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iomolecular transport in cellular envi-

ronments occurs in crowded sur-

roundings where molecular reactiv-
ity and diffusion can be significantly altered
when compared to dilute solution condi-
tions. These changes in physical parameters
are integral to biological function and can
lead to self-organization, controlled reactiv-
ity, and defined flux through molecular
networks."? Gaining the ability to replicate
this functionality will be key for applying
biological design principles to synthetic
constructs. By the prescribed design of spa-
tially restricted environments, micro- and
nanofabrication techniques can facilitate
these efforts. Physical obstacles and pore
structures with precisely controlled loca-
tions and dimensions are routinely fabri-
cated and have been used to differentially
affect the transport of biomolecules. For ex-
ample, sieves,* sifters,” nanochannels,5’
and nanopores® can be constructed and
have been applied for high-resolution sepa-
rations and selective isolations. The sorting
of proteins and nucleic acids,’ the con-
trolled delivery of pharmaceuticals, and the
development of diagnostic devices® 4910
have been demonstrated. Controlled fabri-
cation facilitates the design and modeling
of separation systems, while the robust me-
chanical properties and functional integra-
tion capabilities of silicon-based structures
facilitate the production of useful devices.

Micro- and nanofabricated structures

can also be arranged to form small volume
reaction containers that mimic other as-
pects of biological cells."'~'* Natural cells
use a membrane to encase the cell’s con-
tents' and to regulate transport in and out
of cellular and subcellular domains.”™ Natu-
ral membranes can be specialized and pro-
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ABSTRACT The reaction and diffusion of molecules across barriers and through crowded environments is
integral to biological system function and to separation technologies. Ordered, microfabricated post arrays are a
promising route to creating synthetic barriers with controlled chemical and physical characteristics. They can be
used to create crowded environments, to mimic aspects of cellular membranes, and to serve as engineered
replacements of polymer-based separation media. Here, the translational diffusion of fluorescein isothiocyante
and various forms of green fluorescent protein (GFP), including “supercharged” variants, are examined in a silicon-
based post array environment. The technique of fluorescence recovery after photobleaching (FRAP) is combined
with analytical approximations and numerical simulations to assess the relative effects of reaction and diffusion
on molecular transport, respectively. FRAP experiments were conducted for 64 different cases where the molecular
species, the density of the posts, and the chemical surface charge of the posts were varied. In all cases, the dense
packing of the posts hindered the diffusive transport of the fluorescent species. The supercharged GFPs strongly
interacted with oppositely charged surfaces. With similar molecular and surface charges, transport is primarily
limited by hindered diffusion. For conventional, enhanced GFP in a positively charged surface environment,
transport was limited by the coupled action of hindered diffusion and surface interaction with the posts.
Quantification of the size-, space-, time-, and charge-dependent translational diffusion in the post array
environments can provide insight into natural processes and guide the design and development of selective

membrane systems.
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fluorescence recovery after photobleaching (FRAP)
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vide a host of different functions. Advances
in fabrication technology allow integration
of chemical and physical features across the
nano- and microscales that can provide re-
lated functionality. For example, the de-
fined volume and controlled flux afforded
by natural membranes can be replicated
with synthetic structures to create synthetic
cells or cell mimics.'®"'° Developments re-
lated to the encasing membrane have fo-
cused on refining size selectivity and are ad-
vancing toward adding chemically selective
functionality."?°~2* Adding dynamic prop-
erties to such membranes and separation
systems is also possible.?2242° The refine-
ment of multiscale structures with different
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Figure 1. Schematic of postarray structures. (A—F) Diagram of the microfabrication process viewed in cross section; (A) post
pattern is defined in photoresist using electron beam lithography; (B) Cr evaporation and lift-off Cr; (C) photolithographic
definition of the microfluidic channels; (D) deep RIE process is applied using Oxford Plasmalab 100 to define the microchan-
nels; (E) photoresist and Cr are chemically removed; (F) silicon dioxide coating is applied using PECVD. (G) Sketch of half of
the wafer which consists of 4 fluidic devices, each containing a pair of channels. (H) Sketch of a microchannel device with the
embedded post arrays and electron micrographs of the post arrays of 200 nm nominal diameter posts, where their pitches
are 400, 500, 600, 700, and 800 nm. (I) Sketch of post distribution, diameter, and pitch.

physicochemical features will be essential to realizing
biological design principles.

Whether crossing a cellular membrane or transport-
ing across a cell, diffusion can play a crucial role in the
movement of molecular species. Being a passive pro-
cess, diffusion does not require the input of energy yet
can be an effective means for transport and mixing in
small volumes such as the cell.2*?” When considering
the diffusion of intracellular molecules/particles in a
complex biological environment, molecular transport
is generally classified into two categories; “Fickian” type
diffusion (D,) and/or hindered diffusion (D;,). Hindered
diffusion results when molecular crowding, immobile
molecules/barriers, and/or molecular binding interac-
tions effectively reduce the magnitude of the diffusion
coefficient below the value predicted by the
Stokes—Einstein equation. Interpreting hindered diffu-
sion in the complex environment of the cell can be a dif-
ficult task. Further, particle hydrodynamics can change
significantly when the diffusing species approaches
other objects, such as in the crowded molecular envi-
ronment of a cell.?732 In general, the intracellular diffu-
sion of proteins, vesicles, and/or molecules is hindered
(see Figure ST in Supporting Information) and integral
to the operation of cellular processes.>* Replicating
these characteristics in synthetic systems may reveal a
deeper understanding of biological processes as well as
a means for exploiting such environments for applied
uses.

