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ABSTRACT: We present a simple yet versatile method for
sculpting ultra-thick, enzyme-generated hyaluronan polymer
brushes with light. The patterning mechanism is indirect, driven
by reactive oxygen species created by photochemical inter-
actions with the underlying substrate. The reactive oxygen
species disrupt the enzyme hyaluronan synthase, which acts as
the growth engine and anchor of the end-grafted polymers.
Spatial control over the grafting density is achieved through
inactivation of the enzyme in an energy density dose-dependent
manner, before or after polymerization of the brush.
Quantitative variation of the brush height is possible using visible wavelengths and illustrated by the creation of a brush
gradient ranging from 0 to 6 μm in height over a length of 56 μm (approximately a 90 nm height increase per micron).
Building upon the fundamental insights presented in this study, this work lays the foundation for the flexible and quantitative
sculpting of complex three-dimensional landscapes in enzyme-generated hyaluronan brushes.
KEYWORDS: polymer brush, hyaluronan, enzyme, gradient, topography, photopattern, reactive oxygen species

Three-dimensional nanostructured polymer brushes are
finding increasing applications in materials science,
chemistry, and the biosciences.1−6 Polymer brush

gradients and other topographies have been used in
combinatorial studies of a broad range of physiochemical
phenomena,7−12 enable the directed transport of soft materials
like nanoparticles and cells,13,14 facilitate the screening of
design strategies for protein and cell−substrate interac-
tions,15,16 and are useful tools in expediently exploring the
fundamental behavior of the brushes.5,9,10,17 Sculpted brushes
can also be used to tune the local environment (e.g., porosity,
stiffness, roughness)11,18 or orchestrate the organization of
complex materials such as structured nanoparticle-polymer film
composites.19−21

Various strategies exist to sculpt polymer brushes, typically
by spatially varying the grafting density22−26 or the molecular
weight.8,27−29 Generally, brush topography can be pro-
grammed through controlled placement of the polymer
initiators via lithographic techniques or the availability of
monomers.30−34 Another strategy involves varying the feature
densitythe spacing of discrete, constant density nano-
brushesin order to achieve impressively complex architec-
tures.35 One commonality of all these examples, however, is
that the sculpted brushes are almost always less than a few
hundred nanometers thick.
Ultra-thick three-dimensional polymer brushes present many

advantages especially in domains where brush gradients or

more complex topography are desirable. Micron-sized brushes
provide a larger dynamic range for height manipulation and
associated properties like porosity and stiffness. The increased
degree of polymerization inherently provides more volume for
uptake of molecules and a greater number of binding sites to
bind, organize, or sort molecules and particles, for example, in
separations applications.36,37 For applications dependent on
nonlinear topographies, larger brushes offer a thicker template
on which to execute complex patterns. Microns-thick polymer
brushes also have the unusual advantage of being directly
characterizable using optical microscopy (Figure 1), potentially
diversifying design possibilities and read out for various
applications.
Here, we introduce a strategy to sculpt ultra-thick, enzyme-

generated polymer brushes. As a member of a growing class of
polymer brushes and films fabricated by enzymes,38−40 the
focus of this work is a microns-thick polymer brush assembly
composed of the polyelectrolyte hyaluronic acid (HA),
generated by the enzyme hyaluronan synthase. HA synthase
can generate polymers up to 25 μm (10 MDa) so that the
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brush height can be tuned from a few hundred nanometers to
tens of microns by adjusting polymerization time, ionic
strength, or solvent.40,41 However, sculpting the giant brush
by spatially modifying the grafting density or varying the
molecular weight is nontrivial. This is because in order to
harness the impressive capabilities of HA synthase, we must
stabilize this lipid-dependent transmembrane protein in its
natural membrane environment.42 This is achieved by
collecting fragments of membrane from bacteria which have
been genetically manipulated to overexpress the HA synthase
enzyme. The membrane fragments contain dense config-

