulated
simultaneously as they require rastering of a probe.21,25 As
just a few examples, patterning solutes using immiscible 4%
PEG (8 kDa) and 8% dextran (500 kDa) carrier medias25 also
increases media viscosity, thus altering transport of nutrients
and media components to cells (since relative diffusivity
would range from ∼0.9–∼0.25 for a 4% volume fraction poly-
mer depending on solute size).35 Further, even low shear
stresses as small as 63μPa and less or alterations in substrate
mechanics (∼1 kPa or less) can alter cell signaling, pheno-
type, and morphology, especially if such exposures are
sustained.36–40

Because of these barriers to biological implementation,
others have sought to develop technologies for spatial control
that can be inserted into existing cell culture vessels (i.e. well
plates). Such technologies include commonly used Transwell
inserts (or Boyden chambers)41 as well as custom culture seg-
regating devices.42 Some inserts have been developed that fa-
cilitate spatial patterning of soluble biomolecules, but they
have relied on embedded microfluidic networks that are fed
by pressure driven flow.12,43,44 In addition to their depen-
dence on external fluidic pumps, existing platforms have
been limited in the type of solutes that can be patterned, in
patterned area per well, in achievable pattern dynamics, and/
or in feasible pattern geometries. While these technologies
are important steps forward, the ability to spatially deliver
soluble factors to cells in standard well plates in a user-
defined and technically straightforward manner has thus
remained elusive.

To address this challenge, we aimed to develop a tech-
nique that enables spatially localized transfer of biomolecules
to cells in open cultures without the need for fluidics or spe-
cialized culture media and substrates. In our method, adapt-
able cell culture inserts are transiently placed within
established culture systems to facilitate the positional trans-
fer of biomolecules to cells. These devices stabilize culture
media against convective mixing by locally confining cell me-

dia to the microscale physical regime governed by interfacial
forces, intermolecular forces, and diffusion-based trans-
port.45,46 Importantly, the use of a narrow transfer gap be-
tween the device and the cells enables passive (flow-free)
transfer of a preformed pattern without physically contacting
and disrupting the cells.

Additionally, our devices can be used to pattern biomole-
cules across a range of length scales relevant to human pa-
thology and physiology (<1 mm2 to ∼100 mm2) simulta-
neously (without rastering), are compatible with cell culture
media as dictated by cell type and experiment, and can be op-
erated with standard laboratory equipment (no fluidic pumps
or motorized stages). Here, we use this method to spatially
transfer particles ranging in size from small molecules (<1
nm diameter) to viral particles (>100 nm diameter) to cells
in well plate cultures. These studies establish a new method
capable of spatially regulating cellular labeling, genetic
heterogeneity, and viral pathogenesis in vitro.

Results and discussion
Solute patterning in cell culture using proximity-aided
diffusion

To pattern biomolecules in cell culture, we developed an ap-
proach based on simple and adaptable cell culture inserts
(“devices”). In this approach, devices contain either patterned
topographical features coated with hydrogel (Fig. 1A, left) or
distinct hydrogel reservoirs (Fig. 1B, left). Devices are first
loaded with spatially-localized biomolecules by absorbing
biomolecules onto the topographical features (Fig. 1A) or
within reservoirs (Fig. 1B). Devices are then inverted and
placed in cell culture wells filled completely with media (with
the pattern transfer surface facing down). Media in the well
is aspirated to lower the device uniformly until it contacts the
bottom of the well via offset rings or feet that are located at
the outer edges of the device. Due to the fluidic resistance
within the hydrogel, the device retains the pattern during de-
vice lowering despite fluid flow from below the device. Fine
control of the separation distance between device features
and cells is achieved by precise micromachining of the de-
vice's offset rings or feet. Thus, insertion of loaded devices
into a cell culture well enables device features and patterned
biomolecules to be placed very near (∼100 μm separation) to
cell culture substrates (Fig. 1A and B, center).

The narrow separation between device and cells creates re-
gions with high resistance to flow and prevents the formation
of convective currents in open cultures. This fluidic stability
enables localized and rapid diffusion of biomolecules from
the device to the underlying cells (Fig. 1A and B, right). Prox-
imity allows for high fidelity pattern transfer, while impor-
tantly also avoiding physical contact with the underlying
monolayer. Following biomolecule diffusion to cells (5 min –

24 h), device inserts are removed from cell cultures. For re-
moval, devices are simply floated from the culture surface
through the addition of wash media. Importantly, disruption
and “smearing” of the pattern with media addition is
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counteracted by the vast dilution from ∼1 × 102 to ∼1 × 1013

final concentration dilution of the solute. Owing to device
transience, cells remain accessible and can be manipulated
according to standard cell culture procedures.

