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anoparticle (NP) assemblies are at

the fore of diverse applications

ranging from sensors to informa-
tion storage, medical diagnostics, and
membranes.! > Early reports demonstrated
that innate NP attributes are conserved
within and on-top-of polymer brushes, and
that NP adsorption could be directed via the
spatially arranged chemical affinity arising
from ordered phases of a block
copolymer.5~8 Recent work extended spa-
tial patterning of substrate-anchored poly-
mer assemblies via chemical affinity to post-
functionalization of brushes via soft
lithography.® Other studies have shown the
ability to create two- and three-dimensional
NP assemblies with various NP densities, in
some cases using polymer brushes and by
controlling brush molecular weight (MW)
and grafting density.'® '8 In a series of stud-
ies, Genzer et al. utilized single and orthogo-
nal polymer brush gradients to probe the
effect of MW and chain density on NP
density.'”'® The effect of polymer—NP inter-
actions has been nicely summarized in a re-
view by Stuart,'® while the field of respon-
sive brush surfaces was recently reviewed
by Luzinov et al.?*® When combined with me-
tallic NPs (e.g., Au), such NP-brush hybrid
surfaces have great promise for sensor ap-
plications based on localized surface plas-
mon resonance.?' 24

The majority of prior studies have fo-

cused on controlling NP distribution by elu-
cidating how NP binding is dictated by the
polymer brush architecture. The reversibility
of the binding and relationship to NP size
and surface chemistry has been relatively
unexplored, however, especially consider-
ing synthetic (i.e., nonbiological) surfaces.
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ABSTRACT Tailoring the interaction between surfaces and nanoparticles (NPs) affords great opportunities for
a range of applications, including sensors, information storage, medical diagnostics, and filtration membranes.
In addition to controlling local ordering and microscale patterning of the NPs, manipulating the temporal factors
determining the strength of the interaction between NP and surface enables dynamic modulation of these
structural characteristics. In this contribution we demonstrate robust polymer brush-NP hybrids that exhibit both
reversible swelling and reversible NP adsorption/desorption. Polymer brush functionality is tailored through post-
functionalization of poly(2-hydroxyethyl methacrylate) (PHEMA) brushes on flat solid substrates with alpha-
amine conjugates ranging from perfluoro alkanes to poly(ethylene glycol) of varying molecular weights. The
type of functionality controls NP affinity for the surfaces. In the case of poly(ethylene glycol) (PEG), the molecular
weight (MW) of the PEG dictates adsorption and desorption phenomena. Higher MW PEG chains possess increased
binding affinity toward NPs, which leads to higher relative Au-NP densities on the PHEMA-g-PEG brushes and
concurrent sluggish desorption of NPs by thermal stimulus. Adsorption and desorption phenomena are further
modulated by NP size yielding a system where adsorption and desorption are controlled by a delicate balance
between the competitive energetics of polymer brush chelation versus solvation.

KEYWORDS: nanoparticles - poly(2-hydroxyethyl methacrylate) (PHEMA) - polymer
brush - poly(ethylene glycol) (PEG) - surface chemistry - reversible adsorption -
thermoresponsive

Conceptually, reversible control of NP—NP
distance and overall density of NPs within
the brush may arise from three phenomena:
(1) reversible swelling—deswelling of the
brush-NP hybrid via a solvent vapor, (2) a
first-order coil-to-globule (collapse—
stretching) transition of the brush within a
solvent, or (3) a thermally activated
absorption—desorption of NPs from or
near the surface of the brush. To retain the
number of NPs and only modulate NP—NP
distance, the brush—NP interactions must
be more robust than the solvent—brush in-
teractions that drive the
swelling—deswelling or determine the coil-
to-globule transition. In this case, solvent in-
flux will nominally increase brush volume
and thus increase the mean NP—NP
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Scheme 1. Post-functionalization of poly(2-hydroxyethyl methacrylate) (PHEMA)
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pending on solvent and temperature, exhibit re-
versible swelling—deswelling of a stable

NP —brush hybrid, as well as reversible capture
and release of NPs from the brush driven by ther-
mal activation. The reversible capture and release
is affected by the MW of the grafted PEG groups.
Ethylene oxide grafts with higher MW possess, on
average, more chelation sites available which
may interact with the Au-NPs resulting in higher
average Au-NP densities and concurrently more
sluggish Au-NP desorption.

RESULTS AND DISCUSSION

side chain using N,N’-disuccinimidyl carbonate (0.1 M DSC in DMF with 0.1 M di-
methylaminopyridine (DMAP)) activation and subsequent amination of the
PHEMA-succinimide (DSC-PHEMA) with an amine-terminal conjugate (25 mM
H,N-R), where R is chosen from PEG,,, PEGsg, C;6, O CgFs.
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distance. Depending on NP size, the strong binding of
the NPs though is anticipated to cross-link chains and
alter the underlying first-order transition with respect to
a NP-free brush. Alternatively, the NP-brush interac-
tions must be relatively weak to enable a reversible
change in the surface number density of NPs through
an external stimulus. Specifically, the NP number den-
sity will depend upon the number and type of interac-
tion sites between a polymer chain and a NP. This, in
turn, depends on the polymer brush density, the indi-
vidual polymer chain architecture (i.e., linear, branched)
and NP size and surface chemistry. In the case of a coil-
to-globule transition, decreased brush solubility can
drive NP release. NP release may also occur by thermal
activation and Brownian dynamics without the need of
an underlying phase transition. The challenge in a priori
designing reversible control of NP—NP distance or den-
sity via a specific phenomenon is that solvent type,
brush composition and architecture, and NP size and
surface chemistry may equally contribute in opposing
manner to all phenomena. This implies that either pro-
cess, or all, may be observable for a given system and
environment.