urations of active HA synthase. HA brushes are then fabricated
by decorating a substrate with the membrane fragments and
initiating polymerization by providing the prerequisite sugar
monomers (Figure 1a). This explains why traditional litho-
graphic patterning of grafting density is difficult, as the grafting
density is governed by the HA synthase expression levels in the
bacterial membrane fragments.
In this work, we investigate whether visible light can be used

to alter HA synthase function and hence modify the underlying
grafting density of the enzyme-generated brushes for the
controlled sculpting of structured three-dimensional brushes.
Simple experiments establish that quantitative changes in brush
height can be achieved by varying laser intensity, exposure
time, or wavelength. We demonstrate how this insight enables
brush sculpting by creating an ultra-thick linear brush gradient
with a height increase of 90 nm per micron from 0 to 6
microns. We then delve into determining the mechanism of the
brush height patterning by implementing a series of experi-
ments based on our understanding of how visible light interacts
with hyaluronan, lipids, and proteins. Integrating the knowl-
edge gained by comparing patterning results before and after
brush growth and in the presence and absence of bacterial
membrane fragments, we provide strong evidence that reactive
oxygen species (ROS), generated by light-membrane fragment
interactions, are the agent by which HA synthase function is
destroyed.

RESULTS AND DISCUSSION

We explored the potential for photopatterning the HA brush
with a 405 nm laser motivated by the idea that near UV or blue
light might damage proteins and thus provide a way to
manipulate the HA synthase and hence the brush’s grafting
density. Testing this hypothesis with a laser scanning confocal
microscope was straightforward because it inherently enables
photomicropatterning, variation of intensity, exposure time,
and wavelength. We started by prepatterning the HA synthase
substrates with no brush (Figure 1b). The confocal’s 405 nm
laser was focused on the surface and raster scanned in a
selected region at fixed power. Upon completion of the laser
application, HA synthesis was switched on by adding the two
required uridine diphosphate (UDP)-sugar monomers, and
then the brush growth was allowed to proceed for tgrowth = 16 h
(Figure 1c). Experimentation established that regions exposed
to at least ∼200 μJ/μm2 lose the capacity to generate a
polymer brush (see Materials and Methods). This energy

Figure 1. (a) Schematic of the transmembrane HA synthase
enzyme processively synthesizing HA by alternating addition of
the sugar components (UDP are green, and sugars are black). (b)
Schematic of laser treatment of the enzyme-rich (purple) surface.
White areas indicate phototreated areas. (c) After photopatterning,
components necessary for enzymatic synthesis of the HA are
added, and HA is generated in unirradiated regions. (d)
Fluorescent 200 nm particles are excluded from areas with the
brush present and allowed to fill in gaps where the brush is absent
which allows for visualization of the pattern. (e) Binary patterning
in the form of a GT (i.e., Georgia Institute of Technology). Top
down (XY) confocal microscope view at the glass interface. 200 nm
beads (false colored yellow) appear in areas without the brush.
Black regions are where the brush is present. tgrowth = 16 h. (f) Side
(XZ) confocal microscope view across the middle of the top image,
as indicated by the black arrows. The glass interface is labeled with
a white dotted line. Scale bars are 20 μm.

Figure 2. (a) XY confocal image of square patterned areas with increasing laser energy density applied, viewed at the surface. Red fluorescent
200 nm particles sit closer and closer to the surface in areas treated with higher energy densities. Cyan colored dextran highlights regions
where the brush is present. Scale bar is 20 μm. (b) Average intensity XZ side views of each row corresponding with the image in (a). Black is
the glass substrate. Scale bars are 10 μm. (c) Energy density of the applied laser versus the resulting height of brushes grown for 16 h. N = 3
brushes. λ = 405 nm.
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density was achieved by scanning each patterned area five
consecutive times at 200 μs/pixel at the desired laser intensity,
which could be varied from 0 to 100% (P405,max = 561 μW).
The resulting patterns are readily visualized with the same

confocal microscope by implementation of a particle exclusion
assay (Figure 1d).43,44 As demonstrated in previous work,40

