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ABSTRACT

Understanding and controlling molecular transport in hydrogel materials is important for biomedical tools, including engineered tissues and
drug delivery, as well as life sciences tools for single-cell analysis. Here, we scrutinize the ability of microwells—micromolded in hydrogel
slabs—to compartmentalize lysate from single cells. We consider both (i) microwells that are “open” to a large fluid (i.e., liquid) reservoir
and (ii) microwells that are “closed,” having been capped with either a slab of high-density polyacrylamide gel or an impermeable glass slide.
We use numerical modeling to gain insight into the sensitivity of time-dependent protein concentration distributions on hydrogel partition
and protein diffusion coefficients and open and closed microwell configurations. We are primarily concerned with diffusion-driven protein
loss from the microwell cavity. Even for closed microwells, confocal fluorescence microscopy reports that a fluid (i.e., liquid) film forms
between the hydrogel slabs (median thickness of 1.7lm). Proteins diffuse from the microwells and into the fluid (i.e., liquid) layer, yet con-
centration distributions are sensitive to the lid layer partition coefficients and the protein diffusion coefficient. The application of a glass lid
or a dense hydrogel retains protein in the microwell, increasing the protein solute concentration in the microwell by �7-fold for the first 15
s. Using triggered release of Protein G from microparticles, we validate our simulations by characterizing protein diffusion in a microwell
capped with a high-density polyacrylamide gel lid (p> 0.05, Kolmogorov-Smirnov test). Here, we establish and validate a numerical model
useful for understanding protein transport in and losses from a hydrogel microwell across a range of boundary conditions.

VC 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5078650

INTRODUCTION

Molecular transport through hydrogels is important across a
wide range of bioengineering systems, including tissue engineering,
drug delivery, and single-cell assays. In hydrogels, diffusion of macro-
molecules from one phase to another (i.e., liquid to hydrogel) is
hindered by thermodynamic partitioning. The equilibrium partition
coefficient, Keq, is defined as the ratio of concentration of solute in the
gel to that in liquid

Keq ¼
Cgel

Cliquid
; (1)

where C is the solute mass per volume, Cgel is the solute concentration
in the hydrogel, and Cliquid is the solute concentration in the liquid
phase.1,2 In the absence of attractive interactions (e.g., van der Waals
forces or electrostatic interactions3 between the solute and the gel), the

partition coefficient is described by Ogston’s model, which depends on
the polymer volume fraction, the chain radius, and the size and shape
of the solute molecule.4 Empirically, the partition coefficient of gels is
quantitatively determined by measuring the relative concentration of a
fluorescent species in the liquid phase and in the hydrogel phase for a
given multimaterial system.1,5,6

In addition to equilibrium solute concentrations, time-dependent
and diffusion-driven solute concentration gradients—both within a
single material and between materials—are important. For example,
understanding both drug delivery to the bloodstream and transport
capabilities of cellular waste products out of capsules benefit from
understanding these types of concentration distributions.7–13 Within
homogeneous hydrogels such as polyacrylamide (PA), which have
mobile polymer chains, solute diffusion in hydrogels behaves accord-
ing to a scaled hydrodynamic model10 and can be empirically deter-
mined.1,11 In hydrogels with immobile polymer chains (e.g., alginate),
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the diffusion coefficient (D) of small molecular species can be
described by a hydrogel obstruction model.10 When placed in a liquid
bath, the transport of solute from the gel phase into the liquid phase
can be characterized by using non-steady-state measurements. Using
such approaches, D of small solute species was found to be 5%–50%
lower in gel than in the surrounding water.9 The importance of the
material type and properties in in-gel and out-of-gel diffusion has
necessitated the development of methods to rapidly determine D of a
solute in hydrogel systems.14

In general, the diffusion of a solute through a heterogeneous
medium depends on the solubility and diffusivity of the solute in the
different material domains and the geometry of the domains.15

Although various studies have reported on particle diffusion in locally
heterogeneous hydrogels16,17 and in hybrid [e.g., Poly(ethylene oxide)-
poly(acrylic acid) (PEO-PAA)] hydrogels,18 few studies have reported
on solute diffusion through more than two different materials. In vivo
systems are notably complex and are composed of multiple biological
polymer networks (e.g., mucus, extracellular matrix).16 For example,
the study of oxygen permeability through contact lenses to the cornea
can be represented as two interfacing hydrogels. A fluid (i.e., liquid)
film interface exists between these hydrogels; this interfacial layer
varies in thickness according to the topography and morphology of
the gel, interfacial tension, interface potential, adsorption, partitioning,
and chemistry of the gel.19 Fluid films between hydrogels and human
tissues, such as the cornea, can range from nanometers to tens of
microns.20–24 Characterizing the fluid film thickness between sand-
wiched hydrogels is necessary for understanding molecular transport
at the interface of the hydrogels.

