
Centrifugal Deposition of Microgels for the
Rapid Assembly of Nonfouling Thin Films
Antoinette B. South,†,‡ Rachel E. Whitmire,‡,§,⊥ Andrés J. Garcı́a,‡,⊥ and L. Andrew Lyon*,†,‡

School of Chemistry and Biochemistry, Petit Institute for Bioengineering and Bioscience, Wallace H. Coulter
Department of Biomedical Engineering, and Woodruff School of Mechanical Engineering, Georgia Institute of
Technology, Atlanta, Georgia 30332

ABSTRACT Thin films assembled from microgel building blocks have been constructed using a simple, high-throughput, and
reproducible centrifugation (or “active”) deposition technique. When compared to a common passive adsorption method (e.g., dip
coating), microgels that are actively deposited onto a surface have smaller footprints and are more closely packed. Under both active
and passive deposition conditions, the microgel footprint areas decrease during deposition. However, under active deposition, the
microgel footprint appears to decrease continually and to a greater degree over the course of the deposition, forming a tightly packed,
homogeneous film. Taking advantage of the rapid and uniform assembly of these films, we demonstrate the use of active deposition
toward the fabrication of polyelectrolyte multilayers containing anionic microgels and a cationic linear polymer. Microgel multilayers
successfully demonstrated effective blocking of the underlying substrate toward macrophage adhesion, which is a highly sought-
after property for modulating the inflammatory response to an implanted biomaterial.
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INTRODUCTION

The construction of polymeric thin films is a subject
of significant industrial importance for drug delivery
(1), wettability control (2), corrosion (3), or cellular

adhesion inhibition (4), as well as of fundamental interest.
Over the past few decades, a number of fabrication tech-
niques have been employed to form films from a variety of
building blocks, and their versatility has been demonstrated.
Whereas extensive research has been conducted in the use
of linear polymers (5-8) and continuous hydrogel networks
(9-12) as polymeric interfaces, recent investigations into the
use of solvent-swollen polymer colloids, or microgels, have
illustrated the utility of colloidal gels as building blocks
(13-18). When the solvent is water, microgels are com-
posed of a water-soluble polymer cross-linked into a contigu-
ous network, with the diameters of the particles typically
ranging from ∼100 nm to many micrometers (19-21).
When stimulus-sensitive polymers are used (such as pH-
sensitive (22) or thermoresponsive (23) polymers) to form
microgels, those particles and the resulting films can then
exhibit responsive behavior by undergoing a volume phase
transition as a function of that stimulus (13). Given their
growing importance in film formation, microgels have been
used as building blocks in the construction of films with
potential utility in drug release (24, 25), tunable microlenses

(26, 27), colloidal crystals (28-30), and nonfouling films
(31-33). These interfaces have been assembled using a
variety of deposition techniques such as dip coating (34-40),
spin coating (24, 25, 31-33, 41, 42), or solvent evaporation
(16, 29, 30). In addition, different hierarchical structures
havebeenaccomplishedbylayer-by-layerassembly(24,25,34,41),
binary particle mixtures (39), or phase-separation-induced
deposition (16).

One particularly important aspect of film formation is
control over the deposited material. For biomedical coatings,
for example, the hydrophobicity, morphology, elasticity, and
chemistry of a synthetic material’s surface can have a
dramatic effect on the cell phenotype and behavior (43).
Furthermore, complete coverage of the underlying substrate
is typically desired in order to ensure total control of cell
adhesion, spreading, and proliferation. Hydrogel-based ma-
terials can be fabricated to possess characteristics that make
them suitable as a biomaterial because their volume consists
mostly of water when in an aqueous environment and they
are highly tunable in terms of their mechanical properties
and chemical composition. Additionally, in a particulate
form, microgels enable further complexity by enabling the
assembly of multifunctional interfaces, because of a mixture
of various types of microgels that can simultaneously as-
semble on the same surface, along with additional interest-
ing morphologies. It is this ability to easily tune and adjust
an interface that makes microgels an appealing material for
controlling and studying how proteins, cells, and tissues
interact with a synthetic interface.