fluorescent nanoparticles of 200 nm are sterically hindered
from penetrating the HA brush and thus serve as a means of
outlining a brush’s upper interface. Figure 1e demonstrates the
binary patterning of the brush in a ∼200 μm × 100 μm area. In
this XY view taken at the glass substrate, the 200 nm
nanoparticles appear in areas where the 405 nm laser was
applied. The laser exposure fully disrupts the HA synthase
function, as evidenced by the lack of brush growth. In the
untreated sample areas, the brush grew normally, excluding the
200 nm particles.
Next, we explored whether the brush could be tuned to

reach intermediate heights with reduced exposures to the 405
nm laser. In a 4 × 3 array, 12 different laser intensities were
applied for the same exposure time to square areas (17.4 ×
17.4 μm2). Then, the brush was grown for 16 h, and the height
in each patterned region was analyzed. Results from three such
experiments are summarized in Figure 2. Figure 2a shows the
XY view at the glass interface with regions of increasing energy
density (left to right, top to bottom). The subsequent
decreases in the thickness of the brush are visualized by the
increasing amounts of the 200 nm red fluorescent beads
present at the glass interface and by the decreasing gap present
between the black glass interface and the red nanoparticles in
the XZ side views in Figure 2b. The energy densities necessary
to achieve a range of final brush heights (0−8 μm, tgrowth = 16
h) are plotted for constant exposure time (405 nm, 5 scans at
200 μs/pixel) and variable laser intensity in Figure 2c.
Notably, distinct brush curvature in the evenly patterned

areas likely arises from a polymer splay at the edges of the
patterned area.45,46 The effect is increasingly pronounced in
the areas where the brush height is reduced so that more free
space is available for the surrounding brush spill over and
distort the brush profile. In the future, we will systematically
investigate these effects, as they are fundamentally interesting
and they will impact any sophisticated sculpting of the brush
topography.46

With the fine-tuned photomanipulation of the brush height
established, one can create more complex brush topographies.
To explore this, we designed a brush gradient with a height
that linearly increases 6-fold over an extent of ∼56 μm (Figure
3). At its highest point, the brush height is 5.8 μm. To create
this gradient, the data from Figure 2 were used to determine
the necessary energy densities to realize height decreases in
one-half micron steps. Small rectangular areas (6.25 μm × 20
μm) were irradiated in nine adjacent regions, as outlined with
dashed lines in Figure 3a. After this prepatterning treatment,
the brush was grown for 4 h. The resultant brush heights in
Figure 3c show that the height decreases in a linear fashion by
approximately one-half micron (∼590 nm) per 6.25 μm region,
corresponding to a ∼90 nm change in brush height per lateral
micron. Although the patterning is discrete, the final brush
appears as a continuous gradient (Figure 3b), an effect
resulting from the significant splay arising in thick polymer
brushes.
Polymer brush patterning schemes are typically limited to

either prepatterning or postpatterning (before or after brush
growth), and most are incapable of doing both, especially using

the same method. In Figure 4, we illustrate the capacity to
implement both approaches on one sample (see also Figure
S2). While this capability was expected since photodisruption
of the HA synthase is the hypothesized mechanism, an
unforeseen outcome was the nearly overlapping brush heights
after pre- and postpatterning at the same energy densities.
Below, we will use this result to shed insight on the mechanism
behind the brush height photopatterning and use it to address
the possible connection to grafting density.
To investigate the mechanism of the photopatterning and to

potentially expand the methodology’s flexibility, we examined
whether longer wavelengths also enable manipulation of brush
height. Similar results can be achieved using λ = 488 nm and λ
= 635 nm (Figure 5). The efficiency of the patterning is
reduced with increasing wavelength, however, requiring higher
energy densities. Due to the efficiency of patterning with the
405 nm laser, very little exposure time was required to pattern.
Therefore, the only way to achieve a spread of energy densities
was to vary the intensity of the laser from 0 to 100% with a set
exposure time. With longer wavelengths, the exposure time
necessary to eliminate the brush increased significantly. In