To gain a better understanding of reaction and dif-
fusion within crowded synthetic material systems,
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etched silicon post structures of different diameter, pe-
riodic spacing, and surface functionality were prepared
and investigated for their ability to hinder diffusion of
molecular species of different sizes and charges. The
post structures are mechanically stable, and the diam-
eters of the posts as well as their location can be pre-
cisely controlled. Additionally, the post diameters can
be further tailored using plasma-enhanced chemical va-
por deposition (PECVD)3* and the chemical characteris-
tics of the post array surfaces modified through silane
chemistry. Hindered diffusion of enhanced and “super-
charged” GFP as well as the small molecule fluoroscein
isothiocyanate (FITC) in a silicon-based post array envi-
ronment was quantified using fluorescence recovery af-
ter photobleaching (FRAP).3®* FRAP is a powerful
method for characterizing diffusion in a microscale
region-of-interest (ROI) and for measuring diffusive
transport rates in complex nanoscale environments. Ex-
perimental results are compared with the results of fi-
nite difference simulations to predict diffusion and ana-
lytical approximations to quantify binding interactions
with the posts. This combination of quantitative mea-
surement and computational simulation ultimately en-
ables the interpretation of how molecular characteris-
tics and device design parameters affect mass transport
in synthetically crowded environments.

RESULTS AND DISCUSSION

Physical Characteristics of the Post Arrays. The etched post
arrays, shown in Figure 1, were prepared at a variety of
diameters and pitches so as to evaluate the effects of
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TABLE 1. Diameters of Posts and Experimental Matrix?

case dy [nm] d; [nm] dy [nm]
PAI1 50 217.0 417.0
PAL_2 100 303.8 386.0
PAL_3 200 319.7 4115
PA1_45 200 3322 472.0
PAII_1 50 215.0 426.0
PAII_2 100 2470 464.0
PAIL_3 200 363.3 510.3
PAI_4 200 276.8 310.7
PAII_S 200 337.5 487.2

et [nm] eGFP and FITC —30GFP +36GFP

297.0 X

336.7 X

356.4 X

388.1 X X
299.4 X

333.8 X

4221 X

290.4 X

397.4 X

“Post arrays (PA) | and Il represent cell mimic membranes coated with silicon dioxide and 3-aminopropyltrimethoxysilane, respectively. d,, d,, dy, and de represent the
nominal diameters of the posts, the diameters at the top of posts, the diameters of the bottom of posts, and the effective diameter considering appropriate geometric con-

ditions, respectively.

surface area and volume on diffusive transport. In-
creases in surface area and occupied volume should en-
hance the influence of adsorption and molecular exclu-
sion on transport processes, respectively. To facilitate
experimental measurements, different pitches of a par-
ticular post diameter were prepared within a single 200
pm wide microfluidic channel. This allowed rapid as-
sessment of post geometry while minimizing differ-
ences in experimental conditions. A single wafer con-
tained 16 identical fluidic devices. Different post
diameters were prepared using a separate set of masks
and wafers due to changes in etching conditions re-
quired to prepare high aspect ratio posts of different di-
ameters. While there was a uniform size distribution of
diameters (less than 5.6% variation) and pitches for
posts observed in a single wafer, some wafer to wafer
variation was observed. To ensure accurate interpreta-
tion of experimental results, the post diameters were
measured by SEM before and after experiments. The
gap (pitch) between posts was also checked by SEM
and with polystyrene fluorescent particles using microf-
luidics (Figure S2 in Supporting Information).

Table 1 displays the nominal and measured values
for the different post geometries used in the experi-
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ments described below. Post arrays (PA) | and Il repre-
sent post arrays coated with silicon dioxide (SiO,) or fur-
ther coated with 3-aminopropyltrimethoxysilane (3-
APTMS), respectively. Thus PA | structures have
negatively charged surfaces, while PA Il structures have
positively charged surfaces at neutral pH. The d, is the
nominal, designed diameter of the posts and was either
50, 100, or 200 nm. After etching and oxide deposi-
tion, the post diameters were measured and d; and dj,
are the average top and bottom diameters of the posts,
respectively; degs is the average of these values and was
used as the effective diameter for simulations. The 50
and 100 nm nominal diameter posts were arranged at
four different pitches of 400, 500, 600, and 700 nm. The
200 nm diameter posts were arranged at pitches of
500, 600, 700, and 800 nm. This resulted in 12 different
post densities with two different surface characteristics.
The resulting density of the posts ranged from 7.8
posts/pum? for the most crowded environment to 1.8
posts/um? for the least crowded environment. This cor-
responds to an occupied cross-sectional surface area
(OCSA) of 65 to 12%. For reference, the values for
crowding in bacterial cells can range from 20 to 30%.%°
Figure 2a displays the range of OCSAs for the structures
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Figure 2. Physical dimensions: (a) percent of estimated OCSA and (b) cylindrical SAs of posts in the post array (100 x 100

pm?).
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Figure 3. Qualitative assessment of molecular diffusion in post array structures. (a) Selected exemplary FRAP data of FITC for ex-