Compartmentalization of cells in hydrogels has emerged as a use-
ful approach for studying cellular processes. Hydrogel droplets encap-
sulating cells have facilitated biochemical analyses of individual
cells.25,26 Similarly, encapsulation of cells in microwells allows
researchers to scrutinize individual cells to study, in two examples,
secreted proteins and nucleotides.27,28 In microwell-based studies,
macromolecules diffuse from a cell and through free solution to react
with antibody probes immobilized along the walls or the lid of the
microwell,29–32 and the spatial location of the macromolecules (e.g.,
proteins) relative to the antibodies in the microwell can influence the
detected signal strength.33

In our own research group, we have explored single-cell reso-
lution protein electrophoresis using thin PA gels as the molecular
sieving matrix. Our approach, called electrophoretic cytometry,
isolates single cells in individual microwells. Cells are then chemi-
cally lysed in individual microwells, and the intracellular contents
are subjected to electrophoresis in the hydrogel surrounding the
microwell.5,6,34 To mitigate single-cell lysate diffusion out of the
“open” microwell and electrophoresis gel, researchers have used a
glass slide as a “lid” on the hydrogel structures. Capping with a
glass lid improved lysate retention in the hydrogel.35 This particu-
lar study demonstrated that partitioning and material permeabil-
ity can be modulated to maintain a high concentration of solute in
a detection area.30 We have also demonstrated patterning chemis-
tries onto the thin microwell-containing PA gel by applying a high
density lid impregnated with the source chemistry, which concur-
rently mitigates diffusion of the single-cell lysate out of open
microwells.6,36 Thus, understanding how time-dependent mass
transport of proteins depends on operational parameters such as

Keq, system geometries, and D provides a framework for design of
bioanalytical tools, such as electrophoretic cytometry, with appre-
ciable analytical sensitivity.

Here, we seek to understand the role of a lid layer in closing an
open microwell used in electrophoretic cytometry, be that layer liquid,
high-density PA gel, or glass. We have demonstrated patterning chem-
istries onto a thin layer of PA gel by applying a high-density lid
impregnated with the source chemistry. We have also explored lid gels
to mitigate diffusion of single-cell lysate out of open microwells.6,36 To
understand the importance of each material and the role of thin fluid
(i.e., liquid) layers that form between sandwiched hydrogels, we first
characterize the thickness of fluid film layers that form between hydro-
gels of different densities. We then use our knowledge of fluid film
thicknesses to create an experimentally validated numerical model
that predicts the dependence of the microwell-encapsulated protein
concentration on the fluid film thickness, partition coefficient of the
hydrogels, and protein diffusivity in the lid gel for model proteins
Green Fluorescent Protein (GFP) and Protein G. Understanding
diffusion-driven transport of intracellular proteins in hydrogels and
free solution ultimately aids selection of hydrogel properties in multi-
material systems, which should be useful for applications ranging
from drug delivery to high-sensitivity diagnostics.

RESULTS AND DISCUSSION
Model of diffusion of GFP through heterogeneous
materials

We first sought to understand how protein lysate losses from the
closed electrophoretic cytometry device are impacted by Keq and D.
Lysate losses occur over time via diffusion and partitioning between
the varying material and solution phases. Analytically, it is challenging
to identify and quantify losses of lysate in varying geometries
(domains) that comprise different material properties (and thus, vary-
ing partitioning and diffusion coefficients). Thus, we created and stud-
ied a 2D axisymmetric model (COMSOL) of a three-layer device [Fig.
1(a)] composed of: (1) a bottom gel, which is a 30-lm thick, 6 %T PA
gel conjugated onto a conventional microscope slide and which houses
the 30-lm diameter microwell; (2) a fluid film that arises at the inter-
face of hydrated hydrogels and has a thickness H; and (3) a lid, which
is 500lm thick and is composed of either a high-density (15 %T) PA
hydrogel or glass. Material properties are provided in Table I, with D
and Keq values obtained from the literature.6 The protein source was
modeled as a 28-lm diameter sphere. Upon release from the spherical
source, the concentration of the protein solute in the microwell fluid
volume (Ct) decreases with time due to diffusion and chemical parti-
tioning between the different material phases. With a large fluid reser-
voir, Ct approaches Cliquid over time. We thus calculated GFP
concentration distributions as a function of time. For demonstration
purposes, the figures are labeled as Cartesian (x, y, z) coordinates
rather than in cylindrical (r, h, z) coordinates.

To measure the fluid film thickness in a layered hydrogel device,
we incorporated rhodamine methacrylate into the bottom gel and the
lid gel (a 15 %T, 3.3 %C PA gel, where %T is the total amount of acryl-
amide and %C is the ratio of cross-linker mass to total monomer mass
in the gel), incubated the sandwiched layers in a buffer solution
(TBST) overnight, and then imaged the interface between the sand-
wiched hydrogels using confocal microscopy. We measured the thick-
ness of the void between the bottom gel and the lid gel [Fig. 1(b)]

APL Bioengineering ARTICLE scitation.org/journal/apb

APL Bioeng. 3, 026101 (2019); doi: 10.1063/1.5078650 3, 026101-2

VC Author(s) 2019

https://scitation.org/journal/apb


using a method similar to that employed by Kuypers et al.37 Of the 17
total samples, 8 samples had no resolvable decrease in fluorescence in
the void, and thus, the fluid film thickness was not quantifiable. We
attribute the lack of a signal decrease to the possibility that these sam-
ples had fluid film thicknesses smaller than our z-axis resolution of
0.42lm, a resolution that is dictated by the pinhole diameter. Given
the geometries of our system (tens to hundreds of micrometers), we
considered the resolution acceptable. Of the quantifiable samples, the
range of measured fluid layer thicknesses spanned from 1.3 to 1.9lm
with a median fluid layer thickness of 1.7lm (n¼ 9). Our fluid layer
thickness values are larger than the 300–600nm fluid layer thickness
values previously reported for permeable hydrogels;38 however, those
reported values were for hydrogels with elastic moduli 3 orders of
magnitude larger and much lower (44%) water content than the
hydrogels considered here.39 Given that interfacial fluid films vary in
thickness according to the topography, morphology, interfacial ten-
sion, interface potential, adsorption, partitioning, permeability, and
chemistry of the gel,19,40,41 we anticipate a wide range of possible fluid
film thicknesses, depending on the specific configuration of the hydro-
gel system under study. Our fluid layer thickness values fall in the
range of fluid film thicknesses measured for layers that form between
hydrogels and human tissues, such as the cornea.20–24