In this contribution, we report a film fabrication approach
that employs centrifugation to assemble microgel films in a
fast, efficient, and reproducible manner. Whereas centrifu-
gation has been used beyond the traditional use of purifica-
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tion, such as in the preparation of liposomes (44), rapid
patterning of cells (45), or high-speed fabrication of photonic
microfluidics (46), to our knowledge, little has been explored
in using centrifugation as a polymer film deposition tech-
nique. In this work, we have demonstrated for the first time
the use of centrifugation to fabricate microgel-based films
and explore what effect this additional parameter or force
may have on the assembly of microgel monolayers. Our
initial hypothesis was that centrifugation would simply
decrease the amount of time it would take to create a
continuous and uniform monolayer, as compared to a
passive process. However, upon further investigation, it was
evident that using centrifugation (referred to herein as
“active” deposition) to force the hydrated particles onto a
hard substrate resulted in an assembly that had smaller and
more closely packed particles than what could be ultimately
obtained with simple microgel adsorption (“passive” deposi-
tion). To evaluate the generality of this phenomenon, a
model system consisting of two microgel particles of differ-
ent sizes was studied. In addition, possible mechanisms for
the observed results were briefly explored. Last, we illustrate
the technique’s ability to construct rapid multilayered poly-
electrolyte layer-by-layer films for the fabrication of effective
uniformnonfoulingcoatingstopreventmacrophageadhesion.

MATERIALS AND METHODS
Materials. All reagents were purchased from Sigma-Aldrich

unless otherwise specified. The monomer N-isopropylacryla-
mide (NIPAm) was recrystallized from hexanes (J. T. Baker) and
dried under vacuum prior to use. The cross-linkers N,N′-meth-
ylenebis(acrylamide) (BIS) and poly(ethylene glycol) diacrylate
(PEG-DA) with average Mw ) 575 (PEGDA575), comonomer
acrylic acid (AAc), and initiator ammonium persulfate (APS)
were used as received. Buffer chemicals sodium dihydrogen
phosphate monohydrate (Fisher Scientific), 2-(N-morpholino)-
ethanesulfonic acid (MES), sodium chloride (Mallinckrodt), and
sodium hydroxide were used as received. The surface modifica-
tion reagent (3-aminopropyl)trimethoxysilane (APTMS; TCI
America) was used as received. Covalent attachment chemicals
N-hydroxysuccinimide (NHS), N-[3-(dimethylamino)propyl]-N′-
ethylcarbodiimide hydrochloride (EDC), and hydroxylamine
hydrochloride were used as received. High-molecular-weight
(400 000-500 000) poly(diallyldimethylammonium chloride)
(PDADMAC) was used as received. Glass disks of 12-mm
diameter were purchased from Bellco Glass. Absolute (200
proof) ethanol was used as received from EMD Chemicals Inc.
All water used throughout this investigation was house-distilled,
deionized to a resistance of at least 18 MΩ (Barnstead Ther-
molyne E-Pure system). The IC-21 murine macrophage cell line
was obtained from ATCC (Manassasa, VA) and cultured as
directed. RPMI-1640 media were purchased from Gibco (Invit-
rogen Corp., Carlsbad, CA) and/or ATCC (Manassas, VA), supple-
mented with 10% fetal bovine serum (FBS; Invitrogen) and 1%
penicillin streptomycin (PS; Gibco) and used to culture the IC-
21 cell line. Tissue culture polystyrene (TCPS) dishes (100 and
150 mm; Corning Inc., Corning, NY) were used to culture cells.
Phosphate-buffered saline (PBS, with and without calcium and
magnesium) was obtained from Gibco. Versene (Gibco) was
used to dissociate the cells from the dishes. Plates (12-well) from
Corning Inc. (Corning, NY) were bought via Sigma-Aldrich (St.
Louis, MO) and used for the cell culture experiments. Calcein
and ethidium homodimer were bought from Invitrogen Corp.
(Carlsbad, CA) and used at final concentrations of 4 µM to stain
for live and dead cells.