treme conditions of OCSA (V on SiO, with OCSA of 20.9%, A on SiO, with OCSA of 64.3%, ¥ on 3-APTMS with OCSA of 20.6%,A on
3-APTMS with OCSA of 63.2%). (b) FRAP curves of eGFP for extreme conditions of SA (V on SiO, with SA of 0.07 mm?, A on SiO, with
SA of 0.214 mm?, ¥ on 3-APTMS with OCSA of SA of 0.07 mm?, A on 3-APTMS with SA of 0.212 mm?). (c) Supercharged proteins

on oppositely charged surfaces (O +36GFP on SiO,, V —30GFP on SiO,, ® +36GFP on 3-APTMS, ¥ —30GFP on 3-APTMS). Note that
filled symbols represent 3-APTMS-coated surfaces, while empty symbols represent silicon dioxide surfaces. For clarity, symbols rep-
resent every fifth data point.

that were evaluated. Figure 2b displays the estimated
surface area (SA) that results from the post patterns. The
posts lead to surface areas on the order of 6—21 times
(for larger and smaller pitches, respectively) greater
than the planar surface (100 wm X 100 pwm) from which
they were prepared. The gap spacing between the
posts ranged from approximately 60 to 430 nm.
Qualitative Assessment of Molecular Diffusion in Post Array
Structures. The diffusion of relatively small and large mol-
ecules was examined by FRAP in these structures, as
summarized in Table 1. Three different variants of GFP
were considered in this study. In addition to enhanced
green fluorescence protein (eGFP), which has a net
charge of —7, supercharged GFPs with a net charge of
—30 and +36 were also evaluated.’” These proteins
should accentuate potential electrostatic interactions
with the post structures. FITC was used as a small mol-
ecule comparison. Figure 3 shows selected FRAP recov-
ery data for FITC (Figure 3a), eGFP (Figure 3b), and the
supercharged GFP variants (Figure 3c) on SiO, and
3-APTMS surfaces. The post array environments used
for these experiments correspond to fairly large differ-
ences in post array density and are the circled values
shown in Figure 2. These conditions represent extreme
values of OCSA and SA and allow for qualitative assess-
ments of the effects of OCSA and SA on molecular dif-
fusion. The FRAP experiment consists of three primary
steps. A brief prebleaching step is used for subsequent
normalization of the fluorescent signal and utilizes low
laser power to avoid unnecessary photobleaching. The
bleaching step uses maximal laser intensity and is used
to bleach the fluorophore present in a defined region
of interest. The postbleaching (recovery) regime uses
the same reduced power as the prebleaching step and
is monitored at appropriate time intervals until the fluo-
rescent signal has recovered. For the experiments re-

A“t%\&) VOL.4 = NO.6 = CHOI ET AL.

ported here, the maximum frame acquisition rate of 1
kHz was used for data collection, resulting in the mini-
mum time interval of 406 ms between data points. Each
data point is normalized by dividing its intensity with
the average intensity measured during the prebleach-
ing process. The shape of the curve in the recovery re-
gion is indicative of the diffusion rate.

In general, a maximum fluorescent bleaching of
only 25 to 50% was observed in the post array environ-
ments. This can be attributed partially to the diffusion
of mobile fluorophore back into the region of interest
during the bleaching process. The reduced bleaching in
the post array environment is also likely due to optical
interferences with the subwavelength patterns of the
post array structures. Nevertheless, sufficient bleaching
was obtained to allow for interpretation of diffusion
rates. In many cases, incomplete recovery of fluores-
cence after the photobleaching step was also observed.
The majority of the FRAP curves shown in Figure 3
show on the order of 89—96% recovery of the fluores-
cent signal, while the experiments involving super-
charged GFP, in environments with oppositely charged
surfaces (Figure 3c), show even less recovery (on the or-
der of 75—78%). The fraction of fluorescence signal that
does not recover likely corresponds to immobilized flu-
orophore. This immobilized fluorophore may be bound
to the post array surface and remains bound after
bleaching. Alternatively, mobile fluorophore that be-
comes bleached may become immobilized.

As expected, the diffusion-based recovery of the
smaller FITC molecules (hydrodynamic radius = 0.54
nm) is faster than the larger GFP molecules. Shown in
Figure 3a are FRAP data for FITC in post array environ-
ments for two extreme cases of occupied area. The re-
covery portion of the curve appears to be largely insen-
sitive to the post array density. Also shown are
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(a) -30 GFP

Figure 4. SEM images of post arrays after experiment for (a)
cating the post arrays in deionized water.

fluorescence recovery data for FITC in array environ-
ments with similar occupied areas but different surface
charges. For the positively charged 3-APTMS surface,
the fraction of immobile fluorophore is larger than that
of the native SiO, surfaces. This is consistent with an
electrostatic interaction between the negatively
charged FITC and the positively charged silane-treated
surface.

FRAP recovery data for eGFP are shown in Figure
3b. The post geometries and surface charge environ-
ments are similar to those described for the FITC experi-
ments. As with the FITC recovery curves, there is, at
most, only a mild affect of occupied area or surface area
on the fluorescence recovery data. The eGFP does show
a gradual fluorescence recovery when compared to
FITC, indicating slower diffusional transport. The eGFP
has a net charge of —7, and the fluorescence recovery
is even more gradual for surfaces coated with 3-APTMS
when compared to the native silicon dioxide surfaces.
This is consistent with electrostatic interaction between
the molecule and the positively charged surface and
the possibility that binding interactions further affect
the transport process. The fraction of immobile fluores-
cence signal also increases with complementary
charges, further supporting the observation of interac-
tions between the molecule and the surface.