Following this framework, this contribution dis-
cusses the use of post-polymerization functionalization
of poly(2-hydroxyethyl methacrylate) PHEMA to tune
the brush interactions with stable aqueous dispersion
of gold nanoparticles (Au-NPs). A multidentate interac-
tion motif enables the creation of surfaces that, de-

A general route to post-functionalization of

PHEMA brushes via activation of the hydroxyl

side chains by N,N’-disuccinimidyl carbonate

(DSC) and subsequent coupling of primary amines
(Scheme 1) has recently been reported.® This process al-
lows the fabrication of a wide variety of surface func-
tionalities without changing polymerization kinetics
and enables incorporation of functionalities that are
not tolerated by the polymerization process.? Also, the
two-step nature of the activation—coupling procedure
is amenable to microcontact patterning techniques,
such as reactive microcontact printing. In this study,
PHEMA brushes were functionalized with a variety of
molecules, including amine-terminated PEG of 20
(PEG,) and 50 (PEGs) repeat units.’ Details of brush
functionalization are provided in the Experimental
Details. In all cases, the coupling of conjugate mol-
ecules not only resulted in an increase of the thickness
of the brush (as assessed by ellipsometry) but caused
changes in the surface composition (as determined by
X-ray photoelectron spectroscopy, XPS), and static con-
tact angle with H,0 (Table 1).

Figure 1 depicts the relative size of the brush,
chain—chain spacing, and the postfunctional oligo-
mers based on analysis of the dry brush thickness and
surface composition (see Supporting Information). XPS
indicates that activation of the near-surface hydroxyl
side chains of PHEMA by N,N'-disuccinimidyl carbon-
ate (DSC) is almost stochiometric (Table 1). An estimate
of the brush composition profile can then be derived
by assuming that the extent of functionalization is high
close to the tip of the brush and will decrease toward
the base of the brush (close to the substrate), and that

TABLE 1. Postfunctionalization of PHEMA Brushes with Various Conjugates*

thickness® (nm) contact angle‘ (deg) composition? 100% coupling composition® coupling efficiency (%)
PHEMA 148 £ 0.1 582 68%(,32% 0 67%(C,33% 0 N/A
DSC-PHEMA 172 %£0.2 65*2 62%(,35%0,3%N 58%C, 37%0,5%N ~909
PHEMA-g-PEG,, 238*+03 431 67%C 31%0,2%N 66% C,32%0,2%N 79%5
PHEMA-g-PEGs, 208 =03 38+1 65%C,34%0,1%N 66% C,33%0, 1% N 43+6
PEG control” no activation 146 =03 60 =1 66% C, 34% 0 67%(,33%0

%Al reactions in table performed on the same PHEMA brush substrate. “Thickness measured by ellipsometry. Water contact angle. “Elemental composition measured by
XPS. ¢Expected elemental composition at 100% coupling efficiency. "As estimated from XPS data by carbon 1s peak deconvolution. %Estimated maximum activation effi-
ciency based on coupling data. "Unactivated brush was exposed to reactant solution for 24 h.
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the dry thickness of the brush provides an overall mea-
sure of the total volume addition of functional units.
From our data, we estimate that approximately 18% of
PHEMA monomers are activated by the DSC with the
vast majority residing near the tip of the brush. As dis-
cussed in the Experimental Details, brush density is
~0.4 chains/nm? with M ~ 18000 g/mol (N ~ 130—140
monomers). Thus, approximately 20—25 of the mono-
mers near the chain terminus are activated by the DSC.
The increase of the dry brush volume indicates that on
average 12—13 PEG,, and 2—3 PEGs, moieties are co-
valently coupled in the subsequent step, resulting in a
tethered brush that exhibits an effective composition
profile reminiscent of a block-copolymer. Therefore,
swellability is expected to reflect this composition pro-
file; for example the difference in aqueous solubility of
PEG and PHEMA implies that the terminal PEG-rich por-
tion of the brush will swell to a greater extent than the
internal PHEMA dominated portion of the brush. Note
though that the statistical nature of the postpolymer-
ization functionalization approach implies the distribu-
tion of the chain architecture and composition is
greater than derived from living polymerization ap-
proaches. Nevertheless, the branched architecture of
the terminal end of the PEG—PHEMA conjugates resid-
ing on top of a linear brush backbone contrasts prior ex-
perimental?®® and theoretical?® studies of linear and
block-copolymer brushes, potentially affording oppor-
tunities for novel functionality (i.e., faster and enhanced
reversibility due to variation of the solvent quality).

Au-NP adsorption from water onto these
PEG—PHEMA conjugated brushes were evaluated us-
ing either citrate-capped Au-NPs (30—100 nm, Ted
Pella) or mercaptopropanesulfonate (MPS) functional-
ized Au-NPs made via a ligand exchange with afore-
mentioned citrate-capped Au-NPs.?” Figure 1 also sum-
marizes the relative size difference between these Au
NPs and the structural characteristics of the dry brush.
Note that after substrate incubation in the Au-NP solu-
tion, thorough rinsing is necessary to remove weakly
physisorbed NPs so as to leave only those NPs bound
by specific brush—NP interactions (Experimental
Details). For all results presented, the final density of ab-
sorbed NPs did not increase with further incubation
time or increase of the concentration of NPs within the
incubation solution, indicating that the values mea-
sured and discussed reflect quasi-static equilibrium (Ex-
perimental Details).