Microgel Synthesis. Microgels were synthesized using aque-
ous free-radical precipitation polymerization. Microgel 1 was
synthesized using a total monomer concentration of 70 mM
with a molar composition of 85% NIPAm, 5% BIS, and 10%
AAc. Surfactant sodium dodecyl sulfate (SDS) was used at a
concentration of 1 mM. All of these components were dissolved
in 49 mL of deionized water and filtered through Whatman No.
2 filter paper in a vacuum filtration system. The aqueous
solution was then transferred to a three-neck, round-bottomed
flask and purged with N2 for approximately 1 h while the
solution was heated to 70 °C. The initiator APS (0.0114 g), used
in a total final concentration of 1 mM, was dissolved in 1 mL of
deionized water and added to initiate polymerization. The
reaction was allowed to proceed for 4 h at 70 °C under a blanket
of N2.

Microgel 2 was synthesized using a total monomer concen-
tration of 100 mM, with a molar composition of 88% NIPAm,
2% BIS, and 10% AAc. Surfactant SDS and initiator APS were
used in concentrations of 0.17 and 1 mM, respectively. The
remaining conditions of the synthesis were carried out in the
same fashion as that described for 1.

Nonfouling microgels were synthesized using a total mono-
mer concentration of 100 mM with a molar composition of 88%
NIPAm, 2% PEGDA575, and 10% AAc. Surfactant SDS and
initiator APS were used in concentrations of 0.17 and 1 mM,
respectively. The remaining conditions of the synthesis were
carried out in the same fashion as that described for 1.

Microgel Characterization. Dynamic light scattering (DLS)
was used as previously described (28, 47) to measure the
hydrodynamic radius and diffusion coefficient of synthesized
particles. A Protein Solutions DynaPro equipped with a tem-
perature-controlled microsampler was used for these measure-
ments. Light scattering data were collected at intervals of 10 s
per reading with a photodiode detector fixed at 90° relative to
the incident laser light (783.9 nm). Dynamics Software was used
to calculate the autocorrelation decay from the random fluctua-
tions in the scattered light intensity. This information was then
used to determine the diffusion coefficient of the sample in
solution, which correlates with the hydrodynamic radii of the
particles using the Stokes-Einstein equation. Electrophoretic
mobility measurements were performed with a Malvern Instru-
ments Zetasizer. All measurements were conducted using a
dilute solution of microgels in a pH 7.4 phosphate buffer
containing 100 mM ionic strength (PBS).

Film Preparation. The 12-mm-diameter glass coverslip disks
were placed in a ceramic glass slide holder and cleaned using a
sequential solvent sonication method. A sequential solvent
sonication method proceeded with the following solvent se-
quence using a Bransonic 2510 ultrasonicator (42 kHz ( 6%
output): 30 min in dilute soapy (Alconox) water, 15 min in
deionized water, 15 min in acetone, 15 min in absolute ethanol,
and 15 min in isopropyl alcohol. Afterward, the glass was
immediately equilibrated for 30 min in absolute ethanol, and
1% by volume APTMS was added. The glass was incubated with
the APTMS/ethanol solution for 2 h under gentle agitation. The
disks were then rinsed with a 70% aqueous ethanol solution
and deionized water and then dried under a gentle stream of
N2.

Cleaned and dried glass disks were individually placed at the
bottom of 24-well plates, and PBS was immediately added. The
glass was allowed to equilibrate for 30 min, and the buffer was
then replaced with a 0.1 mg/mL solution of microgels in a pH
7.4 phosphate buffer containing 100 mM ionic strength (PBS).
For centrifuged films, the well plates were placed immediately
opposite to a counterweighted well plate in an Eppendorf 5804R
centrifuge equipped with a plate-holding rotor. Films were
centrifugally deposited at a maximum rotor speed of 2250g for
a specific amount of time. Passively adsorbed microgel films
were made by control of the exposure time of the functionalized
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glass to the microgel solution. After deposition, the films were
rinsed with deionized water and dried under a gentle stream
of N2. All films were deposited at room temperature.

Samples prepared using nonfouling microgels were deposited
using a 0.8 mg/mL microgel solution in PBS. Centrifugation was
carried out at 2250g for 5 min at room temperature. Afterward,
the monolayers were covalently attached to the amine-func-
tionalized glass by activation of the acids on the particles. To
accomplish this, EDC/NHS bioconjugation chemistry was em-
ployed. A solution containing 2 mM EDC and 5 mM NHS was
prepared in a 10 mM MES buffer (pH 6) and allowed to react
with the nonfouling microgel film for 2 h at room temperature.
After the films were rinsed with water, they were exposed to a
10 mM solution of hydroxylamine in a MES buffer for 10 min
to quench the EDC/NHS reaction. The films were then rinsed
with water to remove excess reagents.