The importance of charge—charge interactions in af-
fecting transport is further exemplified in the FRAP ex-
periments that involve the supercharged GFPs. Figure
3c shows selected FRAP experimental data for super-
charged proteins (+36GFP and —30GFP) on the SiO,
and the 3-APTMS surfaces with similar surface areas and
volume crowding. For supercharged GFPs with the
same charge as on the surface, there is a relatively fast
recovery when compared to supercharged GFPs with
charges opposite to that of the surface. For situations
with complementary charges, there is a substantial im-
mobile fraction when compared to the supercharged
proteins with like charges to the surface or to situations
involving FITC or eGFP. This can be attributed to the sig-

www.acsnano.org

(b) +36GFP

—30GFP and (b) +36GFP on the 3-APTMS surface after soni-

nificant surface charge of the supercharged molecules.
The strong electrostatic attraction between the super-
charged protein and the oppositely charged surface is
supported by postexperiment electron micrographs of
the surfaces, as shown in Figure 4. The native oxide sur-
faces show significant surface coatings when com-
pared to the positively charged post surfaces after ex-
posure to the negatively supercharged GFPs.

Quantitative Assessment of Reaction and Diffusion in Post
Array Structures. Figure 5 shows a model fluorescence re-
covery curve that is representative of a typical curve ob-
served in this work. Select parameters that can be de-
rived from the curve are superimposed over the
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Figure 5. Model representation of a typical fluorescence recov-
ery curve. A relatively strong binding interaction can reduce the
post recovery, FRAP intensity below the prebleach intensity due
to a bound and bleached molecular fraction (Cy.n). The rate of
fluorescence recovery was found to be dictated by a relatively
weaker binding interaction. Extrapolation of this bound fraction
(Ceq) could be estimated by fitting the portion of the recovery
curve affected by binding to a binding model. F, represents
the mobile fraction of molecules in equilibrium with this
bound state.
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Figure 6. Diffusion-dependent fluorescence recovery vs post
pitch for FITC and eGFP. Experimental data are shown as
the hatched lines, and simulated data are shown as the solid
curves. The reduction in the diffusion coefficient (%red)
due to the occupied volume by posts is shown superim-
posed over the figure in tabular form. The value of the hin-
dered diffusion coefficient (D;,) and the standard deviation
(o) in this value are also shown. The FRAP simulations were
conducted using the combined approach of a random walk,
particle tracking simulation, and a finite difference solver.

schematic and described in detail in the Methods sec-
tion. The treatment described by Sprague et al.>® was
used in the following analyses. For the described FRAP
experiments, a tightly bound fraction was observed in
specific cases (opposite surface and molecule polarities)
that did not recover in response to photobleaching.
This bound fraction is labeled as Cy,« in the figure. How-
ever, the rate of fluorescence recovery was found to

be governed by a much weaker binding state that did
recover over the course of a typical FRAP experiment (t
~ 60 s). The best fit of the time-dependent fluores-
cence intensity to this region was used to extrapolate
back to t = 0 s, the termination of photobleaching, in
order to determine the fraction of fluorescence due to
bound (Ceq) and unbound (Fq) molecules within the
bleach ROI. From these fits, a value for k., the off-rate
for the binding interaction, could be determined.

Pure Diffusion Dominant Behavior. The particle tracking
simulation, coupled with the finite difference method,
made it possible to estimate the reduction in the diffu-
sion coefficient from D, to Dy, that occurs due to

changes in molecular species and post array dimen-
sions. Figure 6 shows a cluster of experimental FRAP
curves (hatched lines) for both FITC (blue traces) and
eGFP (red traces) as well as for a host of array dimen-
sions. In cases where the post array dimensions were
changed, the post diameter was fixed at der = 356 nm,
while the post spacing was changed. Finite difference
simulation results are shown as the solid curves with the
post pitch for each experiment labeled on the figure.

Fluorescence recovery profiles were found to be
mostly insensitive to changes in pitch for the pitch
range of 500—800 nm. For example, Figure 6 shows
that fluorescence recovery curves actually overlap in
places for experiments conducted at the extreme val-
ues of pitch range (i.e., 500 and 800 nm), due to the
noise in the fluorescence recovery curves. This result
was confirmed by finite difference simulations of diffu-
sion that predicted the observed difference in fluores-
cence recovery for extremes in post pitch. Thus, the re-
sults presented in Figure 6 suggest that pure diffusion
dominant behavior dictated fluorescence recovery.

The superimposed table within Figure 6 summarizes
the estimated change in Dy, derived from the simula-
tions. As expected, GFP diffusion is slower than that ob-
served for FITC, in accord with the increase in molecu-
lar size. Regardless of the type of molecular species,
diffusion was reduced by 73% for a post pitch of 500
nm and by ~59% for a pitch of 800 nm. In the case of
eGFP, D, = 23 pm?/s (pitch = 500 nm) and D, = 36
wm?/s (pitch = 800 nm) are reduced from the in vitro
value of D, = 87 um?/s in water. These values are con-
sistent with those reported for GFP in the biological
cell.® This observation implies that posts of these di-
mensions could serve to replicate diffusive behavior in
cell-like environments, independent of the containment
volume.