Fig. 1 Approach for proximity-based diffusive transfer of biomolecule patterns. (A) Device inserts with features extending to within 100 μm of the
cell culture surface were coated in dilute agarose and biomolecule. Loaded devices were then positioned above cells in a 24-well plate to allow
for patterned diffusive transfer of absorbed biomolecules to cells. (B) Alternatively, distinct agarose reservoirs were loaded with biomolecules and
then positioned above cells to facilitate patterned diffusive transfer of biomolecule solutes.

Fig. 2 Precise patterning of small molecule cell tracking dyes. (A) CellTracker dye was adsorbed to (B) micromilled polystyrene pillars coated with
agarose and then transferred to cells. (C) After device removal, the pattern of CellTracker dye-labeled cells corresponded with pillar array pattern
of the device. Quantification of labeling showed (D) agreement with the designed pattern, (E) precision of spot positioning between replicates (pur-
ple spots indicate comparisons between a single spot in replicate 4 that deviated in location from other replicates), and (F) consistent spot size that
varied with cell density (blue diamonds). Scale bars: (B left) 5 mm; (B right) 1 mm; (C top) 2 mm; (C bottom left) 250 μm; (C bottom right) 1 mm.
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Fig. 3 Finite element modeling of patterning. (A) A single pillar was modeled in Comsol software using diffusion and reaction parameters for
CellTracker molecules as well as our experimental device geometry. Patterned spot sizes were quantified for changes in how parameters affect (B)
device geometry, (C) molecule diffusion and enzyme kinetics. The dynamics of patterning was quantified for (D) spot size and (E) depletion of the
gel at the pillar tip. (F) For sustained patterning larger, concentric reservoirs were modeled. (G) For different reservoir heights and given a cell layer
with a 0.1%/s consumption efficiency, cumulative consumption of the patterned small molecule was quantified. The relative concentration at point
2 compared to point 1 as designated in (G) was (H) quantified for different molecule diffusion rates and agarose concentrations (with hinderance
coefficients reflecting molecule size and agarose concentration) given a reservoir height of 4 mm or 2 mm and consumption rates of 0.1% or
0.001%. (I) For cumulative consumption was tracked over time for point 1 and point 2 designated in (G). Scale bars: (A) 200 μm, (G) 2 mm.

Lab on a Chip Paper

Pu
bl

is
he

d 
on

 1
1 

M
ay

 2
01

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

as
hi

ng
to

n 
on

 8
/1

/2
01

9 
9:

42
:4

5 
PM

. 
View Article Online

https://doi.org/10.1039/c9lc00122k


2118 | Lab Chip, 2019, 19, 2114–2126 This journal is © The Royal Society of Chemistry 2019

Rapid bolus delivery for localization of cell labels

We examined the fidelity with which this approach facilitates
spatial patterning of solutes by characterizing patterned
transfer of small molecules to cells. To do this, we trans-
ferred small molecule CellTracker dyes, which become fluo-
rescent and membrane-impermeable upon passive cell entry.
Devices with a micromachined array of pillars (Fig. 2A and B)
were first dipped into dilute agarose solution and then into a
concentrated CellTracker solution. Loaded devices were then
transiently inverted over human umbilical vein endothelial
cells (HUVECs) in 24-well plate wells to facilitate diffusive
transfer. Upon device removal (5 min after insertion), we ob-
served a 1 : 1 pattern of fluorescent cell clusters that
corresponded with pillar array geometry (Fig. 2C and D).
When comparing replicate in-cell patterns we noted that 91
of 92 spots were positioned as expected, with centroids
within 100 μm of corresponding spot centroids in replicate
cultures (58.0 ± 3.5 μm, Fig. 2E). We also observed evidence
of limited lateral diffusion as 420 ± 10 μm diameter spots
were patterned from 200 μm pillars (Fig. 2F). Spot size was
linearly related to the cell-free area (1 – density) with R2 =
0.69, indicating that patterning precision increases with in-
creasing density, likely through local uptake by cells that
limits lateral diffusion. These data demonstrate the ability to
spatially localize small molecule cell tracking labels to cells
with high resolution by inserting a passive patterning device
into standardized cell culture wells. This approach to pattern
cell labeling could be used to spatially register (“zipcode”)
cells for live cell tracking, or prior to culture dissociation and
downstream analyses (e.g., single cell RNA sequencing) to ad-
dress the loss of positional information in such studies.47–49

Modeling diffusion and reaction contributions to pattern
resolution and dynamics

To probe how the resolution of this diffusion-based method
would be affected by changes in transport parameters, reac-
tion kinetics, and timing we next used a finite element
modeling approach. We focused our modeling on situations
that would occur in cultures of living cells. i.e., those in
which the solute interacts with or is taken up by the cells.
For example, the active form of Tamoxifen,
4-hydroxytamoxifen (referred to simply as Tamoxifen here),
binds the estrogen receptor (preventing binding of endoge-
nous estrogen) and the complex is translocated to the nu-
cleus were it and other co-factors influence gene expres-
sion.50 Similarly, CellTracker signal requires diffusion of
unreacted molecules to and into cells as well as on enzymatic
conversion to the membrane-impermeable form, which pre-
vents further diffusion. Since CellTracker molecules are com-
monly used and easy to track, we built a model in which the
base case reflected the geometry of a single device pillar
(Fig. 2) with estimated diffusive properties and reaction ki-
netics for CellTracker molecules.51–56 This parameter set gave
a predicted spot size of 374 μm (Fig. 3A–D, represented with
a striped bar in Fig. 3B), which was nearest that measured

for a 70% confluent cell layer in our experimental dataset, in
which the average spot size was 359.2 ± 5.3 μm (a relative dif-
ference of 3.7%).