Protein losses from closed and open microwells

For a microwell capped with a lid (i.e., closed), we sought to char-
acterize how Keq and D of GFP in the lid would affect the protein con-
centration in that microwell over time. Protein losses from the
microwell occur as proteins diffuse and partition between the different

media comprising the microwell (i.e., gel, liquid, and glass). We per-
formed numerical simulations to determine the degree of protein
retention in the microwell fluid volume, as a function of the lid mate-
rial [Fig. 2(a)]. We opted to scrutinize three lid materials, based on our
empirical systems; hence, the lid material was simulated as glass
(assumed to be impermeable, Keq,G¼ 0, DG¼ 0m2 s�1), liquid (i.e.,
free solution), or lid gel (dense gel). For each case, we determined the
concentration of GFP in the microwell at every 1 s and normalized to
the initial concentration [Ct/C0, Fig. 2(b)].

With a closed microwell, Ct/C0 increases compared to an open
microwell (liquid bath as upper boundary condition) configuration.
At time t¼ 15 s, a time point pertinent to cell lysis and protein solubi-
lization in microwells,5 an open microwell configuration yields Ct/C0

¼ 0.03, whereas the presence of either a glass or lid gel yields Ct/C0

¼ 0.20 [Fig. 2(b)]. The application of a glass lid reduces diffusion of
solute out of the microwell, since protein cannot partition into the lid,
and the local solute concentration in the microwell fluid volume
decreases with time owing to (i) dilution throughout the microwell
volume and (ii) diffusion out of the microwell into the surrounding
bottom gel [Fig. 2(c)]. We first estimated a characteristic diffusion
time (L2/D) of �29 s for GFP to diffuse from the microwell into the
bottom gel layer in the quiescent, closed microwell configuration
(where L is the microwell diameter; D is the diffusion coefficient of
GFP in the bottom gel). Using numerical simulation, we then assessed
the protein concentration profiles at t¼ 0 s, 15 s, and 30 s, matching
the time scales of cell lysis, protein solubilization, and the expected dif-
fusion time scale.5 From the simulations, within 1 s, the GFP within
the microwell becomes uniform. The concentration of GFP along the

TABLE I. Partition and diffusion coefficient values for GFP in the range of layer materials characterized in this study.

Material name Material composition Keq D (m2 s–1)

Glass lid Glass Keq,G ¼ 0 (liquid, glass) DG ¼ 0
Bottom gel (hydrogel 1) 6 %T, 3.3 %C PA Keq,1 ¼ 0.51 (liquid, bottom gel) DH1 ¼ 3.13 � 10–11

Lid gel (hydrogel 2) 15 %T, 3.3 %C PA Keq,2 ¼ 0.24 (liquid, lid gel) DH2 ¼ 4.2 � 10–12

Liquid layer Liquid Keq,L ¼ 1 (liquid, liquid) DL ¼ 1.691 � 10–10

FIG. 1. The fluid film is created by capping the bottom gel with a lid layer. (a) Schematic of the bottom gel (Keq,1), lid layer (Glass, Keq,G or lid gel, Keq,2), interfacial fluid film
(thickness, H), and microwell housing a spherical protein source. The 30-um thick bottom gel houses a microwell (black dotted line) containing the spherical source of protein
with an initial concentration, C0. Cut planes show side and top planes of the layered device, with the protein source material diffusing from the microwell and into surrounding
materials over time. Over time, the diffusion coefficient (D) of protein in each surrounding material and Keq of each material determines diffusive losses of protein from the
microwell into the respective material. (b) Confocal fluorescence micrographs (inverted, false color) of the fluid film created between the bottom gel and lid gel. The median
measurable fluid film thickness was 1.7lm (n¼ 9), excluding fluid films lacking a quantifiable thickness (n¼ 8). PA, polyacrylamide; Keq, equilibrium partition coefficient; D, dif-
fusion coefficient of GFP in each material.
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x-axis remains uniform at t¼ 15 s. The GFP concentration remains
highest in the microwell fluid volume since partitioning inhibits pro-
tein from entering the surrounding medium (bottom gel) and since
there is no transport into the impermeable glass lid.

In the configuration where the microwell is open to a reservoir of
fluid, we modeled the free solution with Keq,L¼ 1 and DL¼ 1.691
� 10–10m2 s�1 [Fig. 2(d)]. The 500lm fluid layer thickness approxi-
mates a free solution bath, given the time scales of GFP diffusion.6 In
our model, placing a glass lid 500 lm away from the solute-containing
microwell did not change the concentration distribution of protein in
the microwell fluid volume, as compared to the 500lm free solution
bath alone (data not shown). In contrast to the glass lid configuration,
the protein concentration in the microwell fluid volume diminishes

quickly for an open microwell (Ct/C0¼ 0.03 at t¼ 15 s), as expected.
At t¼ 15 s, the protein concentration is highest at the bottom of the
microwell since no flux occurs below the microwell into the glass sup-
port. Ct/C0 diminishes to 0.01 by t¼ 30 s.