Reaction Dominant Behavior. For supercharged GFP vari-
ant diffusion in a like surface charge environment, the
majority of fluorescence recovery can be attributed to
mobile protein as judged by the high value observed
for Feq (Table 2). Figure 7 shows the rapid rate of recov-
ery observed for both the (+36)GFP/(+)3-APTMS and
(—30)GFP/(—)SiO, cases. Further, nearly full fluores-
cence recovery is observed, and interactions with the
posts do not significantly alter the recovery. (There is a
weak binding interaction observed for all GFPs tested,

TABLE 2. Binding Parameters Obtained from Numerical Simulations®

(+36)GFP/(—)Si0, (+36)GFP/(+)3-APTMS
kot [ 6.90 X 1072
kon* [s7'] 460 X 1073
Feg [0-1] 0.17 0.97
Cy[0-1] 0.83 0.03
Gk [0-1] 0.20 0.04

(—30)GFP/(+)3-APTMS (—30)GFP/(—)si0, (—7)GFP/(+)3-APTMS

3.92 X 1072 1.01 X 107"
7.50 X 1073 250 X 10"
0.12 0.98 0.78

0.88 0.02 0.22

0.19 0.06 0.14

“Molecule —post binding parameters for select interaction pairs determined by fitting experimental results to an analytical expression describing fluorescence recovery gov-

erned by binding.
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regardless of charge.) For FRAP experiments involving
eGFP and the positively charged post surface,
protein—surface interactions clearly dictate the rate of
the fluorescence recovery (Figure 7, green curve). For
this pair, a bound fraction of 0.22 is obtained for Cq, im-
plying that a significant proportion of GFP molecules
are interacting with the posts, consistent with the ex-
pected electrostatic interaction. This value is between
that determined for the supercharged GFPs in like and
oppositely charged surface environments (discussed
below), consistent with the lower net charge (—7) on
the eGFP molecule. Further evidence for electrostatic
binding is seen in the values for Cy,«. For a fixed sur-
face coating of 3-APTMS, the steady-state dark fraction
reduces from a value of 20% for the —30GFP to 14% for
eGFP. This is consistent with the bound fraction being
proportional to the magnitude of the electrostatic at-
traction. For eGFP in a positively charged surface envi-
ronment, reaction with both the surface and hindered
diffusion contributes to the recovery process; the re-
lease rate of ko = 0.101 s~! obtained from the simula-
tion yields a characteristic recovery time of 1/0.1 = 10s,
which is on the order of the anticipated recovery time
for diffusion At = (dro?)/(4Dy) ~ 7 s. These values im-
ply that an eGFP molecule releases from the surface af-
ter ~10 s, which is on the order of the time required
to diffuse through the region of interest. Therefore,
both reaction and diffusion contribute to the observed
fluorescence recovery rate.

For supercharged GFPs in environments where the
post structures were of like charge to the diffusing spe-
cies, similar diffusion coefficients were observed. Dy, =
25 + 2.4 um? s~ was determined for de; = 388 nm and
a pitch of 500 nm and a D, = 36 = 0.3 um?s~ ' for a
pitch of 700 nm. These values are the same, within er-
ror, as those obtained for eGFP and show an insensitiv-
ity of the GFP diffusion coefficient to charge repulsive
environments. In these cases, diffusion of mobile spe-
cies dominates the recovery process, with greater than
97% of the fluorescence recovery attributable to diffu-
sion of mobile species back into the region of interest,
as indicated by the values for F.q. This is in sharp con-
trast to the opposite polarity, molecule —surface pairs.
In these cases, only 17% of fluorescence recovery can
be attributed to diffusion for the +36GFP/—SiO, pair
and 12% for the —30GFP/+3-APTMS pair, respectively
(Table 2). Thus, the bound fraction in these cases is
much greater for surfaces and species with opposite po-
larity, consistent with the expected electrostatic
interaction.

Complete fluorescence recovery to the prebleach in-
tensity value was not achieved for oppositely charged
protein—surface pairs. This is commonly attributed to a
strong binding state, such as the electrostatic interac-
tion expected here. Twenty percent of the total fluores-
cence (total concentration) is bound in this state for
the (+36GFP/—Si0,) pair and 19% for the (—30GFP/3-
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Figure 7. Experimental FRAP curves (data points) and ana-
lytical fits to the data points where the recovery was dictated
by binding (solid lines). The superimposed blue line also
shows an example of the best fit of simulation to the portion
of the fluorescence recovery data dictated by molecular diffu-
sion. The data represent the extreme cases of pure diffusion
dominant behavior (for protein—surface pairs of matched po-
larity favoring dissolution) and reaction dominant behavior
(for protein—surface pairs of opposite polarity favoring bind-
ing).