Figure 3. (a) XY view at the glass substrate under the brush. The
white outlined areas depict the nine regions patterned at
preselected energy densities. The brush thickness increases
linearly in height to the right. (b) Side view of the linear brush
gradient. The maximum height is 5.8 μm. All scale bars are 10 μm.
(c) Average height of the brush in each patterned region. N = 1
brush. λ = 405 nm, tgrowth = 4 h. Black dotted line is a linear fit, H =
0.94 + 0.09x, where x is in microns.
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Figure 5, 488 and 635 nm data represent varied exposure time,
rather than varied laser intensity as with the 405 nm.
Future applications of the HA brushes will likely adopt a

chemically stabilized version of the brush because they are
more amenable to long-term usage. Indeed, the HA brushes
studied thus far are inherently unstable, decaying over a few
days due to the release of HA from the HA synthase.40 To
resolve this issue, we previously established that a robust
chemical attachment to the underlying substrate can be
achieved using carbodiimide chemistry to generate an amide
bond between the HA’s available carboxyl groups and the
amines present on the surface due to the polyethylenimine
(PEI) film used in the scheme for fragment attachment.40

For these chemically stabilized “reinforced” brushes, the
grafting density is independent of viable HA synthase, unlike
for the “unreinforced” brushes where the HA synthase must
both make and anchor the HA. The reinforced brush’s
independence from HA synthase was previously established by
using the surfactant sodium dodecyl sulfate (SDS), which we
applied to remove the bacterial membrane fragments.
Elimination of the membrane fragments destroyed unrein-
forced brushes as expected; reinforced brushes remained
unchanged.40 Hence, in the reinforced brush case, the loss of
stability or activity in HA synthase due to photopatterning
should not affect the final brush height.
Yet, despite this seemingly well-founded prediction, we

found that photopatterning the reinforced brushes also enables
manipulation of the brush height. Figure 6a,b shows a brush
that was grown for 4 h, reinforced, and then successfully
patterned with the same exposure settings previously
determined to result in no brush growth in a prepatterning
scheme. This unexpected result may in fact be the most useful
implementation of the patterning method since it is
demonstrated to work on stabilized, ultra-thick, HA brushes.
Such brushes are ideal for applications, and combining their
stability with access to postpatterning enables their fabrication,
storage, and future patterning as needed.
To further investigate the mechanism behind the HA brush

sculpting, we designed a simple experiment to investigate

Figure 4. Brush height versus energy density measurements for pre-
and postpatterning the same brush using identical settings. λ = 405
nm. N = 3 brushes for each data set.

Figure 5. Energy density of the applied laser versus the resulting
brush height. Blue: tgrowth = 16 h. λ = 405 nm. N = 3 brushes.
Green: tgrowth = 16 h. λ = 488 nm. N = 1 brush. Red: tgrowth = 16 h. λ
= 635 nm. N = 1 brush.

Figure 6. (a) A 4 h growth reinforced brush with a square patterned region at the center. (b) XZ average side view confirms the brush
elimination in patterned region. (c) 5 mM DTT. Average XZ side view of a postpatterned 4 h brush shows the full brush removal. (d) 50 mM
DTT. Increased DTT significantly reduces the photopatterning efficacy. All scale bars are 10 μm. (e) Height of different brush types versus
DTT concentration after postpatterning. N = 3 brushes per type, tgrowth = 4 h. λ = 405 nm, ∼280 μJ/μm2.
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whether ROS, generated by photointeractions with the
samples, might be involved. It is well-known that UV-
irradiation can directly denature enzymes,47 but our patterning
scheme works well into the visible spectrum. Proteins cannot
be damaged by visible light unless they contain side groups
that are capable of absorbing those wavelengths, like flavins in
flavoproteins.48 However, visible light can indirectly damage
proteins through the production of ROS resulting from the
light’s interaction with cellular components. The resulting ROS
can, in turn, cleave peptide bonds48−50 as well as drive lipid
peroxidation.51−53