Multilayer Formation. In the past, our group has amply
demonstrated the use of microgels in the fabrication of multi-
layered thin films (24, 25, 34, 41). In this study, microgel
monolayer films were constructed using active deposition in the
same fashion as that described above. To add an additional
layer, a 0.14 monoM (molar concentration of monomer) solu-
tion of PDADMAC was added to the film and allowed to adsorb
to the microgel film for 30 min. The films were then washed
five times with deionized water. Another layer of microgels was
then added to the well and centrifuged onto the surface, as
described above. This process was repeated until four microgel
layers were deposited. The thickness of the microgel multilayer
film was determined by using a razor blade to scratch the
surface of the film and expose the underlying substrate, and
atomic force microscopy (AFM) was used to determine the
height of the film relative to the substrate.

AFM Imaging and Analysis. Microgel films were imaged
using an Asylum Research MFP-3D Instrument (Santa Barbara,
CA). Imaging was performed and processed using the MFP-3D
software under the IgorPro (WaveMetrics Inc., Lake Oswego,
OR) environment. Noncontact-mode, aluminum-coated silicon
nitride cantilevers were purchased from NanoWorld (force
constant ) 42 N/m; resonance frequency ) 320 kHz). All
images were taken in noncontact mode, in air under ambient
conditions. For all images, a set-point ratio (set-point amplitude/
free oscillation amplitude) of ∼0.75 was used to ensure repro-
ducible mechanical interactions between the tip and sample.

Quantitative image analysis was performed to calculate the
average particle footprint area on the glass surface. Briefly, an
iterative inverse mask was created to highlight the particles, and
the image was flattened to the second order. A histogram was
then generated to evaluate the bimodal distribution of the
surface height and particle height. Three times the standard
deviation of the surface height was added to the average height
of the surface to account for variations in the surface around
the particles. A new inverted mask was generated based on this
calculation, and the percentage of the image that was masked
was calculated. This percentage was divided by the number of
particles (counted manually) to give an average particle footprint
area. The radial distribution function for the images was calcu-
lated using code written in-house in the IDL version 6.1 pro-
gramming environment.

In Vitro Cellular Adhesion Studies. Microgel multilayer films
were sterilized after assembly in a 70% ethanol aqueous
solution. Before use with cells, films were washed three times
in sterile PBS and then equilibrated in fresh PBS for at least 1 h
before use. A murine peritoneal macrophage cell line, IC-21, was
employed to test for adhesion to the multilayer films in vitro.
Macrophages are one of the primary mediators of the inflam-
matory response and can fuse to form the foreign-body giant
cells that make up a significant portion of the fibrous capsule
around an implanted biomaterial. The use of a macrophage cell
line is standard for examining the nonfouling behavior in vitro
due to this cell type’s extremely adhesive nature and the role
in the body’s response to a biomaterial. The IC-21 cell line is a
virally transformed murine peritoneal macrophage line that
expresses many of the standard macrophage surface proteins
and maintains the phagocytic and cytolytic behaviors charac-
teristic of untransformed macrophages. IC-21 cells were cul-
tured in RPMI-1640 media supplemented with 10% FBS and
1% PS. The cultures were grown at 37 °C with 5% CO2. The
cells were removed using Versene, counted by a hemacytom-
eter, and then diluted to a concentration of 200 000 cells/1.5
mL of media. The microgel films were placed in a sterile 12-
well culture dish, and 1.5 mL of cells/media was added. The
films were incubated at 37 °C for 4 h, after which the excess
media/cells were aspirated and samples were transferred to new
wells and fresh media. Samples were incubated overnight and
stained the next day with 4 µM calcein and ethidium ho-
modimer in PBS. Samples were imaged at 20× magnification
with a Nikon Eclipse E400 upright microscope (Nikon Instru-
ments, Inc., Melville, NY). Images were taken with Spot Ad-
vanced software (Diagnostic Instruments, Sterling Heights, MI).
Eight representative images were taken per sample, with three
samples per group. Cells were counted using the public domain
NIH ImageJ program (developed at the U.S. National Institutes
of Health and available on the Internet at http://rsb.info.nih.gov/
nih-image/). The cell count was averaged over all representative
images of the same sample type, and the error bars shown
represent the standard error for the group of three samples.