Next, we considered a hydrogel material as the lid layer. We
investigated Ct/C0 in the microwell fluid volume when a lid gel was
applied [Fig. 2(e)]. In electrophoretic cytometry, high-density lid gels
have been employed for diffusive delivery of reagents to the bottom
gel and to mitigate out-of-plane diffusive losses from the micro-
well.6,36,42,43 Interestingly, Ct/C0 was similar to that of the glass lid con-
figuration [Figs. 2(b) and 2(e)]. We also investigated the solute
concentration across the span of the bottom gel (i.e., the microwell
and the entire bottom gel). Ct/C0 of the bottom gel at t¼ 15 s was 0.96

FIG. 2. In the absence of a fluid layer,
numerical simulations indicate that the lid
material determines the concentration dis-
tribution of the protein source material dif-
fusing out of the microwell. (a) Side-view
schematic of the 2D-axisymmetric diffusion
model for a range of lid materials (glass,
liquid, or lid gel). (b) Comparison of the
protein solute concentration in the micro-
well as a function of time, normalized to
the initial protein solute concentration in
the microwell, as a function of different lid
materials. At time t¼ 15 s, the normalized
protein solute concentration in the micro-
well, Ct/C0, decreases to 0.20 when glass
or a lid gel is used, compared to 0.03 in
the liquid system. (c) A glass lid layer
reduces diffusion in the z-axis. (d) A liquid
lid layer (open microwell) leads to rapid
diffusion-based dilution of the protein
source material. (e) A lid gel mitigates dif-
fusive losses as compared to the open
configuration with the same thickness
(H¼ 500lm) shown in (d). The microwell
is outlined in a dotted black line.
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when a lid gel was used, similar to Ct/C0¼ 1.0 calculated for the glass
lid configuration.

Overall, the application of a lid layer (glass or high-density gel)
that inhibits diffusion of protein solute into the lid layer is effective at
maintaining high concentrations of solute in the microwell fluid vol-
ume. Future studies seek to understand how other physico-chemical
properties may also be modulated to further improve solute retention
in the microwell. For example, inclusion into the lid layer of interact-
ing particles (e.g., via charge16 or hydrophilicity44) that bind to or
obstruct proteins could further decrease the mass of solute that can
enter the lid layer and preserve high solute concentrations in the
microwell.

Experimental validation of the model

To experimentally validate our computational model of the elec-
trophoretic cytometry device, we used a microparticle-based chemistry
for rapid release of proteins from a spherical source in a microwell
[Fig. 3(a)]. Microparticles (10-lm diameter) conjugated with a Ni sur-
face chemistry were coated with His-tagged proteins. Introduction of
imidazole releases the protein from the particle surface, owing to com-
petition between His and imidazole for Ni. We have developed the
microparticles as a means to deliver protein size markers to each

microwell in electrophoretic cytometry.45 Imidazole can be delivered
using a lid gel, as previously described in single-cell electrophoretic
assays.6,36,42 The Ni-His-imidazole release scheme gives short
“switching” periods (seconds as compared to minutes or hours),
appreciable release efficiency, and adequate spatial control for delivery
to microwells, as compared to protein-PA conjugations,46–48 photo-
labile polymers,49–51 caged particles,52 photo-activatable probes,53

drug-releasing nanogels,54 photo-assembly and photo-cleavable
microcapsules,55 photo-controlled release micelles,56 protein-protein
conjugations, and click chemistry. We use the median measured fluid
film thickness of 2lm [Fig. 1(b)].

The kinetics of protein release from the microparticle source
must be considered in constructing the simulations. To determine
release kinetics, we first characterized the imidazole-triggered release
of Alexa Fluor 647-labeled His-tagged Protein G (26 kDa) frommicro-
particles. His-tagged Protein G is commercially available and has the
same molecular mass as GFP. A magnet was used to actively settle
Protein G-coated microparticles into microwells; excess microparticles
were washed off the gel surface. The lid gel was incubated overnight in
a 1 M imidazole solution. At t¼ 0 s, the lid layer was seated atop the
bottom gel and the microparticle-laden microwells to initiate imidaz-
ole diffusion into the bottom gel and Protein G release from the micro-
particles. Epifluorescence microscopy was used to monitor the