We then investigated how varying separation distances,
pillar sizes, diffusion rates, and enzymatic conversion rates
might affect patterning. For conditions with modified pillar
geometries, our model predicted that patterning from finer
features positioned with closer proximity resulted in smaller
patterned spot diameters (Fig. 3B). For example, halving the
gap from 100 μm to 50 μm and reducing the pillar diameter
from 200 μm to 20 μm resulted in a ∼102 μm diameter spot
size. Thus, fabricating devices with finer features using other
fabrication methods (e.g., advanced micro-milling, stereo-
lithography, or precision 3D printing) might further improve
patterning resolution by localized diffusive transfer.

To investigate how reaction and diffusion rates might also
affect patterning, we identified diffusion rates representative
of a small molecule (4.0 × 10−10 m2 s−1),57–59 a globular pro-
tein (6.4 × 10−11 m2 s−1),56,58,60 and a larger protein (proper-
ties similar to an antibody, 4.4 × 10−11 m2 s−1)56,58,61,62 and
also selected a range of reaction kinetics corresponding to
different potential concentrations of enzyme or catalytic
rates. We found that spot size was affected by both diffusion
and reaction rate parameters, with more sensitivity to reac-
tion rate for quickly diffusing small molecules (Fig. 3C).
Though not representative of a bioactive compound, we
established the upper limits of spot size by removing the
interaction with the cells entirely. In this case spot size was
again most affected (as compared to spot size with cell up-
take Fig. 3C) for rapidly diffusing small molecules (Table
S1†).

Lastly, we examined model predictions for patterning dy-
namics. When we tracked spot diameter over time we found
little time dependence beyond 30 seconds for a 100 μm gap
(Fig. 3D), whereas a 200 μm pillar-to-cell gap showed in-
creased time-dependence (plateauing at 3 min, Fig. 3D).
According to the model, depletion of the solute from the de-
vice is rapid, with 99% depletion occurring in 30 s to 2 min,
depending on diffusion rates (Fig. 3E). Taken together, our
experimental and modeling results demonstrate that
hydrogel-coated features enable patterned exposure to bio-
molecules via short-term (seconds to minutes) release from
patterned features (Fig. 2 and 3A–E) with model predicted de-
pendence on diffusion and reaction properties and device
geometry.

Modeling sustained pattern delivery from hydrogel reservoirs

Many biological processes require sequential exposures to
biomolecules, or longer incubations to elicit downstream ef-
fects. We hypothesized that molding larger hydrogel reser-
voirs within the devices would facilitate spatial, dynamic, and
sustained delivery of solute to cells through diffusion out of
reservoirs (Fig. 1B). To test this hypothesis, we used a similar
FEM-based approach to determine whether larger reservoirs
could indeed maintain more sustained patterning. We
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modeled a 24-well plate insert featuring concentric circle res-
ervoirs (Fig. 1B and 3F) and varied the reservoir height pa-
rameter (Fig. 3G) to investigate how changes in reservoir vol-
umes might alter dosing of a small molecule across cells over
time. We found that the dose taken up by the cell layer over
24 h was greater for reduced reservoir heights under the pat-
tern source (Fig. 3G, point 1) as well as under the neighbor-
ing intermediate ring reservoir (Fig. 3G, point 2). Impor-
tantly, the relative dose at point 2 as compared to point 1 in
Fig. 3G was 16% for a 1 mm reservoir height and 8% for 4
mm-tall reservoirs, indicating improved pattern fidelity for
reservoirs with greater heights.

We next more broadly determined how molecule diffusivity
(small molecule, protein, and large macromolecule as above)
and hinderance stemming from gel pore size (or percent aga-
rose) might affect pattern fidelity. Results indicated that in
our parameter space, diffusivity impacted patterning preci-
sion (consumption at point 2 relative to point 1 as designated
in Fig. 3G) most strongly. Specifically, macromolecules (6.4 ×
10−11 m2 s−1 and 4.4 × 10−11 m2 s−1) showed relatively little
unwanted uptake at point 2 in all scenarios over 24 h, whereas
small molecule (4.0 × 10−10 m2 s−1) patterning was more
widely dependent on the parameter space (1–3% vs. 8–17%
consumption at point 2 relative to point 1 for macromolecules
vs. small molecules, respectively). Finally, we tracked con-
sumption over a 24 h exposure and found that shorter reser-
voirs gave dosing that plateaued over time while a 4 mm res-
ervoir gave more constant, sustained dosing (Fig. 3I). These
considerations led us to fabricate devices with large reservoir
volumes for sustained delivery of biological molecules.