We increased levels of the antioxidant dithiothreitol (DTT)
to sequester ROS and block its presumed role in brush
patterning.54,55 The results are revealing (Figure 6c,d).
Increasing DTT significantly (50 mM) reduces the patterning
efficacy, such that under conditions that would normally
prevent brush growth in standard growth buffer (w/5 mM
DTT) (Figure 6c), a substantial brush is still able to grow
(Figure 6d). We then verified that for reinforced brushes, high
DTT (50 mM) also significantly reduces the photopatterning
efficacy (Figure 6e and Figure S3). Together these results
confirm that ROS plays a crucial role in the photopatterning
mechanism.
Although some ROS species have been shown to degrade

HA,56,57 the agreement between pre- and postpatterning
results (Figure 4) indicates that direct ROS degradation of
HA during postpatterning is not a dominant mechanism
behind the change in brush height. Additionally, HA has been
shown to not absorb visible light wavelengths, so it is unlikely
that HA−light interactions play a role.58,59 We therefore
hypothesize that during prepatterning and postpatterning of
unreinforced brushes, the ROS directly interacts with HA
synthase through the cleavage of peptide bonds and/or with
the surrounding lipids, destabilizing the local membrane and
disrupting the transmembrane HA synthase.42 As HA synthase
enzyme structures are destabilized, their function can be lost,
decreasing the fraction of active enzymes on the surface able to
produce and/or stably anchor HA. The agreement between
pre- and postpatterning (Figure 4 and Figure S2) strongly
supports the conclusion that the enzyme activity is destroyed
rather than altered. We can thus draw a particularly important

conclusion: Photopatterning HA synthase-generated HA
brushes with visible light enables the local tuning of the
grafting density of the HA brush for both prepatterned and
postpatterned unreinforced brushes via ROS destruction of
HA synthase function.
What is the origin of the ROS? Since we have established

that the photopatterning works even in the absence of HA
(during prepatterning), we therefore hypothesized that the
ROS originates from light−surface interactions rather than
light−HA interactions. ROS generated from light−surface
interactions could arise either from photochemistry with
molecules in the protein and lipid-rich membrane fragments
or from reactions with the underlying polyethylenimine-
glutaraldehyde (PEI-GA) film used to bind the fragments to
the substrate. To distinguish between these two possibilities,
we attempted to pattern reinforced brushes with a reduced
fragment presence through treatment with SDS to remove the
membrane fragments.40 The patterning failed at high and low
DTT concentrations (see Figure 6e), with the initial brush
height remaining unchanged at both DTT concentrations. This
provides compelling evidence that light interactions with the
membrane fragments are the likely source of ROS production.
It also provides further evidence that photon−HA interactions
and photon−PEI/GA interactions are not significant enough
to detectably alter brush height.
The last puzzle in this story is the mechanism of the

postpatterning of reinforced brushes. We have established that
HA synthase plays no final role in these brushes, that the
membrane fragments are necessary to generate ROS for
patterning to work, and that ROS interactions with HA
polymers are negligible. This led us to consider the
vulnerability of the HA linkages (amide bonds) to the
underlying substrate. We hypothesize that just like the peptide
bonds in HA synthase, which are in fact a type of amide bond
between amino acids, these amide bonds are disrupted by the
ROS, which damages the HA anchoring to the surface. As
these bonds are broken, the HA strands are lost from the brush
and the height decreases.

Table 1. Summary of the Patterning Mechanism for Each Brush Type and the Evidence from Each Type of Experiment That
Supports These Conclusions
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CONCLUSIONS AND FUTURE WORK

Table 1 summarizes the insights collected from integrating the
results from the three photopatterning strategies used here on
unreinforced (pre/post-) and reinforced brushes (postpattern-
ing). Overall, the strategy to use visible light, in particular 405
nm, is effective in locally tuning brush height, creating sculpted
topographies, and is amenable to different types of patterning
and brushes. Using longer wavelengths is also possible, but
requires higher energy densities (higher power and/or more
exposure time) to achieve the same patterning results. In our
lab, the maximum power available for the green and red lasers
on the confocal microscope made patterning prohibitively
time-consuming; however, stronger light sources would
circumvent this limitation.
Expanding to mask-dependent photopatterning will facilitate