FIG. 3. Experimental validation of protein
release from a spherical source located in
a hydrogel microwell. (a) Side-view sche-
matic of the model and experiment, with
10-lm diameter microparticles coated
with fluorescently-labeled Protein G as the
protein source (black circle). H¼ 2lm.
(b) Comparison of simulations (model)
and experiment reports similar (p> 0.05,
Kolmogorov-Smirnov test) trends in nor-
malized microwell fluorescence loss over
time. For the simulations, an integral of
the protein mass in the column extending
from the microwell through the lid gel [red
rectangle in (a)] was obtained to represent
the mass of protein that is observed via
wide-field microscopy (experiment). Error
bars represent the standard deviation
(n¼ 4). (c) Time series of simulation
results show release of Protein G from a
microparticle within a microwell (black dot-
ted line). Protein G released per unit area
was calculated using the number of mole-
cules released per unit time, divided by
the surface area of the microparticle. The
number of Protein G molecules released
per unit time was employed as a flux
boundary condition in the simulations. (d)
Time series of experimental results show
inverted fluorescence micrographs of fluo-
rescently-labeled Protein G release at
t¼ 0, 15, and 30 s after the addition of
imidazole (“þimid”), delivered by incubat-
ing the lid gel in a 1 M imidazole buffer
solution. The negative control uses 0 M
imidazole (“-imid”). The fluid layer thick-
ness H is unknown in these experiments.
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fluorescence intensity in the microwell fluid volume (Fig. S1), thus
allowing normalization of fluorescence signal to the initial fluorescence
intensity of the microparticle. For the fluorescence signal of the micro-
particles, we observed an exponential decay in fluorescence that
matched the signal observed in our previously observed model of
imidazole delivery using a convective delivery (pouring) system [y
¼ 1:2789expð�0:035xÞ], R2¼ 0.98, comparable to y ¼ 1:18
exp �0:04xð Þ þ 0:08 that was previously reported.45

Monitoring the fluorescence signal of the microparticle during
Protein G release from the surface allowed us to establish a flux
boundary condition for our simulations. First, we assumed the raw
fluorescence intensity after background subtraction was equivalent to
the number of fluorescent molecules or proteins. Since we ultimately
normalize the final fluorescence signal to the initial signal, absolute
quantification of fluorescent molecules is not necessary. Next, we
defined a flux boundary condition for the microparticle protein source
N(t) as

N tð Þ¼d Numbermolecules t¼0ð Þ�Numbermolecules tð Þ
� �

dt
� 1
4pr2

;

(2)

where r is the microparticle radius (5 � 10–6 m). We assume that Keq

and D are similar for Protein G and GFP in the bottom gel, the liquid
in the microwell fluid volume, and the lid gel, given the similarity in
molecular mass. Advection from the lid gel placement was assumed to
be negligible, as the P�eclet number (Pe ¼ uL=D, where L¼ 30lm, u
is the average measured velocity of the bead, 285lm/s) was measured
to be two orders of magnitude lower than with delivery of lysis buffer
by pouring (n¼ 9 from 3 separate trials, Fig. S2). Moreover, we
assumed that the microparticle was impermeable and that protein is
conjugated only to the microparticle surface.

Comparison of experimental observations and simulations of the
Protein G concentration in the microwell fluid volume showed reason-
able agreement [p> 0.05, Kolmogorov-Smirnov test, Fig. 3(b)]. In our
simulations, we measured the volume integral of Protein G mass in
the column above the microwell to simulate observations via epifluor-
escence microscopy [Fig. 3(a), red dotted line]. Interestingly, in our
experiments, we observed an initial increase in the fluorescence signal
in the microwell fluid volume with the maximum measured fluores-
cence at t¼ 12 s [n¼ 4; Fig. S1(b)]. The increase in fluorescence is
likely caused by self-quenching of the fluorescently-labeled protein
while bound to the microparticle; at higher concentrations, fluorescent
dyes can aggregate, causing quenching of up to 90% of the fluores-
cence signal until the dye molecules are spaced sufficiently far apart.57

We hypothesize that protein released from the microparticle surface is
sufficiently diluted within the microwell such that self-quenching no
longer occurs. For our simulations and our experiments, we thus nor-
malized the concentration values to the maximum signal (i.e., at the 12
s time point).

In addition to the microwell volume, we also scrutinized the con-
centration distribution in the surrounding bottom gel, in the fluid
film, and in the lid gel [Fig. 3(c)]. As expected, the highest concentra-
tion of Protein G (t¼ 15 s) was localized to the fluid film, which is a
material that sees no partitioning-based exclusion of Protein G from
the microwell fluid volume and which affords Protein G a high D as
compared to within the hydrogels. Because D and Keq for Protein G
are highest in the fluid film, the fluid volume rapidly accumulates

protein. At the hydrogel walls of the microwell, we observe a Protein
G concentration that drops off sharply, attributable to preferential par-
titioning of solute into the microwell fluid volume and D that is higher
in the microwell fluid volume than in the surrounding hydrogel.

Both the simulation results and the experimental observations of
solute signal released from microparticles indicated release of protein
solute into the microwell fluid volume, with lower concentrations of
protein solute in the surrounding hydrogel material [Fig. 3(d)]. While
useful for illustrative purposes, two major caveats preclude direct
quantitative comparison of the simulations and the experimental
approximation. First, the observed concentration of the released solute
is expected to be lower than in the XY plane of the simulations, as
the XY plane in the simulations is taken through the center of the
microwell (i.e., a cross-section), where the concentration of protein is
maximal. In contrast, in the experiment, the entire volume of the
microwell, including through the lid, is imaged. Second, the thickness
of the fluid film was not measurable, as the temporal resolution of con-
focal microscopy exceeds the 0–30 s window of microparticle release.
Nonetheless, the agreement observed between the experiment and
simulations in the microwell volume [Fig. 3(b)] indicates that the sim-
ulations may be used to accurately predict protein concentrations
within the microwell fluid volume for multiple materials, given D and
Keq of a given protein into the lid material.