Sequential and sustained solute patterning from hydrogel
reservoirs

We next experimentally investigated the potential for molded
hydrogel (agarose) sources placed in close proximity to cells

to serve as reservoirs for solute release. To do this, we first
used small molecule CellTracker dyes sourced from gel reser-
voirs to investigate whether distinct pattern geometries could
be patterned sequentially using devices with different fea-
tures. Using three stamps with two different designs
(Fig. 4A and B) we created a complex pattern of regions with
separate and overlapping exposures to three cell tracking
dyes (Fig. 4C). We exposed HUVECs in 24-well plate format to
1) a concentric ring device containing CellTracker green in
the outer ring and center circle (Fig. 4D left), followed by 2) a
concentric ring device containing CellTracker red in the inter-
mediate ring (Fig. 4D center, represented as purple), and 3) a
“W” device containing CellTracker blue in the “W” gel region
(Fig. 4D right). Traces across a cross section of the pattern
corresponded to the designed pattern (dark gray lines) for all
three dye patterns (Fig. 3E), demonstrating spatial and dy-
namic control of soluble stimuli to cells in culture using
interchangeable device inserts.

In addition to signal sequence, the duration of biological
stimuli critically determines how signals are transduced and
how cells respond.63–65 Indeed, many molecules require lon-
ger incubations than 5–15 minutes to elicit downstream ef-
fects. For example, Tamoxifen-inducible Cre–loxP recombina-
tion is widely used to assess phenotypic responses to
experimentally controlled changes in gene expression.66 This
genetic modulation requires sustained Tamoxifen exposure
and subsequent culture time to induce efficient Cre-mediated
loxP excision. We therefore next tested whether our method
could be used for sustained patterning to spatially control
Tamoxifen-induced gene recombination in cells in vitro. We
patterned Tamoxifen (372 g mol−1) across primary mouse car-
diac fibroblasts that undergo a change from membrane-
bound tdTomato expression to GFP expression upon Cre–loxP
recombination (Fig. 5A).67,68 We used device inserts in which
Tamoxifen was sourced from a central reservoir of agarose
gel (Fig. 5B) to enable sustained delivery and to stabilize the

Fig. 4 Sequential pattern application from agarose reservoirs. (A) Concentric ring and (B) “W” devices were used to (C) pattern three cell tracking
compounds across well of HUVECs by (D) sequential application in three distinct patterns. (E) Fluorescence signal traces across the well (dashed
line in Fig. 3C) were in agreement with the designed pattern. Scale bars: (A and B) 5 mm; (C) 2 mm.
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pattern against flow. Following insertion of the device, 12-
hour Tamoxifen exposure, and an additional 24 h of culture,
recombination was localized to the well center
(Fig. 5C and D), as compared to controls in which cells were
treated with Tamoxifen in the bulk media (Fig. 5D). To our
knowledge, this is the first report to spatially and temporally
control widely used forms of Cre–loxP recombination ma-
chinery to produce patterned heterogeneity in vitro.

The ability of this technique to spatially and dynamically
control soluble signals in cell culture using device inserts could
open various new avenues of biological research. For example,
this ability could be used to probe the mechanisms underlying
integration of spatial and temporal information in develop-
mental and regenerative processes,2,6,8 such as how cells inter-
pret morphogen gradients that emanate across embryos to
drive early fate decisions.3,69 Further, the ability to pattern ge-
netic modulators (e.g., Tamoxifen) could open new avenues of
study. For example, local induction of cancer oncogenes could
be used to study interactions between malignant foci and sur-
rounding nonmalignant parenchyma and stroma.70–72

Spatial localization of viral infection

To further demonstrate the versatility of this method, we next
sought to pattern larger diffusing species. We chose to assess
the feasibility of patterning viral particles (>100 nm diameter),
because viral infection is typically initiated positionally at a spe-
cific, localized inoculum from which it then disseminates (as
opposed to bulk deposition of particles).73 Thus, how posi-
tional molecular and cellular interactions influence infection
from a localized inoculum and spread across a cell population
is of interest to infectious disease communities.73,74

Our technique relies on diffusion of biomolecule solutes
from the device to cells, generally with higher fidelity pattern-
ing predicted for decreased rates of diffusion (Fig. 3H). How-
ever, for much larger particles applied to the hydrogel in the
central reservoir of concentric circle devices (Fig. 6A), imped-
ance to diffusion through the porous network of the gel

would preclude efficient loading and release from the bulk of
the device. While small molecule diffusion through our agarose
matrices could be achieved over several hours, we expected dif-
fusion of viral particles, with diameters approaching the pore
size of the agarose gel (∼300 nm (ref. 75)), would require pro-
hibitively high doses of virus and long diffusion times. To ad-
dress this issue, we modified device loading, such that the cen-
ter chamber of the concentric circle device was loaded with
agarose gel and the device was inverted before adding agarose
to the outer rings (see methods). The method maintained dis-
continuity between the three gel compartments and exposed
the bottom, cell-facing surface of the center chamber for virus
loading. Thereby a small volume of viral particle solution could
be placed over and diffuse into the cell-facing surface of only
the patterning (center) hydrogel.