Using the PHEMA-g-PEG surfaces, the impact of NP
surface chemistry, NP size, and MW of the PEG graft on
the surface density of bound NPs is considered. With
these insights into the characteristics determining the
strength of NP—brush interactions, surfaces that retain
NP coverage but exhibit reversible swelling, as well as
those that reversibly capture and release NPs, are
demonstrated.

www.acsnano.org
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Figure 1. (a) Depiction of the relative size of the brush and spacing
between chains based on analysis of the dry brush thickness and sur-
face composition. Chain density is ~0.4 chains/nm? (mean chain spac-
ing, a = 1.58 nm) with M =~ 18000 g/mol (N =~ 130—140 monomers).
On average there are six and four monomers per chain at the surface
of the dry PHEMA (blue dots) and PHEMA-DSC brush (green dots), re-
spectively. Approximately 20—25 of the monomers near the chain ter-
minus is activated by the DSC. The increase of the dry brush volume in-
dicates that on average 12—13 PEG,, and 2—3 PEGs, are covalently
coupled to the brush. (b) Depiction of the relative size of the PHEMA-
PEG,, dry brush and Au NPs considered (30—100 nm). All distances are
scaled by the average chain spacing, a.
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PHEMA-g-PEG Interactions with Au-NPs. Prior studies dem-
onstrated that adsorption of citrate-capped Au-NPs de-
pended on the type of functionalization on the PHEMA
brush: 1H,1H-perfluorooctylamine-modified brushes re-
pelled the citrate-capped Au-NPs, whereas PEG-ylated
surfaces adsorbed particles (30 nm in diameter) up to
densities of 130 NPs/um?.? Relative to PEG,, PEGsy
showed the highest Au-NP uptake, consistent with
prior observations that higher MW PEG chains stabilize
gold colloids more effectively in solution. In contrast,
adsorption from water of MPS-capped Au-NP is sub-
stantially weaker. Figure 2 compares the surface micro-
structure and XPS spectra (centering on the Au 4f re-
gion) from PHEMA-g-PEGs, surfaces incubated with
citrate-capped and MPS-capped Au-NPs. Observations
using scanning electron microscopy (SEM) show that
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Figure 2. Scanning electron micrographs (a and b) and (c)
high-resolution XPS scan (Au 4f peak) of PHEMA-g-PEGs, sur-
faces incubated with 30 nm citrate-capped (a,c, red) and MPS-
capped (b,c, blue) Au-NPs. Both surfaces were incubated
with the respective particle solutions for 24 h and subjected
to the same washing and sonication procedures (described in
detail in the Experimental Details). As can be clearly seen, no
Au-NPs can be detected in image b, for the brush surface ex-
posed to the MPS-capped Au-NPs.

even the PEG-modified PHEMA brushes were com-
pletely ineffective at adsorbing MPS-capped Au-NPs.
The absence of the Au 4f feature in XPS confirms the
SEM observations. Similar behavior is seen for PHEMA-
g-PEGy.

This observation succinctly demonstrates that
Au-NP absorption from water is not simply reflective of
the relative hydrophilicity and hydrophobicity of the
surface. The specific interactions between solvent,
brush, and particle are all critical. Both citrate- and MPS-
capped NPs are electrostatically stabilized and sur-
rounded by hydrated cations. To the first order, the dif-
ference between these NP surfaces is that the citrate
molecules are only adsorbed, whereas the MPS ligand
is covalently bound to the Au-NP surface. One interpre-
tation is that the PEG grafts displace the citrate mol-
ecules thus creating a multidentate interaction with the
Au surface. Furthermore, the gain in translational free-
dom of the displaced citrate molecules increases the
entropic contribution to the change of the chemical po-
tential of adsorption. This is consistent with prior stud-
ies that attribute the ability of PEG to stabilize gold col-
loids due to the strong bonding between gold surface
atoms and the pseudocrown ether structures formed by
PEG.?8~33 In contrast, the MPS cannot be displaced and
thus interactions take place via chelation of equivalent
cations in the surrounding hydration sphere. Initial
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studies to be reported later are consistent with the
MPS—PEG interactions being sensitive to pH and elec-
trolyte content.

Since surface adsorption involves a competition be-
tween solution stability and surface binding strength
per particle, the NP particle size as well as characteris-
tics of the brush that determine possible penetrability
of the NP into the brush (e.g., MW and graft density) will
influence the number of NPs on a surface.3* To this
end, Figure 3 summarizes the relative amount of Au
(XPS Au 4f) on a PHEMA-g-PEGs, surface after incuba-
tion with solutions of citrate-capped Au-NPs with diam-
eters ranging from 5 to 200 nm. SEM observations of to-
tal number density and fraction of surface areas
covered provide similar trends to the XPS.

In general, smaller NPs are preferentially adsorbed
relative to larger particles from solutions containing
the same volume fraction of Au. For instance, on the
PEGs, surfaces, a surface coverage of ~33% was mea-
sured with 10 nm particles, while surface coverage of
200 nm particles was less than 2%. Similar behavior was
observed for PEG,, substrates, but with overall lower af-
finity as previously mentioned (10 nm: PEG,, surface ~
22% coverage; PEGs, surface =~ 33% coverage). On the
basis of the empirical relation between molecular
weight and radius of gyration, Ry, developed by
Kawaguchi,*® Ry is approximately 0.97 and 1.64 nm for
PEG,o and PEGsy, respectively. In both cases, cooperativ-
ity between adjacent PEG grafts is necessary to cover
even a fraction of the surface area of a small NP (sur-
face area, 210nm = 523 nm?). Given a finite penetrabil-
ity of the NP into the brush, the relative contact area per
NP with the surface decreases with increasing the NP di-
ameter. This behavior is consistent with observations
previously seen regarding NP size and brush penetra-
tion by Bhat et al.,'"”'® where it was shown that smaller
particles could penetrate into the brush underlayer
while large particles remained on the outer surface of
the brush. This leads to an effective higher density of
small particles on the polymer brush as they can access
both the brush interior and surface, while large par-
ticles can only interact with chelating groups on the
outer surface of the brush.