rapid tailoring of the polymer brushes on much larger scales.
Access to larger patterned areas will also enable atomic force
microscope measurements of the dry brush height in order to
verify our conclusion that photopatterning of the brush
topography results from direct manipulation of the HA
grafting density. Future studies comparing theoretical
predictions of the shape and concentration profiles of
patterned polymer brushes with the very evident splay
observed in these studies (Figure 2b) are of interest and,
moreover, will be crucial to help develop design rules for
integrating expected splay into engineered brush topographies.
Our introduction of a versatile but simple method to sculpt

ultrathick structured polymer brushes expands the horizon of
an already rich arena of applications. Further, the results
showcase the potential for leveraging nature’s biological
machines in designing extraordinary functional materials. The
main advantage in this system arises from the order of
magnitude increase in brush height, which provides more
substrate/volume for interactions, access to more complex
topographies, and direct visual characterization of the brush.
Although the method is currently limited to enzyme-fabricated
HA brushes, the biopolymer can be postmodified to
manipulate its chemical identity for diversification of its
scope of applications.60−62 Ultimately, the ROS-photopattern-
ing method introduced here might be extended to a growing
class of enzyme-derived polymer brushes and films, which
already include DNA39 and polyhydroxyalkanoate (PHA)38

materials made by the enzymes deoxynucleotidyl transferase
and PHA synthase, and may include future materials made by
untapped enzymes such as cellulose synthase.63

METHODS AND MATERIALS
Hyaluronan Synthase Bacterial Fragment Deposition on

Surfaces. Coverslips (VWR 48366 246 or VWR 48366 067) were
sonicated in ultrapure water and acetone and then rinsed in ultrapure
water, dried with nitrogen, and plasma treated (Harrick Plasma, PDC-
32G, high RF power, air, 1 min). Poly(ethyleneimine) (PEI) (Sigma
482595, average Mw 1.3 kDa, 50% w/v in H2O) was diluted with
ultrapure water to 2.5%, and using HCl, the pH adjusted to 7.0. The
coverslips were allowed to incubate for 1 h with PEI, were rinsed and
dried, and then incubated with 2.5% glutaraldehyde (Sigma G7651,
average Mw 0.1 kDa, 50% w/v in H2O, diluted with PBS). The top 0.8
mm of a 1−200 μL pipet tip (VWR 89079- 474) was placed on the
PEI-GA side of the coverslip and sealed with vacuum grease (Dow
Corning, high-vacuum grease). HA synthase-rich bacterial membrane
fragments (30 μL of 0.2 mg/mL, diluted from 1 mg/mL in phosphate
buffer) were added and incubated for 1 h. This solution was
exchanged for a Tris storage buffer (pH 7.3, 50 mM Tris (BDH
0312), 500 mM NaCl, 20 mM DTT, 5% glycerol (Invitrogen

LS15514011)), and samples were stored at −20 °C. A more detailed
description is available in Wei et al.40

Hyaluronan Brush Growth. The Tris storage buffer was
exchanged with a HA growth buffer (pH 7.3, 75 mM NaKPO4, 50
mM NaCl, 20 mM MgCl2, 0.1 mM EDTA, 5 mM DTT). After
warming the sample, 5 mM each of uridine 5-diphosphoglucuronic
acid trisodium salt (UDP-GlcUA, Sigma-Aldrich U6751) and uridine
5-diphospho-N-acetylglucosamine sodium salt (UDP-GlcNAc, Sigma-
Aldrich U4375) were added to the growth buffer. The sample was
incubated at 30 °C for the desired growth time. To halt HA synthesis,
the activation buffer was gently removed by pipetting. 100 μL of a
quenching wash (300 mM NaCl, 20 mM EDTA) was added, and the
pipet mixed once and left to sit for 1 min. This solution was then
removed from the sample, and 100 μL of the quenching wash was
added, mixed, and allowed to sit for 1 min. After 1 min, the quenching
wash was removed and replaced with 100 μL of 150 mM NaCl, and
pipet was mixed once and removed. This was repeated once more.
Finally, all of the NaCl solution was removed, and the imaging
solution (see HA Brush Imaging below) was added, and the pipet was
mixed gently three times.