APTMS) pair (these values are listed as Cyak in Table 2).
Fluorescence intensity recovery saturated at the level of
steady-state fluorescence at ~70 and ~160 s, as mea-
sured from the termination of the photobleaching se-
quence, for the (+36GFP/—SiO,) and (—30GFP/3-
APTMS) binding pairs, respectively. In fact, fluores-
cence recovery remained at this relatively low steady-
state recovery level for the maximum observation time
of days, indicating that k. approaches 0 for these inter-
actions. This phenomenon can be attributed to bond-
ing of charged GFP to the post surface that is bleached
in place during the photobleaching phase of FRAP (or
to bleached molecules that become immobilized).
These bleached and strongly bound molecules fail to
exchange with unbleached molecules during the recov-
ery phase, thereby limiting the steady-state fluores-
cence recovery to a value below that of the prebleach
phase. Therefore, the process of binding and release
from the surface is too slow to effectively contribute to
the recovery process.

CONCLUSIONS

Advanced fabrication techniques facilitate the pro-
duction of environments with defined surface areas
and crowding elements. Arrays of high-density posts
with diameters ranging from approximately 300 to 400
nm were fabricated and demonstrated to act as syn-
thetic crowding elements that reduced the diffusive
transport of engineered proteins and small fluorescent
molecules. The diffusion coefficients of FITC and GFP
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are reduced in these silicon post environments. This re-
duction is on the order of 60—70% when compared to
the diffusion coefficient in dilute solution. This result in-
dicates that the diffusion property can be manipulated
over a significant range via synthetic crowding.

The effect of reactions with the surface of the post
structures on diffusion of these species was also inves-
tigated. The posts could be chemically functionalized
using a silane reagent to change the net surface charge
of the posts. Supercharged variants of GFP provided a
convenient means for examining the effect of electro-
static interactions on diffusive transport. The protein
variants possessed significantly different net charges
while maintaining other important physical properties,
such as fluorescence characteristics and molecular
weights, facilitating comparative analyses. These pro-
teins were used to demonstrate that surface reactivity
could be tuned to affect transport processes. When the
time for molecular binding and release is on the same

METHODS

Device Fabrication. Post arrays integrated in microfluidic chan-
nels were created using a combination of electron beam and
photolithographies along with cryogenic silicon etching. An
overview of the fabrication process is shown in Figure 1. Elec-
tron beam lithography (EBL) was used to define the location and
size of the post arrays. ZEP520A (ZEON Corporation, Tokyo, Ja-
pan) resist was coated on (100) silicon wafers at 6000 rpm for
45 s and baked at 180 °C for 2 min. Exposure was carried out in
a JEOL JBX9300FS electron beam lithography system at an en-
ergy of 100 kV, and appropriate doses were chosen to achieve
the desired post diameter. E-beam exposed wafers were devel-
oped in xylenes for 30 s, rinsed with isopropyl alcohol (IPA), and
then dried with N, (Figure 1A).

After “descumming” samples for 6 s at 100 W in an oxygen
plasma, a 15 nm thick film of Cr was deposited using a dual
gun electron beam evaporation chamber (Thermionics, Port
Townshend, WA). Conventional lift-off processing was per-
formed to remove the majority of the Cr film, leaving Cr disks in
the previously exposed regions of the sample (Figure 1B). These
Cr patterns serve as a hard etch mask during cryogenic etching,
ultimately defining the size and location of the post arrays.

Prior to etching, photolithography was used to define the mi-
crofluidic channels. Samples were precoated using an adhesion
promoter and spin-coated with a negative tone photoresist,
NFR0O16D255cP (JSR Micro Inc., Sunnyvale, CA), at 6000 rpm for
45 s. After soft baking at 90 °C for 90 s, the previously patterned
nanopost features were aligned to the microchannel optical
mask and exposed. A postexposure bake at 90 °C for 90 s was fol-
lowed by development in MICROPOSIT MF CD-26 Developer
(Shipley Company, Marlboro, MA) for approximately 20 s. After
rinsing with DI water and drying with N,, the wafer was baked on
a hot plate at 180 °C for 3 min and was exposed to an oxygen
plasma at 400 W for 30 s to remove any residual organic materi-
als (Figure 1C).

A cryogenic silicon etching technique carried out in an Ox-
ford Plasmalab 100 inductively coupled plasma reactive ion etch-
ing system was employed to simultaneously etch the microchan-
nels and the posts. This process exposes samples to SFs and O,
plasma at —110 °C. A flow rate of 18, 19, and 20 sccm of O, was
introduced for 200, 100, and 50 nm nominal diameter posts, re-
spectively. An etching time of 2 min provided approximately 6
wm of etch (Figure 1D).

The resist was stripped using a solution of 1165 at 70 °C for
approximately 30 min. The wafers were washed and dried in a
spin cleaner. Cr was removed by soaking the wafers in a Cr

order as the time required for diffusive transport at the
scale being examined, both reaction and diffusion con-
tribute to species transport. This situation was ob-
served for FRAP experiments involving eGFP in post ar-
ray environments that were coated with an amine-
terminated silane. In the extreme cases when the
surface charges of the protein and post surface are
alike or when the binding affinity is strong, the fluores-
cence recovery is primarily due to diffusion of the mo-
bile element. In designing transport systems, such bind-
ing interaction rates are often unknown and can be
difficult to characterize when surfaces are involved. The
technique of FRAP combined with simulation provides
a convenient means for interpreting values for binding
and release rates and for hindered diffusion values. This
information is valuable for the design of effective sepa-
ration systems and microscale reaction systems and
for interpreting the physical variables that affect cellu-
lar transport mechanisms.

etchant for 3 min, followed by thorough rinsing with DI water
and drying with N, (Figure 1E).