Using our modified loading procedure, we first patterned
VSV-G pseudotyped lentiviral vector (size ∼100 nm,
enveloped spherical virion structure) containing a luciferase
transgene driven by an albumin promoter across primary rat
hepatocytes (Fig. 6B). Quantification of luminescence follow-
ing the addition of luciferin substrate showed patterned sig-
nal in agreement with the templated pattern and significantly
modified compared to the uniform control ( p < 0.0001). We
subsequently showed similar patternability for adenovirus
(size ∼100 nm, naked icosahedral virion structure, Fig. 6C)
and Zika virus (size 40 nm, enveloped spherical virion struc-
ture, Fig. 6D) when patterned across human embryonic kid-
ney cells 293T (HEK293T), or Vero cells (kidney epithelial
cells derived from an African green monkey), respectively. Al-
though virus particles diffused out of the gel and onto the
cells over 6–24 hours (depending on the combination of virus
and cell type), for all viruses, reporter expression or immuno-
staining for markers of infection was localized to the
centermost subpopulation after device removal and addi-
tional culture for 16–48 hours (also host–virus combination
dependent, Fig. 6B–E).

These results demonstrate that this method can be used
to pattern commonly-used adenovirus and lentivirus vectors

Fig. 5 Sustained release for patterning genetic recombination by Cre–loxP machinery. (A) Cells containing the genetic components for Cre–loxP
recombination in primary mouse cardiac fibroblast cultures driving a change in fluorescent reporter expression (purple – tdTomato, to green –

GFP) were exposed to a (B) pattern of Tamoxifen sourced from the central well of a concentric ring device. Exposure to the Tamoxifen pattern
over 12 h resulted in (C and D) a corresponding pattern in recombination as indicated by expression of GFP. Scale bars: (D) 1 mm.
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to regionally deliver genetic material of interest to both pri-
mary and immortalized cell types. In future studies, these ca-
pabilities may enable users to spatially define heterogeneity
in cell phenotype and function as dictated by the viral trans-
gene. Additionally, these data demonstrate patterned inocula-
tion with replication competent and pathogenic Zika virus,
which could be used to interrogate spatial host–pathogen re-
lationships such as viral spread and focal propagation of host
type 1 interferon response antagonism.76,77 Such systems
may help determine how Zika virus or other pathogens (e.g.,
Hepatitis C virus or Hepatitis B virus) interfere with host sig-
naling to facilitate their propagation through the local
environment.

Conclusions

We present a method for precisely spatially transferring bio-
molecules to cells in vitro. This simple technique solves sev-
eral critical challenges associated with spatial patterning of
biomolecules due to its adaptability in design and applica-
tion and its robust patterning fidelity. We further demon-
strated that this adaptable approach can be used to pattern a
variety of biological mediators, including cell tracking com-
pounds, regulators for exogenous cell state control, and path-
ogenic and gene delivery vectors. This technology offers di-

verse researchers with a promising entry point to probe and
control patterned soluble signals that drive human biology.

Experimental
Device fabrication

To construct device inserts for soluble factor patterning, poly-
styrene devices were designed in SolidWorks v24 (Dassault
Systèmes). SolidWorks parts were converted to G-code using
SprutCAM 11 software (SPRUT Technology, Ltd.). Gel-housing
and pillar-based patterning devices were milled in 2 mm- or
4 mm-thick polystyrene sheets (Goodfellow USA) using a
Tormach PCNC 770 mill (Tormach Inc.) as previously de-
scribed.78 Any residual plastic in milled through holes was re-
moved by rinsing or with forceps. For cleaning, devices were
rinsed in diH2O and soaked overnight in 70% ethanol to re-
move residual mill coolant. Devices were rinsed again in
diH2O and 70% ethanol. In a biosafety cabinet, devices were
air-dried and exposed to UV light for at least 20 min, inverted
and again exposed to UV light for at least 20 min.