As for the impact of PEG MW, the reduced Au-NP
surface coverage for the lower MW PEG,y-grafted
brushes is a reflection of the brush structure. Owing to
steric limitations of the postfunctionalization process,
the PEG content is greater for PEG,o- than PEGsq-
modified brushes, as indicated by the change in brush
thickness (At) after grafting (PEG,o: At = 9 nm; PEGs,: At
~ 6 nm, Table 1). Thus if PEG content was the only fac-
tor, PHEMA-g-PEG,, brushes should exhibit higher
Au-NP density. Alternatively, the lower grafting density
of PEGsy is consistent with greater surface flexibility and
potential for extended chelation afforded by a less
dense arrangement of longer grafts. This would then in-
crease the binding between a Au-NP and the brush.

www.acsnano.org



To extend the single NP absorption observations,
competitive absorption from aqueous solutions con-
taining ternary NP mixtures of citrate-capped Au-NPs
of varying size (30—50—80 nm and 30—50—100 nm)
are summarized in Figure 4 for PHEMA-g-PEGs, and
PHEMA-g-PEG,, surfaces. Here the Au-NP mixtures were
created in proportions that gave equal surface area
(ESA) or equal particle number density (EPN) among
the NPs of different sizes. For ESA, the relative number
density, n, between NPs i and j with radii r;and r;, respec-
tively, is n/n; = (r/r). ESA implies that each constitu-
ent has a similar total interfacial area capable of inter-
acting with the brush, but a different number density in
solution. In contrast, equating the total EPN implies
there is a greater total surface area, 3, for the smaller
particles, where 3,/3; = (r/r)*.

Consistent with the aforementioned observations,
smaller NPs exhibited strong preferential absorption
for a given surface functionality (PHEMA-g-PEGy, or
PHEMA-g-PEGsy), irrespective of the ternary mixture
composition (ESA vs EPN). Also, the absolute number
of larger particles was greater for the ternary mixture
based on EPN density. This indicates that the absorp-
tion process for NPs of this size range (30—100 nm) is
determined by diffusively driven encounters between
the NPs and the surface. The probability of NP absorp-
tion depends on the accessibility of the brush binding
sites (greater for smaller particles), which, in turn, gov-
erns the number of collisions between NPs and the sur-
face. This trend indicates that the binding energy per
particle between PHEMA-g-PEG and citrate-capped Au-
NPs is substantially greater than kT at room tempera-
ture. When comparing the length of the PEG graft, the
role of surface area per NP on relative extent of absorp-
tion becomes apparent as noted above. For example,
the PHEMA-g-PEGs, substrate had almost twice the per-
centage of the 80 nm particles relative to the PHEMA-g-
PEG, substrate (Figure 4a). A similar trend can be noted
in the 30—50—100 nm ternary particle mixture (Figure
4b).

In brief, the above studies revealed that both size
and surface chemistry of the Au-NPs play a crucial role
in determining their uptake characteristics to PEG-
functionalized PHEMA brushes. Smaller particles are ad-
sorbed preferentially when presented at equal volume
fractions. Furthermore, the MW of the graft impacts the
specific size affinity in that longer brushes are capable
of capturing a larger number of NPs. These guidelines
enable the design of brushes with sufficiently strong
binding to exhibit reversible swelling in solvent vapor
or with relatively weak interactions to exhibit size-
dependent, thermal reversible capture and release of
NPs.

Strong NP-Brush Interactions: Reversible Swelling. When
polymer brushes are exposed to a good solvent they ex-
tend from an ideal Gaussian coil into a stretched confir-
mation. If Au-NPs are strongly attached at high density

www.acsnano.org
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Figure 3. (a) The ratio of the Au-to-C total peak counts from XPS
demonstrating a decrease in citrate-capped Au-NP absorption with
increasing NP size for PEGy, (black line, squares) and PEGs, (red line,
circles) grafted PHEMA brushes. All surfaces were incubated with the
respective particle solutions for 24 h and subjected to the same wash-
ing and sonication procedures (described in detailed in the Experi-
mental Details). (b and c) Representative scanning electron micro-
graphs confirming the decreased Au-NP absorption with increasing
NP size for PHEMA-g-PEGs, (b, 100 nm 2% coverage; ¢, 30 nm, 14%
coverage).

to those brushes, the increase of the interparticle dis-
tances will disrupt the collective surface plasmon (local-
ized surface plasmon resonance, LSPR) of the Au-NPs
and substantially alter absorbance properties of the
film. If on the other hand, the particles do not respond
with the brush, and only the refractive index of the sur-
rounding media is altered, the absorbance properties
arising from the surface plasmon will merely shift a few
nanometers.3® Figure 5a shows the color of a PHEMA-g-
PEGs, brush (on glass) with a high surface coverage
(130 um~2)*” of 30 nm citrate-capped Au-NPs (e.g., Fig-
ure 3d). In the dry state, the particles are aggregated
and interacting with each other thus creating a low en-
ergy, collective surface plasmon. The transmitted light
gives a purplish color to the film due to the red-shifted
absorbance. When the brush is swollen, such as by a
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Figure 4. Percentage of adsorbed particles of different sizes
from a ternary mixture of citrate-capped Au-NPs with diam-
eters of (a) 30 (red), 50 (green), and 80 (blue) nm; and (b) 30
(red), 50 (green), and 100 (blue) nm, on PHEMA-g-PEGs,
and PHEMA-g-PEG,, substrates. Note: EPN = equal particle
number, ESA = equal surface area. (c) Representative micro-
graph of a ternary mixture (30—50—100 ESA) on a PHEMA-
g-PEGs;, substrate.

water drop, the interparticle distance is increased, and
the plasmon coupling between Au-NPs is weakened,
which leads to a blue-shift in the adsorption.3® For ex-
ample a 1 pL drop of methanol will change the trans-
mitted color from purple to pink (Figure 5b). As the
methanol evaporates (15 s), the transmitted color shifts
back to purple (movie: Supporting Information). This
process is repeatable over at least tens of cycles with-
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out degradation of the color intensity or rate of color
change. Tentative exploratory studies show that the ex-
tent of the color change and the process reversibility
depend on the stability of the Au-NP—brush hybrid,
and the solvent quality with respect to PHEMA and
PHEMA-g-PEG. Polar solvents, such as methanol, give
excellent response whereas alkanes do not alter the film
color. This behavior is easy to reconcile because metha-
nol is a good solvent for both the NPs and PHEMA-g-
PEG while the swelling of PHEMA-g-PEG brushes with
alkanes is problematic.