RESULTS AND DISCUSSION
To study assembled microgel monolayers using the active

centrifugation deposition technique, two different anionic
microgel particles composed of NIPAm, AAc, and the cross-
linker BIS were synthesized; these particles were used in the
coulombically driven assembly of microgel films onto cat-
ionic silane-modified glass substrates. The particles were
characterized using DLS and AFM; the results of these
characterizations are summarized in Table 1. The hydrody-
namic radius of particle 1 is roughly half that of particle 2
because of differences in the cross-linker density, total
monomer concentration in the reaction, and amount of
surfactant used in the synthesis. Accordingly, the diffusion
coefficient for 1 is twice as large as that of 2. Additionally, 2
has an approximately 6 times larger footprint area when
passively adsorbed onto a surface and is slightly softer than

Table 1. Microgel Properties

microgel

hydrodynamic
radius, Rh (nm)

at room temperaturea

hydrodynamic
radius, Rh (nm)

at 40 °Ca
particle footprint

area (nm2)b
particle footprint

area (nm2)c Rs/Rh

diffusion
coefficient
(cm2/s)a

electrophoretic
mobility

(m2/s · V)d

1 171 ( 1 (15 ( 5% PD) 164 ( 1 (14 ( 2% PD) 9.4 × 104 ( 2 × 103 5.5 × 104 ( 2 × 103 1.01 13.4 ( 0.4 × 10-9 -1.0 × 10-2

2 365 ( 4 (14 ( 0.3% PD) 277 ( 4 (10 ( 2% PD) 5.7 × 105 ( 1 × 104 2.9 × 105 ( 2 × 104 1.17 6.4 ( 0.1 × 10-9 -1.06 × 10-2

a Determined by DLS in a pH 7.4 phosphate buffer containing 100 mM ionic strength (PBS) at room temperature. b Determined by AFM on 30
min of passively deposited samples. c Determined by AFM at the point of time of active deposition, where the particle footprint area was the
smallest. d Determined by electrophoretic light scattering in PBS at room temperature.
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1, as evidenced by the higher Rs/Rh (radius on the surface/
radius in solution) ratio. However, both particle types have
similar electrophoretic mobilities. Therefore, any differences
seen under centrifugal deposition will be due to differences
in the sedimentation velocity, not the surface accessibility
of anionic charges on the particle for attachment to the
cationic substrate.

Centrifugal, or active, deposition is performed by placing
the substrates of interest at the bottom of each well in a
multiwell plate (e.g., a cell culture plate), followed by the
addition of a microgel dispersion into the well above the
substrate. The plates are then placed in a swinging bucket,
well-plate rotor. When the rotor spins, the well plates swing
out so as to align the centrifugal force (g), perpendicular to
the plane of each substrate, thereby forcing the colloidal
particles onto the substrate. For all experiments described
in this study, the maximum centrifugal force of the rotor
(2250g) was used. Because of its utility in the deposition of
films on multiple samples simultaneously, centrifugal film
deposition is fast and reproducible and many samples can
be made in parallel with a high degree of quality control.

Microgels 1 and 2 were both subject to active film
deposition, with passive deposition being used as a com-
parison throughout this entire study. AFM was used previ-
ously to study passively adsorbed microgel particle mono-
layers (40), and those studies clearly illustrated the utility of
the technique in this domain. It is important to point out that
the microgels were dispersed and deposited in a PBS solu-
tion of high ionic strength (100 mM); these conditions have
previously been shown to be appropriate for reducing
anionic repulsion between microgels during film formation
(39). Our initial observations illustrate that microgels that are