Topographic feature-based label patterning

Human umbilical vein endothelial cells (HUVECs) were
seeded at 300 000 cells per well (24-well plate format) 24–48
hours prior to patterning to produce highly confluent

Fig. 6 Viral transduction and infection patterning. (A) Concentric ring devices were used to spatially transfer (B) lentivirus particles to primary rat
hepatocytes (luciferase, bioluminescent flux by IVIS), (C) average luminescence signal profiles across wells exposed to patterned and unpatterned
lentivirus as in (B). (D) Adenovirus particles to HEK293T cells (green, GFP), and (E and F) Zika virus particles to Vero cell cultures (green, Flavivirus E
protein; cyan, phalloidin). Scale bars: (B, D and E) 2 mm; (F) 1 mm.
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monolayers. Immediately before patterning cells were
counterstained with CellTracker Green (10 μM,
ThermoFisher) and Hoechst 33342 (10 μg mL−1,
ThermoFisher) for 15 min at room temperature (RT), rinsed
with media and returned to a 5% CO2, 37 °C incubator for 20
min. Pillar devices were dipped in 0.5% agarose solution (in
PBS) and immediately centrifuged to remove excess agarose.
Well bottoms in a 12-well plate were coated with 10×
CellTracker Red (100 μM, ThermoFisher). Each pillar array
was placed into a CellTracker-containing well so that the
outer ring and pillar tips contacted the dye layer. CellTracker
dye was absorbed for 5 min at RT. The device was then re-
moved, immersed twice in sterile PBS (Gibco), and placed in
a HUVEC-seeded well completely filled with media (pillars
facing down). Excess media was aspirated, lowering the de-
vice until its outer ring contacted the cell culture surface, but
with a continuous layer of media remaining between the de-
vice and the culture surface. Media was aspirated through a
central venting port of the device allowing rapid, uniform
lowering until the outer offset ring contacted the cell surface.
Due to the high fluidic resistance within the agarose hydro-
gel, the gel that contains the patterned solute retains and sta-
bilizes the pattern during device lowering despite fluid flow
from below the device. This process Following a 5 min incu-
bation at RT for pattern transfer, media was added causing
the device to float up from the culture surface for removal.
Cells were rinsed twice in media and live imaged using a
Nikon Ti-E inverted microscope (Nikon Instruments, Melville
NY) equipped with a CoolSNAP HQ2 monochrome camera
(Photometrics, Tucson, AZ) run with the Nikon NIS Elements
Software version 4.51 within 2 h of patterning.

Patterning from agarose hydrogels

24 h before sequential agarose gel-sourced dye patterning,
HUVECs were seeded at 300 000 cells per well (24-well plate
format) to produce confluent monolayers. 4 h before dye
transfer to cells all rings in concentric circle devices and the
spaces within and surrounding a ‘W’ design device were
filled 2/3-full with 3% agarose (SeaPlaque; Lonza) in PBS. For
each well one concentric ring device received 10× CellTracker
green in the outer ring and central region, one concentric
ring device received 10× CellTracker red in the middle ring,
and one ‘W’ device received 10× CellTracker blue within the
‘W’ region. At the time of placement, the overlying
CellTracker solution was removed from the device containing
CellTracker green, the device was rinsed in HUVEC media,
and placed above wells completely filled with media. Excess
media was aspirated to lower the device to the cell culture
surface positioning the lower surfaces of the gels and internal
device features approximately 100 μm above the culture sur-
face. Media was aspirated from around the edge of the device
through a 200 μL pipette tip allowing gradual, uniform lower-
ing without device tipping until the outer offset feet
contacted the cell surface. To initiate aspiration slight pres-
sure was applied to the top of the device with the pipette tip

such that device entered the well completely and media rose
around the device. Due to the high fluidic resistance within
the agarose hydrogel, the gel that contained the patterned
solute retained and stabilized the pattern during device lower-
ing despite fluid flow from below the device. After a 15 min in-
cubation at RT media was added to float devices for removal
and cell layers were rinsed twice in media and returned to a 5%
CO2, 37 °C incubator 10 min. Device preparation, placement,
incubation, and removal was repeated with the devices
containing CellTrackers red and blue. Following a final 10 min
incubation in a 5% CO2, 37 °C incubator, wells were imaged
using a Nikon Ti-E invertedmicroscope.

For patterned genetic recombination, the day before pat-
tern placement, primary mouse fibroblasts were seeded at
120 000 cells per well (24-well format) and media was
changed to DMEM with 2% FBS, 1% Pen–Strep to slow prolif-
eration. 3% agarose in PBS was molded in concentric circle
devices. For Tamoxifen (Sigma-Aldrich) patterning, all rings
in the mold were filled 2/3-full with agarose and the devices
were covered in fibroblast media (DMEM with 10% FBS, 1%
Pen–Strep) overnight at RT. At the time of treatment central
positive and negative control wells were treated with or with-
out 0.5 ng mL−1 Tamoxifen in media respectively. Concentric
circle devices were placed above wells filled completely with
media and media was aspirated as described for devices
containing gel reservoirs above until the outer ring of the de-
vices contacted the culture surface positioning the lower sur-
faces of the gels and internal device features 100 μm above
the culture surface. All excess media was removed from above
the devices and 3 mg mL−1 unpolymerized collagen
containing 0.5 ng mL−1 Tamoxifen was added above the cen-
ter agarose gel. Well plates were returned to a 5% CO2, 37 °C
incubator for 12 h. Media was added to float devices for re-
moval and cell layers were rinsed twice in media and
returned to DMEM with 2% FBS, 1% Pen–Strep and place in
a 5% CO2, 37 °C incubator for 24 h. Wells were then live im-
aged for tdTomato and eGFP expression using a Nikon Ti-E
inverted microscope.

