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Abstract: We report investigations of bioresponsive hydrogel microlenses as a new protein detection
technology. Stimuli-responsive poly(N-isopropylacrylamide-co-acrylic acid) (pNIPAmM-co-AAc) microgels have
been synthesized via free-radical precipitation polymerization. These hydrogel microparticles were then
functionalized with biotin via EDC coupling. Hydrogel microlenses were prepared from the particles via
Coulombic assembly onto a silane-modified glass substrate. Arrays containing both pNIPAmM-co-AAc
microgels (as an internal control) and biotinylated pNIPAm-co-AAc microgels were then used to detect
multivalent binding of both avidin and polyclonal anti-biotin. Protein binding was determined by monitoring
the optical properties of the microlenses using a brightfield optical microscopy technique. The microlens
method is shown to be very specific for the target protein, with no detectable interference from nonspecific
protein binding. Finally, the reversibility of the hydrogel microlens assay has been studied in the case of
anti-biotin to determine the potential application of the microlens assay technology in a displacement-type
assay. These results suggest that the microlens method may be an appropriate one for label-free detection
of proteins or small molecules via displacement of tethered protein—ligand pairs.
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Over the past decade, a number of applications involvin )
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stimuli-sensitive hydrogels have arisen due to the great potential L i

for hydrogels as matrices, actuators, and transducéidany amideco-acrylic acid) (pPNIPAmeo-AAc) microgels can be used
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of these hydrogels have been thermoresponsive, which underg(;0 fabrlcat.e dynamically tunable .mlcrolens arréys SUC.h

a reversible phase separation at the lower critical solution tunable microlens arrays are easily assembled on an aminopro-

temperature (LCST) or upper critical solution temperature pyltrimethoxysilane (APTMS)-functionalized glass substrate via

(UCST) of the polymef: 11 It has been reported that specifically common electrostatic interactions. The optical properties of these
engineering such hydrogels with additional functionalities can hydrogel-based microlenses can be tuned by different stimuli,
result in hydrogels that are responsive to stimuli, such as pH, Such as temperature, pH, and photons, as a result of the
ionic strength, photon flux, and biomolecular binding eva#t¥. responsivity of the network to those stiméfiz® Furthermore,
These additional stimuli-responsive characteristics make themthe lens-like structure enables us to visualize subtle changes in
useful for numerous applications, such as controlled drug g€l swelling at the microscale using a simple optical microscope
releasé? 20 tissue regeneratiohsurface patterning2* micro- setup. In this contribution, we describe the use of this micro-
lensing methodology to visualize the modulation of gel swelling
via protein-ligand interactions. This construct represents a new
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Scheme 1. Conceptual Representation of the Hydrogel Microlens Assay?

EDC

Biotin

Anionic Microgel Biotinylated Microgel & d
A - Biotin 2€ -Avidin Y - anti-Biotin

a(a) pNIPAm<co-AAc hydrogel microparticles synthesized by aqueous free-radical precipitation polymerization method. (b) Biotinylation of pNIPAmM-
co-AAc hydrogel microparticles via EDC coupling. (c) Formation of cross-links in the hydrogel by multivalent binding of avidin to biotin on the hydroge
microlenses. (d) Cross-link formation in the hydrogel microlens by multivalent binding of anti-biotin to biotin on the hydrogel microlenses.

method of visualizing protein assays wherein the gel substrate
itself is also the transducer element.

The particular issue in developing a biological assay is
achieving not only high selectivity to the target molecules but
also simplicity in fabrication. An inexpensive assay technique
that is generalizable to a wide range of different affinity pairs
with high selectivity would increase the potential for the use of
the technique in many applications, such as protein assays, drug
screening, chemical sensing, and the detection of genetic defects,
such as single nucleotide polymorphisms. In the present
research, we have developed a new protein assay method by
utilizing ligand-functionalized hydrogels, which simultaneously
associate with the protein of interest and report on the binding
event. In particular, the technique described here is free from
false signals due to nonspecific binding and could be used for
very complex mixtures by employing the inherent advantage

of a displacement-type assay scheme. Figure 1. Dependence of microlens swelling in 10 mM PBS buffer solution
] ] as a function of avidin concentration at room temperature. (a) DIC
Results and Discussion microscopy images of substrate-bound pNIPAAAc hydrogels (right