actively deposited form films that are fundamentally differ-
ent from those deposited passively. As can be seen in Figure
1, when active deposition is used (Figure 1b,d), the microgels
appear to be smaller and more closely packed than those
deposited passively (Figure 1a,c). This difference in the
particle size is perhaps more clearly seen when smaller scan
sizes are used (Figure 1 insets). It is also worth noting that,
regardless of the deposition method, the particles all have
heights of only ∼10-15 nm in the dehydrated state, il-
lustrating the extremely low polymer density of the particles,
as we have described previously (39, 41). The calculated
radial distribution functions for these images, also shown in
Figure 1, quantitatively illustrate the differences in the
particle spacing and nearest-neighbor probability. Both mi-
crogels 1 and 2 show nearest-neighbor distances that are
closer under active deposition, thus confirming that these
films are more tightly packed when actively deposited as
compared to passive adsorption. Interestingly, one might
expect that microgels would flatten under centrifugal force
and therefore result in particles with larger footprint areas
and a film with a decreased particle density. However, the
opposite is apparent in these experiments, which likely
indicates that the particles have some lateral mobility on the
surface. The exact origin of this phenomenon is unclear, but
it is likely that the presence of salt in the medium acts to
screen the coulombic interactions between the surface and
the microgels, which would decrease the microgel-surface
affinity.

The evolution of the microgel films was monitored as a
function of the deposition time under both active and
passive conditions (Figure 2). The larger microgels 2 ap-
peared to reach full coverage faster than the smaller micro-

FIGURE 1. Height traces, using AFM, of microgels 1 (a and b) and 2 (c and d) under passive deposition (a and c) and active centrifugal deposition
(b and d). Microgels 1 and 2 were passively deposited for 16 h. Microgels 1 and 2 were actively deposited for 10 and 5 min, respectively. The
inset scale bars are 0.5 µm (a and b) and 1 µm (c and d). On the right, radial distribution functions are shown for each particle type and
deposition condition, illustrating the quantitative differences in the particle spacing between active and passive deposition.
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gels 1 when centrifuged onto a surface. This is expected
because of larger or more massive particles having a higher
sedimentation velocity. The opposite was true for the pas-
sively adsorbed microgels because the smaller particles have
a higher diffusion coefficient and therefore reach the surface
faster, which should result in faster coverage assuming an
equivalent sticking probability. In addition, the particle
footprint area was monitored as a function of time. Under
both deposition conditions and for both microgel types, the
microgel footprints appeared to decrease during deposition.
However, under active deposition, the microgels appeared
to shrink to smaller footprints than those obtained via
passive deposition, and they also appeared to shrink over a
range of deposition times. We consider the possibility that
tip convolution could be an issue when imaging particles that
are spaced closely together, which would result in microgels
that would appear to be smaller in the x, y, and z dimen-
sions. However, our data suggest that the AFM tip is ef-
fectively reaching the underlying substrate because no loss
in the microgel height is observed as the particle spacing is

decreased (see the Supporting Information). We also provide
a scale illustration of the particle dimensions with respect
to the AFM tip, which also suggests that tip convolution
should not introduce significant error in our analyses be-
cause the particle heights are so small relative to the tip
dimensions. There are a few possible mechanisms by which
active deposition might result in smaller microgels that pack
more tightly. For example, centrifugation could cause the
microgels to concentrate in the solution above the substrate
and thus deswell because of an increase in the local osmotic
pressure (48-50). Alternatively, the use of a high ionic
strength buffer (100 mM) during deposition could permit the
particles to desorb or rearrange on the surface, thereby
dynamically reconfiguring the interface as microgels con-
tinue to strike the interface at a high velocity. Finally, it may
be the case that actively deposited microgels have somewhat
different adsorption/adhesion characteristics than those of
passively deposited microgels. It is worth noting that while
the particle sizes decrease during deposition, the final
footprints do not approach the fully collapsed or dehydrated
state of the microgels, which would be 2-4-fold smaller than
that observed here. Thus, the particle footprints are more
representative of the swollen particles, with some size
decrease due to an additional factor such as those suggested
above.