Weak NP-Brush Interactions: Thermo-reversible Capture and
Release. As mentioned above, smaller NPs preferentially
absorb to the PEG-grafted PHEMA brushes. Further-
more, brushes with lower MW grafted PEG chains ex-
hibit lower densities of Au-NPs on the surfaces. Beyond
affecting adsorption characteristics, these factors will
also play a role in the strength of the particle-brush in-
teraction as evidenced in desorption phenomena. Fig-
ure 6 summarizes the change in density of 30 nm
citrate-capped Au-NPs on PHEMA-g-PEG,, substrates af-
ter a thermal anneal at 85 °C in water. Substantial de-
sorption was seen to occur after 10 min of heating, and
complete desorption was seen in all cases after 60 min.
When the surfaces were reincubated with a fresh solu-
tion of Au-NPs, readsorption was nearly 100% effective.
This process was highly reversible over many cycles
with little or no degradation of the brushes. In con-
trast, complete desorption of the 30 nm Au-NPs from
PHEMA-PEGs, surfaces was not achieved even after sev-
eral hours of heating at 85 °C. Recall these surfaces
showed a higher density of absorbed Au-NPs.

These results further suggest that the interaction
strength of the Au-NPs with the PHEMA-g-PEGs, sub-
strates is much stronger than that of comparable size
Au-NPs with the PHEMA-g-PEG,, substrates. Either re-
duced penetrability associated with a higher graft den-
sity or shorter multidentate chelation per graft reduces
the effective binding strength per particle such that
thermal energy is sufficient to favor desorption at 85
°C. The PHEMA-g-PEGs, surfaces required heating to the
point of decomposition in order to release their
strongly bound Au-NPs. The lower critical solution tem-
perature (LCST) behavior of the PHEMA-g-PEG brush
may also be argued to contribute to this behavior.
PHEMA is a thermoresponsive polymer showing a cloud
point at ca. 20—40 °C.3° Coupling of PEG to the side
chains of PHEMA increases the hydrophilicity of the
brush and is likely to raise the local LCST. However as
seen for poly(N-isopropyl acrylamide) (PNIPAM), surface
confinement, chain length, and grafting alter the LCST
in complex ways.**~* Since the observed NP release
from PHEMA-g-PEG surfaces was not rapid, we do not
believe an underlying first-order transition of the brush,
such as a LCST, is dominating the aforementioned
behavior.
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Figure 5. Optical response of Au NP—PHEMA-g-PEGs, hybrid in response to methanol swelling and evaporation. Change in
transmitted color arises from disruption of the local surface plasmon resonance of aggregated Au NPs in the dry hybrid (left)
as solvent increases the hybrid volume (right) (see movie in Supporting Information).
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Figure 6. Scanning electron micrographs and corresponding high resolution XPS of 30 nm citrate Au-NP absorption on
PHEMA-g-PEG,, surfaces through two absorption—desorption cycles (adsorption at room temperature, desorption at 85
°C): (a) 1st adsorption 35 + 12 NP/pum?; (b) 1st desorption 3 = 1 NP/pm? (c) XPS (Au 4f) of 1st adsorption and desorption;
(d) 2nd adsorption 34 = 15 NP/pm?; (e) 2nd desorption 1 = 1 NP/pm?; (f) XPS (Au 4f) of 2nd adsorption and desorption;
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Figure 7. Desorption of 30—50—100 nm particles from
PHEMA-g-PEG,, and PHEMA-g-PEGs;, functionalized
substrates.

Given that desorption qualitatively reflects absorp-
tion affinity, size-selectivity seen in Au-NP adsorption
would be mirrored in desorption behavior. Following
the mixed size absorption studies discussed above, Fig-
ure 7 summarizes the decrease in Au-NP density after
successively more stringent desorption treatments for
a ternary mixture of 30—50—100 nm particles on
PHEMA-g-PEG,, and PHEMA-g-PEGs, surfaces. Similar
trends are observed for 30—50—80 nm ternary mix-
tures. Note that in this experiment, the temperature
was held constant at 85 °C while the heating time was
varied. This contrasts with other desorption studies
where surfaces are exposed to a steadily increasing
temperature profile. Constant temperature desorption
implies that rather than the particular temperature at
any one time the total energy input into the system
point is being varied. This process is widely utilized by
the drug delivery community, as changes of in vivo
temperature are limited, and release kinetics at physi-
ological temperature is of utmost importance for
pharmacokinetic properties.*#4>

In general, the largest NPs desorbed with the least
total added energy, followed by medium sized par-
ticles, and finally the small particles, which were ex-
tremely difficult to fully desorb, particularly from the
PHEMA-g-PEGs, substrates. To desorb a substantial per-
centage of the 30 nm particles, the PHEMA-g-PEGs, sub-
strates had to be heated for long time periods (up to
6—8 h) incurring substrate damage, after which reincu-
bation with a fresh NP mixture was unsuccessful. Simi-
lar behavior was also noted on the adsorption and de-
sorption of pure solutions of 30 nm particles. In
contrast, the PHEMA-g-PEG,, substrates showed a high
degree of particle desorption after 60 min of heating.
When these substrates were reincubated with fresh par-
ticle mixtures, nearly full recovery of small particle ad-
sorption was detected, but adsorption of larger par-
ticles was suppressed to lower levels relative to the
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original incubation. This may involve surface rearrange-
ments of the polymer chains after heating that dis-
rupts binding of larger particles which are thought to
be very sensitive to the surface configuration.