Protein loss from microwells is dependent on H, Keq,
and D

Given the simulation results indicating a high local concentration
of proteins in the fluid film, we next sought to assess how H, Keq, and
D affect the protein concentration in the microwell fluid volume [Fig.
4(a)]. We first varied the thickness of the fluid film (5, 10, 20, 50, and
500lm) and observed that, as the fluid film thickness increases, Ct/C0

decreases from 0.20 to 0.09, 0.06, 0.04, and 0.03, respectively, at t¼ 15 s
[Fig. 4(b)].

We noted a critical fluid film thickness, with regard to the protein
concentration in the fluid film. At H¼ 20lm, Ct/C0¼ 0.03 and
increasing the H beyond 20lm has a muted effect on further reduc-
tion in Ct/C0. In this geometry, we surmise that the fluid film begins to
behave as a semi-infinite medium atH> 20 lm. This effect can be fur-
ther seen when regarding the concentration profile from the XZ plane
[Fig. 4(c)]. For H¼ 20lm, the highest concentration of protein at
t¼ 15 s is in the fluid film, whereas for H¼ 0lm, the highest concen-
tration of protein is in the microwell fluid volume. Within the micro-
well fluid volume, the maximum observed concentration of protein for
H¼ 20lm is 61% lower than that forH¼ 0lm.

Comparatively, for H¼ 500lm, the concentration of protein
within the microwell fluid volume is 74% lower than that for
H¼ 0lm.We conclude that the solute concentration in the microwell
fluid volume and in the bulk of the bottom gel are sensitive to the fluid
film thickness, especially when that thickness is smaller than 20lm for
the configurations studied here [Fig. 1(b)]. Consequently, design strat-
egies to minimize the fluid film thickness are critical in applications
where maintaining a high concentration of solute in the microwell
fluid volume is necessary.

Next, we sought to understand if Ct/C0 is more sensitive to the
partitioning effect of the lid or to the change in D of the GFP in the lid
material. Previous studies point to the hydrogel composition (%T)
having a greater influence on Keq than on D for proteins bovine serum
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albumin (BSA) and RNAse.1 We simulated Keq and D for GFP in dif-
ferent materials: liquid, the bottom gel, the lid gel, and glass. We
assumed a 2-lm fluid film thickness [Fig. 4(d)]. We calculated Ct/C0

(t¼ 15 s) in the microwell fluid volume for each combination of Keq

and D. The simulation data reveal that Ct/C0 is sensitive to both Keq

and D, albeit with a different degree of sensitivity in different regimes.
For low Keq, Ct/C0 is relatively insensitive toD since the protein cannot
partition into the lid gel. However, as Keq increases, Ct/C0 (t¼ 15 s)
drops rapidly. To maintain a constant value of Ct/C0 with increasing
Keq, D must correspondingly decrease. Similarly, as D in the lid mate-
rial increases, Keq must decrease to maintain high Ct/C0. Overall, the
use of a lid composed of a dense gel is effective for high protein reten-
tion to the microwell fluid volume [asterisk on Fig. 4(d)]. Nonetheless,
we can imagine further engineering material properties, such as
decreasing both D and Keq via surface treatments58 and/or decreasing
the effective PA pore size to decrease D of the protein in the lid
material.1

CONCLUSION

Molecular transport through hydrogels has implications in cell
and tissue engineering, drug delivery, and single-cell assays. Here, we
used numerical simulations to determine how the fluid film thickness,
partition coefficient, and diffusion coefficient of GFP in multiple mate-
rials (liquid, dense hydrogel, and glass) dictate the GFP concentration
in microwells. We first measured the fluid film thickness between two
hydrogels of different densities (%T). We found that the application of
a low-permeability or impermeable lid layer mitigates diffusive losses
of proteins from microwells. Further, we find that the microwell pro-
tein concentration is dependent on the fluid film thickness, the parti-
tion coefficient, and the diffusion coefficient. Overall, we generated
a model that provides a framework for how time-dependent protein
diffusion depends on operational parameters.

From our simulations, we determined that the protein concentra-
tion in microwells is sensitive to the fluid film thickness; thus, design
strategies to minimize or eliminate fluid films could result in higher

retention of protein in microwells. To minimize the fluid film thick-
ness, hydrogel properties such as surface roughness, permeability, or
elastic modulus could be manipulated.59 Elastic modulus of gels can be
tuned by changing cross-linking density;60 however, consideration of
how modulating this parameter affects other properties of the gel, such
as molecular sieving, is necessary.

In addition to minimizing the fluid film, material properties of
the lid hydrogel may be modulated to reduce the diffusion coefficient
and/or the partition coefficient of the species of interest in the lid. For
example, modulating protein interactions with the lid layer by altering
the charge16 or hydrophilicity44 presents strategies to tune the partition
coefficient. In-gel diffusivity can be tuned by incorporating other poly-
meric materials such as Poly(ethylene glycol) diacrylate (PEGDA) to
form interpenetrating networks that decrease solute diffusivity.61

Overall, tuning of the hydrogel free volume, obstructions (i.e., rigid or
mobile polymer chains), and interactions with proteins could poten-
tially provide solutions to maintaining high protein concentrations in
microwells or make molecular transport more favorable for the desired
application.