Considering these possibilities, it is unlikely that microgel
preconcentration during centrifugation is exclusively respon-
sible for these observations because small particle footprints
might be expected early in the deposition as well. However,
Figure 2 clearly shows that the microgels are initially larger
and grow smaller over time during film assembly. Therefore,
a dynamic rearrangement at the interface must be occurring
during the formation of the film, under both active and
passive deposition conditions, with the effect persisting even
after the formation of a high-coverage monolayer under
active conditions. To further explore this phenomenon, we
used a two-step deposition method, the results of which are
shown in Figure 3. In this experiment, microgels were first
adsorbed passively to obtain partial coverage (Figure 3a) or
to obtain a higher coverage (Figure 3b), and then without
replacement of the microgels or removal of the film from
solution, the samples were subjected to active (centrifugal)
microgel deposition conditions. The results illustrate that,
under these conditions, the average particle footprint area
does still decrease upon active deposition but not to the
same extent as that observed during active deposition alone.
Additionally, if particles are first passively adsorbed until a
high-coverage monolayer is generated, additional centrifu-
gation does not induce a statistically meaningful change in
the adsorbed microgel size. These data suggest that the
passively adsorbed microgels do not rearrange dramatically
or desorb from the surface during further active deposition.
When space is available for microgels to deposit (Figure 3a),
it appears that lateral repulsion between microgels might
result in some decrease in microgel footprint and particle
rearrangement. However, when microgels centrifuged on
top of the passively deposited particles are unable to make

FIGURE 2. Microgel footprint area as a function of the deposition
time for centrifugation (active) and passive deposition techniques.
Microgels: (a) 1 and (b) 2. Error bars represent the standard error of
the mean particle footprint area taken from three 10 µm × 10 µm
(a) or 20 µm × 20 µm (b) AFM images.
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their way onto the substrate (Figure 3b), significant restruc-
turing of the interface is not observed. These results are in
agreement with a previous study using similar pNIPAm-co-
AAc microgels adsorbed on an amine-modified surface,
where the authors illustrated that even with increasing NaCl
concentrations there was no evidence of particle desorption
from the surface (35). Considering these results, it is there-
fore likely that particle adsorption is fundamentally different
between the two cases. Passive adsorption likely results in
a polymer chain conformation that is closer to the thermo-
dynamic minimum, whereas the active approach results in
a polymer conformation that is higher in energy (kinetically
determined) and is therefore more likely to evolve and age
during centrifugation. This theory is further reiterated by
observing the impact of the ionic strength of the dispersion
buffer on film assembly. When microgels are dispersed in a
lower ionic strength buffer (2 mM), there is also a noticeable
difference in the microgel size and spacing (see the Support-
ing Information). Though the particles are not as small and
highly packed as under high ionic strength (100 mM) condi-
tions, because of reduced shielding of repulsive side chains,
active deposition once again results in a smaller size and
spacing of microgels on the surface compared to passive
deposition. This observation suggests that, even when shield-
ing of the anionic side chains is significantly reduced,
centrifugation can still overcome particle-particle repulsion

to a greater extent than a dip-coating method, presumably
because of the higher energy used in deposition.

The recent work of FitzGerald et al. (40) seems to support
the hypothesis that particles can reorganize laterally because
of interparticle repulsion. These investigators studied the
passive adsorption of pH-sensitive microgel particles using
liquid AFM imaging. Their results demonstrate the dynamic
nature of such particles at the particle-surface interface.
When these particles are in their nondeformable latex form
at higher pH, they observe a significant deviation from what
is expected from the random sequential adsorption model
of hard spheres, where the diameter of the particles at the
interface is almost twice the size of that in solution. Further-
more, when the pH was adjusted to more acidic conditions,
thus inducing a latex-to-swollen microgel transition, this
swelling pressure caused neighboring particles to desorb
from the surface. Even though coulombic interactions exist
between the particle and substrate, the particle-particle
interactions dominate in their example. These results il-
lustrate an extreme case of dynamic microgel adsorption
where lateral particle interactions can dictate particle cover-
age. Similarly, our results illustrate that polymeric particles
can undergo size changes and film rearrangement as a
function of coverage, albeit in the limit of strong microgel-
surface interactions.