) . ) ) - o element in each panel) and biotinylated pNIPAmAAc hydrogels (left
The main strategy in this work is to utilize the biotinylated element in each panel) at the indicated avidin concentrations. (b) Projection

pNIPAm-<o-AAc hydrogel microparticles as both the protein of the single square pattern (top right) through the hydrogel microlenses

recognizing and transducing material (Scheme 1). In this stra- UNder the same conditions as described for column a. As the avidin
concentration increases, only the biotinylated hydrogel microlenses form

tegy, a portion £50%) of the acid groups of the microgels are  gark circles in DIC images (a) and show modulation of the square images
conjugated to the biotin ligand via EDC coupling. These bio- in projection mode (b). Note that 15Q. of each solution was used for this
tinylated microgels then interact with multivalent proteins (avi- experiment (100 nM is equivalent to 15 pmol of avidin). The scale bar is
din and anti-biotin), which form additional cross-links between pm.
polymer chains in the network. Such a cross-linking event results AAc microlenses are present in approximately equal number
in the change in the equilibrium swelling volume of the microgel densities. Under the deposition conditions used, a submonolayer
and, hence, an increase in the local refractive index (RI) of the coverage of microlenses is obtained, which allows for imaging
microgel. Our group has recently shown that the optical proper- of individual microlens optical properties without interference
ties of the hydrogel microlenses are dependent on the refractivefrom adjacent particles. Both modified and unmodified micro-
index (RI) contrast between the hydrogel and the surrounding lenses were used to prepare these samples such that the
medium?>26 Also, microlenses formed from pH- and temper- unmodified microlens can act as an internal control and reference
ature-responsive gels are able to project images of different fidel- state. The microlenses were then exposed to various concentra-
ities in response to pH and temperature changes, respectivelytions of avidin solutions by introduction of 1@ of the proper

To investigate the potential utility of hydrogel microlenses solution into the void space of a microlens array/silicone gasket/
in this protein assay system, we prepared substrates containingoverslip sandwich assembly. The effects of avidin concentration
a random, binary distribution of microlenses, where both on the optical properties of the microlenses are shown in Figure
pNIPAm-co-AAc microlenses and biotinylated pNIPAoo- 1. It is interesting to note that only the biotinylated hydrogel
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microlenses (left elements in each panel) show a difference in

appearance in the differential interference contrast (ESIC)

images as the avidin concentration is increased, with the most

marked difference being the formation of the dark circle at the

particle periphery (Figure 1a). The nonbiotinylated microlenses

(right elements in each panel) do not show any apparent change

at different concentrations of avidin. In Figure 1b, the biotinyl-

ated microlenses exhibit a large change in image formation

(white square) at 100 nM avidin (equivalent to 15 pmol of

protein), while the nonbiotinylated hydrogel microlenses show

a weak, poorly focused image over the entire range of the avidin
concentrations. The change in lens projection observed for theFigure 2. Fluorescence microscopy images of hydrogel microlenses in (a)
biotinylated lenses appears to be the formation of a double 1uM avidin in 10 mM PBS and (b) a 10 mM PBS buffer solution. Note
: ) ; . _~ that the microgel is labeled with 4-acrylamidofluorescein (green), and avidin
image, where the periphery of the particle appears bright, while (red) is conjugated with Texas red. Biotiavidin binding is observed only

a small, more tightly focused square appears at the center ofon the biotinylated microgel (left element in each panel) and not on the

the microlens. These phenomena are due to the local RI Changémnbiotinylated microgel (right element in each panel) at the tested avidin
' concentration. (c) DIC microscopy image of the bare microgels (right

of the biOﬁny|at_ed hydrogels caused by the form_ati_on of bietin gjement in each panel) and the biotinylated microgels (left element in each
avidin networking on the surface at a critical avidin concentra- panel) in 730 nM anti-avidin in 10 mM PBS and (d) 10 mM PBS buffer

tion. The higher RI decreases the effective focal length of the selution. There is no discernible change on DIC images due to the

microlens,. hence creating a smaller, more tightly focused imageu,(;gsﬁsegg'?ofﬁzrggggrﬁ;j:ttm”gr'e'qﬁﬁ,;eléﬂﬁoj’fgoogﬁif; ?ﬁg‘gg;le

of the white square pattern. It may also be the case that thepar is 2,m.

higher refractive index at the microlens surface causes an

increase in light scattering, which may be the origin of the bright DIC . DIC

appearance of the particle periphery. Regardless of the detailecgm a

origins of the image formation, it is clear that the ligand-

modified lenses are sensitive to protein binding and directly

report on that binding through a change in both microlens

appearance (Figure 1a) and microlens performance (Figure 1b).

Also, note that the biotinylated hydrogel microlenses have very

different optical properties (focal lengths) than the nonbiotinyl-

ated microlenses before introduction of the protein (e.g., in PBS

only). This arises from the decrease in the number of acidic

sites in the biotinylated microgels, which decreases the equi- -

librium swelling volume and, hence, increases the RI of the

microlens. Figure 3. Sensitivity of the hydrogel microlens assay to the number of
In designing any affinity-based assay system, mediation of L8 2 0 < e e oichiometc rafios.

nonspecific adsorption and enhancement of selectivity are two o piotin. (a) DIC images of the hydrogel microlenses exposed to 1:1 biotin:

of the key figures of merit. Thus, fluorescence microscopy was avidin solutions in 10 mM PBS buffer as a function of total avidin

used to investigate specific biothavidin binding to the concentration. (b) Projection of the single square pattern (top) through the

. . - 1 hydrogel microlenses under the same conditions as described for column
hydrogel microlenses (Figure 2a and b). Note that the avidin a. (c) DIC images of the hydrogel microlenses exposed to 2:1 biotin:avidin

and hydrogels are labeled by fluorescent chromophores with sejutions in 10 mM PBS buffer as a function of total avidin concentration.
red (Texas red) and green (fluorescein) emission spectra,(d) Projection of the single square pattern (top) through the hydrogel

respectively. The appearance of the red fluorescence at thgmicrolenses under the same conditions as described for column c. Note
. . . . . that 150uL of each solution was used for this experiment (100 nM is

periphery of the left element in panel a confirms that the avidin equivalent to 15 pmol). The scale bar is.

only binds to the surface of the biotinylated hydrogel microlens.