For virus patterning, 3% agarose was added to the center
circle of concentric circle devices, molded against glass cover-
slips, and allowed to gel. Devices were then inverted and aga-
rose in the outer two rings were molded against a glass cover-
slips. The devices were incubated in media overnight. Rat
hepatocytes (300 000 cells per well), HEK293T (150 000 cells
per well), or Vero cells (150 000 cells per well) were seeded in
24-well plates and cultured for 2 days (hepatocytes) or 1 day
(HEK293T, Vero). Media was completely removed from the
devices 18 h before placement and 5 μL of virus containing
solution was added to the cell-facing surface of the center cir-
cle. Devices were placed in a humidified and sealed chamber
at 4 °C overnight. The following day devices were rinsed 3–5
times in PBS and placed in wells filled with media with the
virus-absorbing surface of the center circle facing down-
wards. Excess media was aspirated as described for devices
containing gel reservoirs above to lower the devices to the
well culture surfaces and plates were place in a 5% CO2, 37
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°C incubator for 6 h (lentivirus), 24 h (adenovirus), or 8 h
(Zika virus). After virus pattern transfer, devices were floated
with media and removed, cell layers were rinsed with media,
and cultures were returned to a 5% CO2, 37 °C incubator. He-
patocytes were live imaged by IVIS (IVIS Spectrum in vivo Im-
aging System; PerkinElmer Inc.) after 48 h of culture and
within 15 min of adding D-luciferin substrate (150 μg mL−1,
Gold Biotechnology). After 24 h of culture HEK293-T wells
were live imaged for GFP expression. Vero cultures were fixed
after 20 h of culture for subsequent immunostaining.

Finite element modeling

We generated models for the transport of diffusing species
using our pillar device (a single pillar in the array) and con-
centric circle device geometries in COMSOL Multiphysics soft-
ware (v5.1; COMSOL Inc.). Diffusion parameters for small
molecules (similar to CellTrackers), small macromolecules,
and large macromolecules were estimated based on the
literature55–60,62,79–81 (Tables S2 and S3†). Transport through
cell media was modeled as free-diffusion and hindered diffu-
sion was assumed and estimated depending on gel density
and the size of the diffusing species according to established
correlations56–58 (Table S4†). In the model unreacted solute
(analogous to CellTracker) was sourced at the pillar tip,
reached the cell layer via free diffusion, and became
nondiffusible in the cell layer according to Michaelis–Menten
kinetics (for the base case enzyme concentration of 1
mM).52,54 Enzymatic conversation kinetics of CellTrackers
were modeled using the Michaelis–Menten equation and pa-
rameters for the relevant enzyme, glutathione s-transferase,
based on the literature.51,52,54 For varied reaction rates the
range of the Vmax constant ([enzyme] × kcat) of the Michaelis–
Menten equation spanned five orders of magnitude and
expressed as equivalent enzyme concentration (Tables S2 and
S4†). Spot diameters were quantified as twice the distance be-
tween the spot center and the point at which the concentra-
tion of reaction product was reduced by one order of magni-
tude from the maximum. For our model of a concentric
reservoir device, 0.1% or 0.001% per second efficiencies were
selected as generalized consumption rates in the cell mono-
layer. Including consumption allowed us to track relative dos-
ing across the cell layer over time and for different configura-
tion. These two rates were selected as they allowed lateral
diffusion between reservoirs similar to a consumption-free
configuration (data not shown). These rates therefore repre-
sented a lower performance case than scenarios with more
rapid consumption, which would improve pattern fidelity.
When tracking dosing stability over time we modeled the sce-
nario with most rapid reservoir depletion (small molecule
consumed at 0.1%/s). Total source dosing was held constant
by normalization for changes in pillar or reservoir geometries.

Cell culture

Human umbilical vein endothelial cells (HUVECs, Lonza)
were maintained in EGM-2 media (Lonza) and seeded for pat-