A plasma-enhanced chemical vapor deposition (PECVD, Ox-
ford Plasmalab 100) technique was used for coating the struc-
tures with silicon dioxide. A 2 min process resulted in a coating
of 50—60 nm on the side wall of vertical posts and 100—120 nm
on surrounding horizontal surfaces. PECVD coating of silicon di-
oxide on post arrays increased the occupied volume of the post
arrays, decreasing the gap distance between the posts. Scanning
electron microscopy (SEM) images of the structures are shown
in Figure 11 and were captured at § = 15°.

The net charge of the post array surface coated with silicon
dioxide using PECVD is negative at neutral pH (Figure 1F).%* In or-
der to positively charge the post surfaces, the posts were func-
tionalized with 3-aminopropyltrimethoxysilane (3-APTMS) by va-
por deposition. Ten microliters of N,N-diisopropylethylamine
and 30 pL of 3-APTMS were separately administered into a N,-
purged desiccator, and after 2 min of N, flow, the samples were
left for 2 h.

Sample Preparation: Proteins and FITC. Enhanced green fluores-
cent protein (eGFP) and +36 and —30 supercharged GFPs were
purified using a modification of a previously described method.”
Briefly, the pDEST17-eGFP vector encoding the enhanced GFP
tagged with 6x-His from a T7 promoter and the pET expression
vectors encoding the supercharged GFPs were transformed into
BL21(DE3)pLysS competent cells (Invitrogen). The transformed
cells were grown to an optical density (OD) of 0.8 in 100 mL of
Luria—Bertani (LB) broth media at 37 °C, and 1 mM IPTG
(isopropyl-B-p-thiogalactopyranoside) was added to induce ex-
pression of the enhanced and the supercharged GFP proteins.
Following 4—6 h of induction, the cells were collected by cen-
trifugation and resuspended in lysis buffer (20 mM Tris-HCl, 1 M
NaCl, and 5 mM imidazole; pH 7.5). Cells were lysed by sonica-
tion, and the 6x-His-tagged proteins were purified by HIS-Select
nickel affinity gel (Sigma) according to the manufacturer’s in-
structions. The purified proteins were exchanged into the final
buffer (50 mM potassium phosphate buffer, 100 mM NacCl; pH
7.5) by using Amicon Ultra-15 centrifugal filter units (Millipore).
The His-eGFP protein was diluted to a final concentration of 26.3
.M, and the final concentrations of the supercharged proteins
were 20 wM for +36GFPs and 46 wM for —30GFPs, as estimated
by absorbance at 280 nm (extinction coefficient = 17330 M’
cm™ ). Samples were further analyzed by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) (data
not shown). The working solution of 200 M FITC was prepared
in 1 mM NacCl.
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Preparation of Microfluidic Channel with Embedded Post Arrays. Trans-
parent polydimethylsiloxane (PDMS, Sylgard 182 silicone elas-
tomer base, Dow Corning) was used to seal the top of the micro-
channel device. Five milliliters of a 10:1 mixture of Sylgard 184
silicon base to curing agent was prepared in a Petri dish (100
mm). The mixture was degassed for approximately 15 min and
then baked in an oven at 70 °C for approximately 1 h. After the
baking process, it was cut into pieces in the shape of the chip,
and two holes were created at the end of the channel for reagent
reservoirs. After filling the channel, these holes were blocked
with Valap in order to remove unintended flow that could inter-
fere with the diffusion measurements.

FRAP Experiment. A Leica TCS SP2 scanning confocal micro-
scope was employed to perform the FRAP experiments. This mi-
croscope is equipped with a 50 mW 488 nm Ar* laser, a long
working distance dry objective (PL FL 63x/0.7, Leica), a tunable
acousto-optical beam splitter (AOBS, Leica), and a dichroic mir-
ror. Other parameters related to FRAP experiments are summa-
rized as follows: 488 nm excitation wavelength, 495—600 nm
emission wavelength, time-dependent xy scanning mode, 256
X 256 pixel scan, 4X magnification, frame acquisition time of 1
kHz, and bidirectional scanning. FRAP experiments were per-
formed in “fly” mode and used 3, 5, and 70 image acquisitions
for the prebleaching, bleaching, and postbleaching modes dur-
ing FRAP, respectively. The bleached region-of-interest (ROI) was
circular with dimensions of 15 wm diameter.

Simulation and Modeling. A reaction considering a single bind-
ing interaction was used to model the protein/post surface inter-
action for the purpose of simulation

F+S<C (1)
where F, S, and C are the concentrations of mobile protein, un-
occupied binding sites, and bound protein, respectively. The no-
menclature of the variables in eq 1 was selected in order to
match that described by Sprague et al.*® in their treatment on
the analysis of binding reactions by FRAP. For the FRAP experi-
ments reported here, both reaction dominant and pure diffusion
dominant behaviors were observed. The treatment described
by Sprague et al.>® to model reaction dominant behavior was also
implemented here, although a different Monte Carlo based par-
ticle tracking approach was used to simulate the pure diffusion
dominant case. In the ensuing discussion, it is important to note
that fluorescence intensity is directly proportional to concentra-
tion and thus

- 1
IIROL D = A, X 5 j; j; Gy, y, idxdy %)

indicating that the intensity at each time node during FRAP re-
covery is taken as the average concentration in a predefined ROI
of dimensions x and y. Fluorescence recovery was reported with
the intensity normalized to the prebleach, average intensity
and thus /(ROI,t) fell within the range of (0—1).