Overall, these ternary mixtures emphasize that each
NP-brush interaction is independent, and thus a com-
mon substrate can capitalize on the difference in bind-
ing strength with regard to NP size to provide size-
selective absorption and desorption. The larger the
particle, the smaller the percentage of the particle’s sur-
face, in which a given number of PEG side-chains at-
tached to PHEMA brushes can interact, thus limiting the
total binding strength of such particles.

CONCLUSION

Polymer brush post-functionalization enables the
creation of a wide variety of polymer brush/Au-NP hy-
brids from a common brush precursor. Activation of
PHEMA hydroxyl side chains by N,N'-disuccinimidyl car-
bonate (DSC), and subsequent coupling of primary
amines, allows for the fabrication of a wide variety of
surface functionalities without altering polymerization
kinetics. This variation of the surface properties of the
polymer brush enables the tailoring of analyte adsorp-
tion, i.e., citrate-capped Au-NPs. By changing the MW of
the PEG graft attached to PHEMA backbone, the inter-
action strength per NP could be tuned to yield sub-
strates in which the brush—NP hybrid exhibits revers-
ible swelling in good solvents, as well as substrates in
which size-dependent, reversible absorption—
desorption cycles of NPs could be thermally activated.
Tailoring the brush, however, must specifically consider
the nature of the NP surface, not simply the solubility
of the NP. Although forming electrostatically stabilized
aqueous colloids, MPS-coated Au-NPs do not exhibit
the rich diversity of absorption phenomena with
PHEMA-g-PEG as do citrate-stabilized Au-NPs.

For the citrate-stabilized Au-NPs/PHEMA-g-PEG sys-
tem, the diversity of absorption phenomena arises from
five factors: (1) the noncovalent interactions between
citrate and Au-NPs, (2) the high affinity of PEG to Au sur-
face, (3) the multidentate interaction motif of PEG, (4)
the density of PEG grafts, and (5) the size of the NP
which governs the number of adsorption sites between
the brush and the NP. The first two factors account for
the general absorption of Au-NPs to the PHEMA-g-PEG
brush. The next two factors modulate the interaction
strength per NP. Higher MW PEG grafts have, on aver-
age, more chelation sites available capable of interact-
ing with the Au-NPs. This leads to higher average Au-NP
densities and more sluggish Au-NP desorption. Finally,
the size, and to a lesser extent the density of PEG grafts,
determine the interaction strength per particle and
thus the probability that the NP will desorb due to ther-
mal excitation. As the surface area of interaction is di-
minished, the energetics of surface binding will become
less favorable relative to solvation.
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In summary, a single conceptual platform that en-
ables the tuning of NP—surface interactions affords
a wide range of technological opportunities. Colori-
metric sensors based on modulation of the localized
surface plasmon resonance can be realized by creat-
ing strong NP—brush interactions. Harnessing weak
NP —surface interactions that depend on NP size pro-
vides size-selective capture and release. Such dy-
namic control of adsorption affinity and size-

EXPERIMENTAL DETAILS

Materials. Unless specified all chemicals were analytical grade
from Sigma-Aldrich and were used as-received. 2-Hydroxy-
ethylmethacrylate (HEMA) was obtained from Acros, methanol
(HLPC grade) was purchased from Fisher Scientific. MeO-PEGso-
NH, and MeO-PEGy,-NH, were obtained from Polymer Source.
N,N’-Disuccinimidyl carbonate was purchased from Fluka (pu-
rum grade). Citrate-capped Au-NP solutions were supplied by
Ted Pella. MPS-capped Au-NP solutions were synthesized via
ligand exchange using commercial citrate-capped Au-NP solu-
tions using a protocol described previously.?”” To ensure similar
particle number concentrations in each batch, the MPS-capped
Au-NP solution was allowed to evaporate at room temperature
until it possessed the same optical density as the citrate-capped
Au-NP solution.

Instrumentation. Samples were sonicated using a 2 Amp Soni-
cor (SC-101TH), with an operating frequency of ~50 kHz. Poly-
mer brush thicknesses were measured by a variable angle ellip-
sometry (Senetech SE400) using a wavelength of 632.8 nm and
angles ranging from 40 to 70°. Reported average thickness and
error were determined from six different measurements on the
same sample. Thickness was determined using the accompany-
ing software and fitting W and A curves from data taken at mul-
tiple angles. The bulk refractive index of 1.512 for PHEMA was as-
sumed. Note that for film thicknesses below 20 nm, refractive
index differences in the range anticipated for the postfunction-
alization (An = 0.1) resulted in an insignificant change in the cal-
culated thickness (+10%). Elemental compositions and cou-
pling efficiencies were determined using X-ray photoelectron
spectroscopy (Surface Instruments) M-probe instrument oper-
ated at a base pressure of 3 X 1077 Pa using an operating volt-
age of 10 kV by averaging results from four spots (800 wm?) on
each wafer. ESCA 2000 software was used to interpret the XPS
data. Contact angles were determined by using deionized wa-
ter on a FTA200 instrument (First Ten Angstroms) at ~22 °C. In
a given experiment with a single water drop, 30 contact angle
measurements were taken over the period of 2 min and aver-
aged. Four separate experiments were conducted per sample
and the results were averaged. All samples were analyzed on the
same day at 15% relative humidity. Optical microscopy was per-
formed on a Zeiss-Axio optical microscope. Scanning electron
microscopy was performed on a FEI XL30 scanning electron
microscope at 20 kV at a working distance of 5.0 mm. Particle
counting from SEM micrographs was performed via ImageJ im-
age processing software. Details about the counting and thresh-
olding procedures are reported in the respective experimental
sections below.