METHODS
Reagents

Acrylamide/bis-acrylamide 30% (w/w) solution, ammonium
persulfate (APS), N,N,N0,N0-tetramethylethylenediamine (TEMED),
imidazole, sodium phosphate, sodium chloride, sodium hydroxide,
sodium deoxycholate, sodium dodecyl sulfate, and Triton X-100
were obtained from Sigma-Aldrich. 10� Tris-glycine was obtained
from Bio-Rad. Tris-HCl, pH 6.8 buffer was obtained from Teknova.
PureProteome nickel magnetic microparticles, 10lm, were obtained
from Millipore-Sigma. TBST was obtained from Cell Signaling
Technologies. Methacryloxyethyl thiocarbamoyl rhodamine B was
obtained from Polysciences. VA-086 was obtained from Wako. N-
[3-[(3-benzoylphenyl)formamido]propyl]methacrylamide (BPMA)
was obtained from Pharm-Agra Laboratories. Silicon wafers were
obtained from WaferNet. SU-8 developer and photoresist

FIG. 4. The protein solute concentration in
the microwell depends on H, Keq, and D
for GFP in various materials, as deter-
mined by numerical simulations. (a) Side-
view schematic of the model for a range of
H values with a lid gel. H was varied from
0 to 500lm. (b) Sensitivity analysis of the
protein solute concentration in the micro-
well at time t¼ 15 s as a function of H,
maintaining constant D and Keq values. As
H increases, Ct/C0 decreases from 0.20 to
0.09, 0.06, 0.04, and 0.03, for H¼ 0, 5,
10, 20, and 50lm, respectively. At
H¼ 20lm, the change in Ct/C0 as a func-
tion of H decreases to 0.03, indicating that
the fluid film begins to act as a semi-
infinite medium. (c) Simulation results
show rapid dilution and diffusive losses of
GFP with increasing H. (d) Contour plot of
Ct/C0 at time t¼ 15 s as a function of Keq
and D for GFP given H¼ 2lm. The aster-
isk indicates conditions where D and Keq
for GFP are consistent with the material.
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(SU-8 3050) were obtained from Microchem. Recombinant Protein
G with His Tag was obtained from Abcam and labeled in-house with
Alexa Fluor 647 NHS ester (Life Technologies). 0.5lm rhodamine-
microbeads (FluoSpheres) were obtained from Life Technologies.
Gel-Slick was obtained from Lonza.

Fabrication of rhodamine-labeled PA gels

“Bottom” PA gels (6 %T, 3.3 %C) were synthesized using 5mM
BPMA and 0.005% (w/v) methacryloxyethyl thiocarbamoyl rhodamine
B. The precursor solution was degassed and pipetted between an
acrylate-silanized microscope slide or the No. 1 coverslip and a Gel-Slick
treated silicon wafer patterned with 40lm SU-8 features, as previously
described.34 PA gels were crosslinked using 0.08% (w/v) APS as the initi-
ator and 0.08% (v/v) TEMED as the catalyst. After 20min of polymeri-
zation, the gels were peeled off the wafer, rinsed with de-ionized water,
and gently dried under a nitrogen stream or stored in 1� TBST solution.
15%T, 3.3%C lid gels containing 0.005% (w/v) methacryloxyethyl thio-
carbamoyl rhodamine B were fabricated using photopolymerization, as
previously described.6 The 500lm thickness of the high density 15 %T
gels was obtained by patterning the gel between two glass plates sepa-
rated by a 500lm thick spacer (CBS Scientific).

Image acquisition

Confocal imaging experiments were conducted on an inverted
Zeiss LSM 710 AxioObserver (Zeiss, Oberkochen, Germany). Images
were acquired at room temperature using a 40� water objective (LD
C-Apochromat 40�/1.1NA W Corr M27, Zeiss) with the correction
collar set for a No. 1 coverslip. Rhodamine-labeled PA gels were fabri-
cated on No. 1 coverslips and imaged using a DPSS-561 laser at 0.25%
power, using the MBS488/561/633 beam splitter and the Zen 2010
software (Zeiss). Z-stack images were acquired with a step size of
0.42lmwith line scanning at x¼ y¼z¼ 0.42lm pixel size.

Widefield epifluorescence images for microparticle imaging were
obtained on an Olympus IX-71 inverted microscope with an Olympus
LCPlanFI 40�/0.6NA) objective and an EMCCD Camera iXon2
(Andor). For microparticle imaging, brightfield microscopy was first
utilized to find the field of view including a microparticle in a micro-
well. Microparticles were then imaged with an exposure time of 50ms
using a Cy5 filter cube (Chroma, 49009) using a time series feature in
MetaMorph (Molecular Devices). Images were collected every 1 s. For
particle tracking, microparticles were imaged using an Olympus
UPlanFi 10�/NA 0.3 objective at an exposure time of 500ms and an
EMCCD Camera iXon2 (Andor).

Numerical simulations

Mass transport of proteins during cell lysis was simulated in
COMSOL Multiphysics 5.3. Input parameters were obtained from the
literature or were experimentally determined. Partition coefficients for
GFP were 0.51, 0.24, and 0.10 for 6 %T PA gel to free solution, 15 %T
PA gel to free solution, and 6 %T PA gel to 15 %T PA gel, respec-
tively.6 The gel lid was 500lm in height, the bottom gel was 30lm in
height, and the microwell was 30lm in height and width. To model
an infinitely extending bottom gel, the widths of the bottom layer, fluid
layer, and top layer were 10 000lm. These geometries were inputted
into a 2D axisymmetric model. The maximum and minimum mesh
element sizes were 30 and 0.3lm, respectively. Initial conditions were

modeled in the Transport of Dilute Species module as a uniform start-
ing concentration of GFP in a 28-lm diameter spherical cell, compris-
ing mostly liquid (liquid). The partition and diffusion coefficients of
GFP in the cell were thus assumed to be those of liquid (Keq,L¼ 1 and
DL¼ 1.691 � 10–10 m2 s�1). The diffusivity of GFP was 4.2 � 10–12

m2 s�1, 3.13 � 10–11 m2 s�1, and 1.691 � 10–10 m2 s�1 in 15 %T gel,
6 %T gel, and liquid, respectively.6 The time step for lysis was 1 s.
Ct/C0 was estimated by taking a volume integral of the microwell at
each 1 s interval and dividing by the volume integral of the microwell
at t¼ 0 s.