FIGURE 3. Height traces, using AFM characterization, of the two-step deposition process for microgel 2. (a) A submonolayer, exhibiting patchy
coverage, passively deposited first and then subjected to centrifugal deposition. (b) A higher coverage monolayer first deposited passively
and then subjected to centrifugal deposition. (c) A high-coverage monolayer deposited under active conditions for comparison. Scale bar is
1 µm. (d) Bar graph showing the average particle footprint area for all samples. Error bars represent the standard error of the mean particle
footprint area taken from three 20 µm × 20 µm AFM images.
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Multilayered polyelectrolyte microgel interfaces, which
we demonstrated previously (24, 25, 34, 41), were fabri-
cated using rapid centrifugal film deposition to illustrate the
utility of the technique. The progression of layers of a
multilayered microgel film is shown in Figure 4. Atop a glass
substrate that was rendered cationic by amine functional-
ization, anionic microgels (microgel 2) were alternatively
layered with PDADMAC as a cationic polymer. As more
layers are added (up to four layers of microgels), less of the
underlying glass substrate appears to be exposed, and the
resulting film is quite uniform. The average film height for
the four-layer film is ∼60 nm in the dry state, as determined
by AFM line profiles across a scratch in the film introduced
by a clean razor blade. In light of these results, we con-
structed multilayers of nonfouling microgels to aid in the
prevention of cellular adhesion to a surface. In the past, we
have used spin coating to fabricate a monolayer of nonfoul-
ing microgels containing the cross-linker PEG-DA (31-33).
PEG is a polymer widely known to resist protein and cellular
adhesion because of its high degree of hydration and con-
formational flexibility (4, 51-53). Previously, we showed
that spin coating of nonfouling microgels onto a substrate
provided the high coverage needed to block the background
substrate from protein and cellular adhesion. However, spin
coating is an intrinsically serial process that can be quite
wasteful of material. However, as discussed below, centrifu-
gation-based assembly can be parallelized and also provides
the required high coverages using a rapid multilayering
approach in a nonwasteful manner.

The results in Figure 5 demonstrate the effectiveness of
actively deposited nonfouling microgel multilayers toward
the blocking of macrophage adhesion. Macrophages adhere
and spread well on the positive-control TCPS. Glass that was
extensively cleaned also shows cellular adhesion and spread-

ing, with an approximately 5-fold reduction in the number
of cells adhering compared to TCPS. However, four-layer
microgel films, which were generated quickly using centrifu-
gation deposition, showed significant blockage of macroph-
age adhesion, with an over 200-fold and over 30-fold
reduction in the number of adherent cells compared to TCPS
and cleaned glass, respectively. Furthermore, the few cells
that adhere to the surface of the microgel multilayer films
do not appear to be able to spread, and therefore it is
speculated that these cells have found small defects in the
film, which presumably could be blocked with additional
layers. Optimization of the film properties in the context of
nonfouling biomaterial coatings will be the subject of later
studies.

CONCLUSIONS
Centrifugation has been demonstrated to be a rapid and

robust method for generating colloidal films. When using
hydrated anionic microgel particles to construct an interface,
centrifugation deposition results in particles that are smaller
and more closely packed compared to a more common dip
coating, or passive adsorption technique. The footprint area
of centrifuged particles actively shrinks during the course of
assembly. Passively deposited microgels appear to stop
decreasing in the footprint size at an earlier stage in the
adsorption process, and when these films are subsequently
subjected to centrifugally forced microgel deposition, the
centrifugation approach does not force significant morpho-
logical changes in the deposited particles. The impact of this
phenomenon on the particle adhesion, modulus, and film
stability is currently being explored in our laboratories. In
addition, it has been demonstrated that the centrifugal
deposition approach enables a functional multilayered mi-
crogel interface with a high degree of uniformity and sub-

FIGURE 4. AFM images of microgel thin films constructed in a multilayered fashion (using microgel 2). Each image has a 20 µm × 20 µm scan
size (5 µm scale bar) with a 5 µm × 5 µm (2 µm scale bar) inset. Images were obtained from one-, two-, three-, and four-layer films (left to
right) formed by active deposition.

FIGURE 5. Fluorescence microscopy of fluorescently stained macrophages adhering on (a) TCPS, (b) cleaned glass, and (c) four actively deposited
layers of PEG-cross-linked pNIPAm microgels. The scale bar represents 100 µm. (d) Quantitative cellular adhesion from fluorescence microscopy
images, with error bars representing the standard error.
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strate coverage. These interfaces can be used in the devel-
opment of microstructured hydrogel coatings for control of
biological and cellular adhesions and exploited for various
other applications in which complexity, tunability, and
uniformity are desired.
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