Polymer Brush Synthesis. Silicon wafers (Silicon Valley Microelec-
tronics Ltd.) were cut into pieces of desired sizes and exposed
to ultraviolet radiation/ozone (UVO) treatment (Jelight Inc.,
model 42) for 30 min. This treatment generates a large concen-
tration of surface-bound hydroxyl groups required for the attach-
ment of the polymerization initiator. Poly(2-hydroxyethyl meth-
acrylate) (PHEMA) brushes were prepared by “grafting from”
polymerization based on atom transfer radical polymerization
(ATRP) on account of its ability to form polymers with low poly-
dispersity.* This procedure involved the deposition of the ATRP
initiator (11-(2-bromo-2-methyl) propionyloxy)-undecyl trichlo-
rosilane, BMPUS) on the surface of a silicon wafer and subse-
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selectivity will find use in microfluidic devices,
laboratory-on-the-chip, and chromatographic appli-
cations, such as efficient separation media for size-
sorting, separation, and purification of monodis-
persed particles from a polydisperse starting
solution. The extension of this approach to dynamic
control of biomolecule adsorption affinity possesses
larger ranging implications on the biosensing field
and is currently under investigation.

quent polymerization initiated from the surface-bound BMPUS
centers. BMPUS was attached to silicon substrate by keeping a
UVO-treated wafer in the initiator solution (5 mL in 150 mL anhy-
drous toluene at —10 °C for about 12 h). Polymerization of HEMA
was carried out using methanol/water ATRP using a mixture con-
taining 37.45 g of HEMA, 25.5 g of methanol, 7 g of water, 2.33 g
of bipyridine, 0.663 g of CuCl, and 0.05 g of CuCl,. The polymer-
ization time (ranging between 2 and 5 h) was adjusted to achieve
desired brush thickness and chain density of ~0.4 chains/nm?.
These pristine polymer brushes have been thoroughly character-
ized as reported in prior publications.*’~*° By combining ellipso-
metric results of dry brush thickness with SEC measurements
from brushes grown on and cleaved off small particles a good es-
timate of grafting density and a correlation between dry brush
thickness and molecular weight can be derived. From these stud-
ies it has been deduced that for brushes synthesized under the
aforementioned conditions M = 1200h, where M is the number
average molecular weight of the brush and h is the height of the
dry brush in nm. Thus the brushes used in this study would
have an M ~ 18000 g/mol.

Polymer Brush Functionalization. To ensure that the measured re-
sults were not impacted by variations of chain density or chain
length on different wafers, experiments were performed on a
single brush wafer that was fractured into multiple pieces. The
substrates coated with PHEMA brushes were immersed in a
deoxygenated solution of 0.1 M N,N’-disuccinimidyl carbonate
and 4-dimethylaminopyridine in anhydrous DMF for 24 h.° The
specimens were then rinsed thoroughly with DMF and methyl-
ene chloride and subsequently immersed in a 25 mM solution of
the primary amine-containing coupling agent and kept for 24 h.
After coupling, the samples were removed from the solution
and sonicated for 15 min each in Milli-Q water, acetone, and
methylene chloride in order to remove excess adsorbed
reactants. Postfunctionalized brushes were analyzed by
ellipsometry, contact angle, and XPS.

Successful coupling of PEG conjugates was demonstrated
by an increase in polymer brush thickness and a concurrent de-
crease in the static contact angle (cf. Table 1). XPS was employed
to elucidate elemental composition and chemical bonding infor-
mation about the polymer brush conjugates thus providing a
quantitative measure of the coupling efficiency® (Table 1). Con-
trol experiments, in which polymer brush surfaces were directly
exposed to reactants without DSC activation, showed no sub-
stantial changes in thickness, contact angle, or elemental com-
position relative to the activated substrates (cf. Table 1).

Incubation of PHEMA-g-PEG Substrates in Monodispersed Nanoparticle
Solutions. The postfunctionalized polymer brushes were floated
on top of 200 pL solutions of either citrate-capped Au-NPs or
MPS-functionalized Au-NPs (particle concentration 2.0 X 10!
particles/mL) for 24 h. This deposition arrangement (floating of
brushes on solutions) was chosen so that only diffusive encoun-
ters between the NPs and the surface occurred; and any possibil-
ity of NP settling or gravity-assisted concentration gradients
could be avoided. An incubation time of 24 h was chosen based
on initial experiments which followed the concentration of gold
nanoparticles on the surface related to the incubation time.
PHEMA-g-PEG brushes were incubated for 1 h, 24 h, and 1 week
in Au-NP solutions. While the samples incubated for 1 h had
the lowest concentration of NPs, the concentration of NPs on
the 24 h and 1 week incubated samples were within experimen-
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tal error. This suggests that the adsorption/desorption/diffusion
phenomena of NP interactions with the polymer brush have
reached equilibrium after 24 h. After incubation, the wafers were
taken out of the Au-NP solution, and rinsed thoroughly with co-
pious amounts of Milli-Q water by dousing the wafers with a
gentle stream of Milli-Q water for 2 min. The wafer was then
placed in a jar of ~10 mL Milli-Q water and sonicated for 5 min.
The wafer was then rinsed thoroughly with copious amounts of
methanol by dousing with a gentle stream of methanol for 15 s.
The wafer was then placed in a jar with ~10 mL methanol and
sonicated for 5 min. At the conclusion of this sonication step, the
wafer was rinsed again with methanol and gently blown dry
with a stream of dry nitrogen. With the smaller sized nanoparti-
cles (=30 nm), the density of nanoparticles, in only rinsed and
rinsed/sonicated samples was nearly identical. However, hetero-
geneous dense patches of nanoparticles were rarely, but some-
times, seen in the rinsed-only samples, while the rinsed/soni-
cated samples gave more reproducible surfaces with a more
homogeneous distribution of nanoparticles.