For microparticle simulations, the same parameters as above were
used. To simulate what would be measured via widefield microscopy, we
included a 30-lm wide rectangle directly above the microwell to include
the fluid film and lid gel. For the microparticle, we first modeled the spe-
cies of Protein G released from the microparticle and free to diffuse. We
assumed that background-subtracted fluorescence intensity was equiva-
lent to the number of fluorescent particles. The background-subtracted
fluorescence intensity of the microparticle fits the function

y tð Þ ¼ 1135:8 exp �0:037tð Þ: (3)

This fluorescence as a function of time was assumed to be the amount
of protein “bound” to the microparticle. For the free species, the fluo-
rescence was calculated as the difference between C0 and Ct. The flux,
which represents the amount of free protein leaving the microparticle
over the surface area per unit time, of the microparticle was calculated
using the equation

Nfree tð Þ ¼ d y 0ð Þ � y tð Þ
� �

dt
� 1
4pr2

: (4)

An exponential was fit to N(t), yielding

N tð Þ ¼ 44:425 exp �0:037tð Þ: (5)

The final concentration was determined by taking a volume integral of
the free species over the surface of the microwell, including the column
directly above the microwell encompassing the fluid layer and lid gel
and summing to the measured fluorescence [y(t)] of the microparticle.
The summed values were then normalized to the initial summed value.

Concentration profiles for the XZ and XY planes were obtained
using the linear projection operator in COMSOL. To simulate the
region surrounding a microwell, a rectangle of 100lm � 70lm was
utilized. For the contour plot, simulations were run with a 500lm
thickness lid layer using partition coefficients for GFP in glass, lid gel
(15 %T PA gel), and the bottom gel (6 %T PA gel). For each partition
coefficient, the simulation was run with three different diffusion coeffi-
cients for GFP (liquid, the bottom gel, and free solution), for a total of
nine combinations. The protein solute concentration in the microwell
was then obtained at t¼ 15 s and normalized to the initial concentra-
tion (t¼ 0 s). These values were inputted into a contour plot in
MATLAB (R2017a) using the function contour.

Bead tracking in convective flow

Bead tracking was performed as previously described.5,62 Briefly,
0.5lm fluorescent beads (FluoSpheres) were diluted 1:50 000 in phos-
phate buffered saline (PBS). Beads were then pipetted onto hydrated
bottom gels (6 %T PA gels conjugated to glass slides). A lid gel (15 %T
PA gel) was then interfaced to the bottom gel while imaging at an
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exposure time of 500ms with an image acquisition rate of six frames
per second. The velocity of the bead was quantified by measuring the
length of the streak lines caused by the movement of the microspheres
over the exposure period, as described previously.5 These values were
compared with a negative control (no advection, no lid, and no pour-
ing), which resulted in nondetectable velocities (no streaks). The
P�eclet number was calculated as

Pe ¼ L
u
D

(6)

where L¼ 30lm, u is the average measured velocity of the bead,
285lm/s for lid gel or 13,000lm/s for pouring,5 and D¼ 1.691� 10–10

m2 s�1, the diffusion coefficient of GFP in free solution.6

Image processing and analysis

Fluid film thicknesses were determined from confocal images in
a method described by Kuypers et al.37 Briefly, the fluorescence inten-
sity of the XZ profiles was first background subtracted. The thickness
of the fluid film was obtained by determining the “half shoulder”
points, i.e., finding the local minima and maxima and determining the
halfway point. The thickness was calculated as the difference in the
Z-position of the half shoulder points.

Microparticle fluorescence quantification

Microparticle fluorescence was quantified using an in-house
MATLAB script for segmentation of the microparticle. We used a
Canny edge detection approach for segmentation of the microparticle.
After determining the microparticle boundaries and generating a binary
mask, the mask was applied to all images in the time sequence that was
first background-subtracted. The fluorescence was measured as the sum
of all intensity values in the mask region. For microwell quantitation, a
brightfield image was first taken to determine a region of interest (ROI)
encompassing the microwell. The ROI was then used to measure
background-subtracted fluorescence for each image in the time series.

Statistical analysis

Statistical analysis for the two-sample Kolmogorov-Smirnov test
was performed using the kstest2 function in MATLAB. The experi-
mental group was a vector of the mean of four separate trials, and
the simulation group was a vector containing the simulation data.
The null hypothesis was that the data in each vector were from the
same continuous distribution.

Ethics approval

No ethics approval was required for this work.

SUPPLEMENTARY MATERIAL

See supplementary material for microparticle release kinetics and
advection from lid gel placement. Figures S1 demonstrates His-tagged
protein release from Ni-surface functionalized magnetic micropar-
ticles. Figure S2 shows fluorescent bead tracking introduced by place-
ment of a lid gel.
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