Imaging the Hyaluronan Brush. Particle exclusion assays were
performed using 0.7% w/v red, 200 nm latex FluoSpheres
(carboxylate-modified Molecular Probes, Inc., F8810), 33 μg/mL of
fluorescent dextran (Molecular Probes, Inc. Alexa Fluor 647, Mw 10
kDa), and 0.007% w/v of the green, 20 nm Fluospheres (catalog
number: F8787).43,44 We have established previously that 200 nm
beads and larger remain excluded from the brush region. Therefore,
using image analysis of confocal images to extract the location of the
edge of the 200 nm beads allows for estimating of brush height. The
smaller 20 nm beads penetrate the brush and stick to the underlying
coverslip, providing a marker for the base of the brush. Images of the
brush and beads were acquired using a scanning laser confocal
microscope (FV1000, Olympus, Tokyo, Japan; objective: PlanApo N,
60×/1.42 NA oil). To image, a z-stack was created by taking 500 nm
vertical z-steps over a total distance of 20 μm. Imaging was completed
within 1 h after halting HA synthesis in order to avoid significant
desorption of the HA polymers. Error bars in plots report the
propagation of the standard deviation of measurements with the
systemic error in the axial resolution of the confocal microscope (see
Supporting Information). A more detailed description of height
analysis and its validation is described in Wei et al.40

For height analysis of the squares in Figure 2, we measured the
central portion of the 17.4 × 17.4 μm2 squares (13.8 × 13.8 μm2),
eliminating data from the edges where the polymer splay distorts the
results of the patterning. For height analysis of the gradient, the final
brush height in each area was determined by the eye (rather than the
quantitative image analysis used for other experiments) due to the
very small areas sampled.

Optimizing Patterning Settings. A resolution of 512 × 512
pixels was always used. For each wavelength, the number of times the
desired region was scanned (aka, the necessary exposure time) by the
confocal microscope was varied. The minimum number of scan times
necessary for brush elimination was determined using each laser set to
100% intensity. For λ = 405 nm, Pmax,405 = 561 μW, the number of
scans necessary was 5. For λ = 488 nm, Pmax,488 = 458 μW, the number
of scans necessary was 9. For λ = 635 nm, Pmax,635 = 548 μW, the
number of scans necessary was 60. For λ = 405 nm, the pinhole size is
automatically determined by the software to be 85 μm. The axial
resolution for λ = 405 nm is calculated according to the Supporting
Information to be 426.9 nm. Once the number of scans was
determined, this value would be set for all future experiments with
that wavelength, and only the intensity of the laser would be varied
between 0 and 100%. To determine how the number of scans and
laser intensity translated to an applied energy density, measurement of
the laser power at the objective was measured using a Coherent
PowerMax-USB sensor (type 5499G16R) or a ThorLabs S170C
Microscope Slide Power Sensor. This measurement was taken once
every 6 months. In between measurements, the maximum energy
density necessary to eliminate the brush appeared to drift over time,
so the power rating of each laser according to the microscope software
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was used to calibrate for this drift which likely arose from slow
deterioration of alignment. A description of the energy density
calculation based on patterning parameters is provided in the
Supporting Information.
Prepatterning (Binary/Variable/Gradient). After exchanging

the Tris storage media for growth buffer, the sample was placed in a
stage-top incubator at 30 °C with wet sponges to maintain humidity.
A low concentration of 8 μm silica microspheres (Cospheric,
SiO2MS-1.8 7.75um) were added and brought into focus with
bright-field microscopy. The focus was adjusted by an amount equal
to the radius below the center such that the focus should now be on
the surface of the sampleat the plane of the membrane fragments.
(Figure S1 shows that slight error in this focusing method of a few
microns does not result in significantly different resulting brush
heights.) The area of interest was chosen by setting the zoom factor
(for square areas) or by setting the zoom factor for the area width and
extending one side length to create a rectangle (such as for creating
the gradient, where the area of the rectangle always matched that of
the square area used for calibration). A resolution of 512 × 512 pixels
was always used. The microscope’s 405 nm laser raster (line) scanned
the area using optimized settings. To apply the laser to a new area, we
refocused on the fragment surface using the microspheres and then
proceeded with the same steps as before. After all desired areas were
laser treated, we activated the HA synthesis, and the sample grew for
the desired time.
Chemical Reinforcement of HA to Substrate. At the end of