terning at passages 4–8. HEK293T (ATCC) were maintained
in DMEM with high glucose (4.5 g L−1) and L-glutamine
(Corning), 10% fetal bovine serum (FBS, Biowest USA) and
1% Penicillin–Streptomycin (Pen–Strep, HyClone). HEK293A
cells were maintained in DMEM with high glucose and
L-glutamine (Corning), 10% bovine calf serum (HyClone) and
1% Pen–Strep (Corning). Rat hepatocytes were isolated from
adult female Lewis rats (Envigo) by collagenase perfusion
using methods described previously.82,83 Briefly, animals
were anesthetized with isoflurane, the portal vein was cannu-
lated, and the liver was perfused and digested with collage-
nase type IV (Sigma-Aldrich). Hepatocytes were purified from
the digest using Percoll (GE Healthcare) centrifugation and
then seeded at a density of 300 000 cells per well per a 24-
well plate adsorbed with 0.14 mg ml−1 rat tail collagen I
(Corning). Primary rat hepatocytes were maintained in
DMEM with high glucose and L-glutamine (Corning), 10%
FBS (Biowest), 0.04 μg ml−1 dexamethasone (Sigma-Aldrich),
7 ng ml−1 glucagon (Sigma-Aldrich), 1% ITS+ culture supple-
ment (Corning), 1.5% 1 M HEPES (Gibco), and 1% Pen–Strep
(HyClone). Primary mouse cardiac fibroblasts were isolated
by Langendorff perfusion as previously described84 and
maintained for two passages in DMEM with high glucose and
L-glutamine (HyClone) with 20% FBS (Seradigm) and 1%
Pen–Strep (Corning) prior to seeding for experiments. Car-
diac fibroblasts inducibly expressed Cre recombinase (Ta-
moxifen-driven MerCreMer sequence) from the Tcf21 (cardiac
fibroblast-specific) locus and contained a Rosa26 mt mg−1 re-
porter construct as previously described.67 Vero cells (ATCC)
were cultured in medium comprised of MEM (ThermoFisher)
supplemented with 10% FBS (VWR), 1× non-essential amino
acids (ThermoFisher), 50 units per mL of penicillin and 50
μg mL−1 of streptomycin (ThermoFisher). The Aedes
albopictus derived cell line C6/36 (ATCC) was propagated at
28 °C in 5% CO2 in medium comprised of MEM
supplemented with 10% FBS (VWR), 1× non-essential amino
acids, 50 units per mL of penicillin and 50 μg mL−1 of strep-
tomycin (ThermoFisher). The B lymphocyte hybridoma cell
line D1-4G2-4-15 was obtained from ATCC and maintained in
ATCC Hybri-Care Medium supplemented with 10% FBS
(VWR) and 1.5 g L−1 sodium bicarbonate. All cells were
maintained in standard cell culture treated polystyrene ves-
sels before seeding for patterning.

Virus production

Lentiviral plasmid encoding firefly luciferase under the hu-
man albumin promoter (pTRIP.Alb.Fluc.IRES.tagRFP.NLS-IPS,
gift of Charles Rice, The Rockefeller University) was packaged
using HEK293T cells and concentrated using ultracentrifuga-
tion. Adenovirus constitutively expressing GFP85,86 was pro-
duced in HEK293A cells and collected as crude supernatant
cleared of cellular debris by centrifugation. Zika virus strain
PRVABC59 (Puerto Rico 2015) was obtained from the ATCC.
Virus was propagated by infecting 80% confluent C6/36
monolayers with low-passage stock virus at an MOI of 0.01,
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and harvesting infectious supernatants 5–7 days
postinfection. Infectious supernatants were cleared of cellular
debris by centrifugation. All viruses were stored at −80 °C un-
til use.

Immunohistochemistry

To stain Zika-infected cultures, 20 h after patterning device
removal cultures were fixed with 4% PFA in PBS for 15 mi-
nutes at RT. Cells were then permeabilized with 0.1% Triton
X-100 in PBS for 10 minutes at RT and blocked with 5% nor-
mal goat serum in 0.05% Tween-20/PBS. Cells were then
stained with Flavivirus E protein (4G2) antibody (2 μg mL−1

in blocking buffer) purified from hybridoma supernatants
using protein A/G chromatography. Primary antibody incuba-
tion was followed by anti-mouse Alexafluor 594 conjugated
secondary antibody (ThermoFisher) together with Phalloidin-
Alexafluor 488 (ThermoFisher).

Image analysis

Patterning in well plate format was quantified for a 500 μm
wide strip bisecting or spanning the full width of the well
using the “Plot Profile” function in ImageJ. Representative
pattern profiles were then overlayed with the corresponding
designed pattern of pillars or the agarose source gel compart-
ment. Pillar-patterned spot centroids were identified by uni-
formly applying “Erode” and “Dilate” functions in ImageJ to
obtain continuous spots in binary images. Centroid coordi-
nates were located using the ImageJ “Analyze particles” func-
tion. Centroid plots for the four replicates were aligned to
their average spot positions and distances between replicate
spots were calculated using the standard distance formula.
Spot size was quantified in ImageJ by a blinded observer and
cell density was quantified using the “Watershed” and “Ana-
lyze particles” functions in ImageJ. Cell counts were normal-
ized to the estimated cell coverage of 80% for the highest
density condition.

Statistical analysis

Statistical analysis was performed in GraphPad Prism v7.0c.
Error bars denote standard error of the mean and statistical
significance between multiple groups was assessed by ordi-
nary one-way ANOVA or two-way ANOVA with Tukey's multi-
ple comparisons post-hoc test. p < 0.05 was considered sta-
tistically significant.
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