SEM micrographs were taken from five different representa-
tive areas (area 5 pm?) on each sample and analyzed via Im-
ageJ image processing software to count the number of depos-
ited Au-NPs and to compare the relative numbers of strongly
adsorbed Au-NPs for different substrates. The averaged results
and error among different sample areas are reported in the text.
XPS was used to compare the total amount of gold between sub-
strates incubated with different ligand-capped NP solutions by
comparing the relative intensities of the Au 4f peaks.

Incubation of PEG-g-PHEMA Substrates in Ternary Mixtures of Different
Size Nanoparticle Solutions. The brushes were floated on top of 200
L solutions of ternary mixtures of three sizes of monodispersed
citrate-capped Au-NP solutions from Ted Pella for 24 h. Ternary
mixtures of comprising particles with diameters (set 1) 30, 50,
and 80 nm and (set 2) 30, 50, and 100 nm citrate-capped Au-
NPs were obtained by mixing the proper proportion of the dif-
ferent monodispersed Au-NP solutions. Two series of Au-NP so-
lutions were prepared: (a) each particle size set had the same
surface area in the mixture, (b) the particle number concentra-
tion of each particle size was the same in the mixture. To estab-
lish the proper amount of Au-NPs, we used nominal particle size
and solution particle concentrations provided by Ted Pella. For
example, to obtain 200 pL of a ternary particle solution with
equivalent particle concentrations for 30, 50, and 80 nm par-
ticles, with solution concentrations of 2.0 X 10" particles/mL,
4.5 X 10'° particles/mL, and 1.1 X 10'° particles/mL, respectively,
one mixes 8.5 wL of 30 nm NP solution, 37 L of 50 nm NP solu-
tion, and 154 pL of 80 nm NP solution to give an ~200 L solu-
tion with an overall concentration of 2.2 X 10° particles/mL of
each particle. To generate solutions with equal surface area per
particle the appropriate amounts of NP solutions are normalized
using surface area of each particle size (assuming that all par-
ticles are monodisperse in size and have a shape of a perfect
sphere). After incubation, the substrates containing Au-NPs at-
tached to the functionalized brushes were taken out of the
Au-NP solution and rinsed only (no sonication) with Milli-Q wa-
ter and methanol in order to desorb any weakly bound Au-NPs.
This rinsing process is described in detail in the section “Incuba-
tion of PHEMA-g-PEG Substrates in Monodispersed Nanoparticle
Solutions”. SEM micrographs were taken from five different rep-
resentative areas (area 5 um?) on each sample and analyzed via
ImageJ image processing software to count the number of de-
posited Au-NPs and to compare the relative numbers of strongly
adsorbed Au-NPs for different size NPs. Particles were binned
into their respective size categories from the dispersed mix of
different size particles by allowing only particles with size =10%
from the reported value to be counted in that grouping, all
other particles were excluded. For example, for the 30 nm par-
ticle bin all particles reported by ImageJ of having sizes
27.0—33.0 nm were included, particles of 45.0—55.0 nm were in-
cluded in the 50 nm bin, and particles of 72—88 nm were in-
cluded in the 80 nm bin.

Thermoreversible Capture and Release of Citrate-Capped Gold
Nanoparticles. The postfunctionalized polymer brushes were
floated on top of 200 p.L solutions of 30 nm citrate-capped Au-
NPs from Ted Pella (particle concentration 2.0 X 10" particles/
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mL) for 24 h. After incubation, the wafers were taken out of the
Au-NP solution and rinsed and sonicated for 5 min each in Milli-Q
water and methanol in order to desorb weakly bound Au-NPs.
The substrates were then characterized by SEM and XPS as fol-
lows. SEM micrographs were taken from five different represen-
tative areas (area 5 pm?) on each sample and analyzed via Im-
ageJ image processing software to count the number of
deposited Au-NPs and to compare the relative numbers of
strongly adsorbed Au-NPs for different substrates. XPS was em-
ployed to compare the total amount of gold between adsorption
and desorption cycles by comparing the relative intensities of
the Au 4f peaks for the different cycles. After analysis the sub-
strates were placed in a bath of Milli-Q water, thermostatted at
85 °C for 60 min. After this time the wafers were removed and
washed and sonicated as before and analyzed by XPS and SEM
as previously described. After analysis the wafers were floated on
top of a fresh solution of 30 nm citrate-capped Au-NP solutions
from Ted Pella for 24 h as previously described. Surface charac-
terization using SEM and XPS, as described above, followed. Fi-
nally, the desorption process was repeated. As a control, a MeO-
PEG,o-NH,-functionalized wafer piece was exposed to 30 nm
citrate-capped Au-NP solutions from Ted Pella for 24 h as de-
scribed above. However, instead of placing the specimen in a
hot water bath, it was left in Milli-Q water at room temperature
for 24 h. No significant desorption was noted by XPS or SEM
analysis.

To examine the size selectivity of desorption, ternary mix-
tures of 30—50—80 nm and 30—50—100 nm Au-NPs were pre-
pared as described above. The size-selective release properties of
these equal surface area density particle mixtures were then ex-
amined by using increasingly stringent desorption conditions.
The wafers were sonicated for 5 min each in methanol and
Milli-Q water and analyzed as previously described. After initial
analysis the substrates were placed in a bath of Milli-Q water,
thermostatted at 85 °C for increasing amounts of time. After each
exposure to the hot water bath the wafers were characterized
by SEM as previously described. This procedure was repeated un-
til most of the particles were desorbed from the brush sub-
strate. The substrates were then reincubated with fresh mix-
tures of NPs as previously described and reanalyzed by SEM.
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