HA synthesis, the growth solution was exchanged with an
intermediate buffer of pH 7.0, 75 mM NaKPO4, 50 mM NaCl
three times. This solution was completely removed from the sample,
and 100 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC,
Sigma E1769) and 50 mM sulfo-N-hydroxysuccinimide (sulfo-NHS,
Sigma-Aldrich 56485) (both in a solution of ultrapure water) were
added to the sample and allowed to sit for 30 min. Afterward, the
solution was exchanged with the same concentrations of newly
dissolved EDC and sulfo-NHS, and the incubation was repeated. After
a third repeat of the EDC/sulfo-NHS addition, the sample was left
overnight at room temperature. The next day, if the sample was to be
used right away, it was washed with 150 mM NaCl four times. If it
was not to be used right away, then it was washed with a storage
solution of 0.1 M glycine (OmniPur 4810) and 1% NaN3 (Alfa Aesar
14314) and stored in a 4 °C fridge until later use. A more detailed
description is previously described in Wei et al.40

Postpatterning (Unreinforced and Reinforced Brushes). For
unreinforced brushes, after HA synthesis is halted, the solution on the
sample is removed and replaced with the imaging solution. For
reinforced brushes, after reinforcement, the sample is washed with
150 mM NaCl four times. This solution is then replaced with the
imaging solution. The green, 20 nm nanoparticles stick to the PEI-GA
layer on the glass interface which makes focusing on the fragment
layer straightforward and avoids the use of the 8 μm silica
microspheres. Once the focal plane is set, patterning can proceed as
previously described: Setting the size of the area of interest with the
zoom settings, defining the laser intensity or number of scans to set
the energy density applied to the surface, allowing the laser to scan the
area, refocusing for each new area, and repeating until all desired areas
have been treated. Imaging can then proceed as normal since all the
appropriate nanoparticles are already present on the sample.
SDS Treatment of Reinforced Brushes. After reinforcement,

the sample was washed six times with a 20 mg/mL solution of sodium
dodecyl sulfate (SDS, Sigma-Aldrich L6026) and allowed to sit for
30−60 min. The solution was then exchanged with 150 mM NaCl
four times. The NaCl solution was then swapped for the imaging
solution. A more detailed description is given in Wei et al.40

Comparing High and Low DTT Concentration Effects on
Patterning. The growth buffer was used for low DTT concentration
experiments (pH 7.3, 75 mM NaKPO4, 50 mM NaCl, 20 mM MgCl2,
0.1 mM EDTA, 5 mM DTT). For high DTT concentration
experiments, the molarity was increased 10× to 50 mM DTT, while
all other components remained unchanged. Patterning of each brush
time proceeded according to their previously described protocols,

where the brush was first patterned in the presence of the low DTT
growth buffer. Then, after patterning was completed, the solution was
exchanged three times for the high DTT growth buffer. The
patterning was repeated, and the results compared.

Impact of Laser Focus Height above Surface during
Patterning. We investigated the impact of the uncertainty of the
laser focus on the patterning outcome since the center of the 8 μm
silica microspheres is determined by the eye. We patterned different
regions using several different focal planes above the presumed glass
interface. To achieve this, the microspheres were brought into focus
(at their expected center and widest point). The focus was adjusted by
remotely moving the stage position varying amounts (0, 1, 2, 3, and 4
μm) in different patterned regions below the bead center such that
the focus will be different heights above the glass interface. The same
patterning settings were used in each scenario, and the resulting brush
heights of each area were extracted. No significant dependence on the
position of the focal plane was found (see Figure S1).
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