Reaction Dominant Fluorescence Recovery. Purely reaction domi-
nant fluorescence recovery behavior has been observed by Kauf-
man and Jain,*' Bulinski et al.,** and Sprague et al.3® in cellular
scale environments and is represented by the following
expression

Kofit

I(t) = Imax - (Imax - Imin)e7 (3)
where I, is the maximum fluorescence intensity at full recov-
ery, Inin is the intensity just after completion of photobleaching,
and ko is the off-rate for the binding interaction (the inverse of
koff is the mean residence time, in this case, of a bound protein on
the functionalized Si post surface). It is important to note that
eq 3 reduces to that reported as eq 11 in Sprague et al.?® for re-
action dominant behavior by dividing eq 3 by /max and Ceq = (Imax
= Inin)/fnax-

Ceq is the concentration of bound molecules at equilibrium.
All experiments reported in this work were conducted under
Ceq conditions. It is important to note that even during the pho-
tobleaching and recovery phases of FRAP that C.q remains con-
stant but partitioned between (bound/bleached) and (bound/

www.acsnano.org

unbleached) molecules

*
kon

Ceq = Cbleached + Cunbleached = k* + k
on off

(4)

kon® is an effective on-rate describing the protein/post interac-
tion and is used in place of ko, under circumstances where the
binding site concentration (Seq) is unknown (i.e., kon* = kon X
Seq)- 38 This is the convention used here considering that the num-
ber of binding sites on the SiO, and 3-APTMS-coated post sur-
faces were unknown. Fq represents the equilibrium concentra-
tion of mobile protein.

The best fit to eq 3 to the recovery data was used to extrapo-
late back to t = 0 s, the termination of photobleaching, in order
to determine the fraction of fluorescence due to bound (Ce), and
unbound (Fe,) molecules within the bleach ROI. This was deter-
mined by modulating /max Imin, and kor and implementing the
sum-of-the-squares fitting method to determine the best fit so-
lution. In addition, the data range for the fitting procedure was
also modulated during the data fitting process (t,:At:ty, ty:At:ty,
etc.). This procedure acted to exclude the initial acquisition steps,
data that included primarily diffusion-based information where
mobile and bleached molecules rapidly existed within the ROI.
Indeed, it was found that the best fit solutions always excluded
the initial data points.

Pure Diffusion Dominant Behavior. A particle tracking method
was used to simulate the diffusion of a collection of point par-
ticles representing virtual GFP and FITC molecules in a virtual
post environment. The simulation best emulated real experi-
ments by importing scanning electron microscope images of ac-
tual post arrays into the simulation environment. Further details
of the simulation technique are provided in the Supporting Infor-
mation. Figure S1 shows the predicted change in the diffusion
coefficient as a function of time by simulation for the diffusion
of eGFP in an environment consisting of a 2D hexagonal array of
posts. This figure illustrates why the time-independent hin-
dered diffusion coefficient is anticipated to affect fluorescence
recovery during the acquisition time of photobleaching experi-
ments reported in this work. Briefly, an initial guess is made for
the time-independent diffusion coefficient of the molecule of in-
terest (D,) and the simulation is initiated. As the walk progresses,
the volume occupied by the post rapidly reduces the value of
D, to a lower steady-state value of D;.. The actual value of the dif-
fusion coefficient is derived from the simulation for four specific
directions in the xy plane including Dy, D,y, Dy, and D,,. However,
little difference in magnitude between these values was ob-
served for the post arrays reported here due to the hexagonal
symmetry of the posts and the large size of the photobleached
ROl relative to the post pitch. Thus, Dy, is reported for the purpose
of brevity and is computed as a simple average of the four de-
rived D values. However, in the finite differencing simulation de-
scribed next, the Dy, Dyy, Dy, and Dy, values were used for input.

A finite differencing scheme emulating fluorescence recov-
ery by solving the time-dependent parabolic diffusion equation
was then executed using the values Dy, D,y, D, and D,,. Simu-
lated fluorescence recovery accurately predicted the experimen-
tal data for the cases of pure diffusion, and as a result, the re-
ported values of D, and Dy, were taken as representative of the
experimental system. Since D, for GFP has been measured previ-
ously, the refined value of D, provided a control for comparison
with the known value. D, has been reported in the literature as
87 um? s for GFP* and 260 um? s~ for FITC 4445

The time-dependent, parabolic diffusion equation was
solved by the explicit finite differencing numerical scheme to
simulate FRAP. The form of the equation was

oy, 1) _ 9°Clx, y, 1) 9°Clx, y, 1)
TEE D, (x,y, t)—a 2 + Dyy(x, Y, r)—a y2 +
FCxy,t)

(Dyx,y, 1) + D (X, y, ) — —=—

ey O

where C represents the concentration of unbleached fluoro-
phore in the ROI as a function of space and time. C(x,y,t = 0)
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was set to equal the unbleached fraction observed for each ex-
periment (Co) and C(X = Xmaxy = Ymaxt) = 1 owing to the signifi-
cant pool of unbleached GFP surrounding the post array.
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