Interestingly, there is no discernible nonspecific adsorption to systems by exposing the biotinylated microlenses to a solution
the nonbiotinylated hydrogel microlens at the same solution of ganti-avidin (panels ¢ and d). The DIC images of the hydrogel
avidin concentration (right element in panel a). Nonbiotinylated mjcrolenses are unchanged by the presence of anti-avidin at a
microlenses also do not show any nonspecific adsorption whengq|ution concentration of 730 nM (equivalent to 110 pmol) as
they are present alone on the substrate (data not shown). NOtQ:ompared to images acquired in PBS buffer solution.

that in PBS buffer, both microlenses display only green As described above, we propose that the [avidin]-dependent

fluorescence due to fluorescein, although the biotinylated . . . .
. . . . microlens response is caused by an increase in the network
microlens appears to have fluorescence intensity that is weaker

than that of the nonbiotinylated one. This may be due to a cross-link density, due to the ability of avidin to bind up to 4

difference in the photobleaching rate between the two particles, equiv of b!otm. To prove th_e reqUIremenF of multivalent blnd'r!g?
. e . we investigated the sensitivity of the microlens assay to avidin
or it may be that biotin acts as a quencher when placed in close

proximity to fluorescein. Finally, brightfield transmission that had been equilibrated with different amounts of free biotin.

microscopy was used to scrutinize the selectivity of these assayggl:]rjs?’bszgévz)t?;al:élgs (opfatr;?alshs d?ggetl:)mailgrilfr?iers)rg(e;;f: d

(30) Murphy, D. B.Fundamentals of Light Microscopy and Electronic Imaging to avidin solutions pre_—equn_lbr_ated with 1 (panels a and_b) (_)I’
Wiley-Liss: New York, 2001. 2 (panels c and d) equiv of biotin. Because of the extraordinarily

®
d
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DIC )

Figure 4. Effects of the monovalent binding and the nonspecific adsorption.
(Left column) DIC images of the hydrogel microlenses and (right column)
projected square pattern images through the hydrogel microlenseavn 1
biotin-equilibrated avidin solutions with the ratio of (a) 3:1, (b) 5:1 biotin:
avidin, and (c) 10 mM PBS buffer. The bare microgels (right element in
each panel) and the biotinylated microgels (left element in each panel) are
unchanged under these conditions. Note that4l5@f each solution was
used for this experiment (100 nM is equivalent to 15 pmol). The scale bar
is 2 um.

| di iati tant dh Il di iati t Figure 5. Influence of polyclonal anti-biotin on the hydrogel microlenses
ow dissociation constant (an ence small dissociation rate " o mm pBS buffer solution as a function of anti-biotin concentration at

constant) of the biotin:avidin paikg ~ 10-13—10"19), the free room temperature. (a) DIC microscopy images of bare microgels (right
biotin is not expected to exchange with the hydrogel-bound element in each panel) and biotinylated microgels (left element in each
biotin on the time scale of the experiments. Thus, this experi- panel) at the indicated anti-biotin concentrations. (b) Projection of the single
- . o square pattern (top right) through the hydrogel microlenses under the same
ment allows for a measure of avidin-based cross-linking as a conditions as described for column a. As the anti-biotin concentration
function of the number of free binding sites. Comparing the increases, only the biotinylated hydrogel microlenses form dark circles in
data in Figure 3 with those in Figure 1, where free avidin is DIC images (a) and tightly foc_used square images in projection mode (b).
used, suggests that the hydrogel microlens is less sensitive t Note t_hat 15QuL of each solution was usgd for this experiment (367 nM
' Qs equivalent to 55 pmol). The scale bar ig:2.
avidin that has been pre-equilibrated with biotin than with free

to “turn on” at~200 nM (30 pmol of avidin), while for 2.1 than it is to avidin, despite avidin’s lowét value. While it is
biotin:avidin, the lens is not switched untd600 nM (90 pmol  possible that this arises from the higher molecular weight of
of avidin). This behavior can be reasonably understood by the the |G, it is also reasonable to consider the larger distance
fact that the free avidin statistically will have more opportunities petween binding sites in the IgG. It may be the case that the
to form cross-links than avidin with partially occupied binding |¢G is statistically a better cross-linker simply because it can
sites. To eliminate the possibility that the focal length change access more biotins than the smaller avidin. Also, it should be
is caused by monovalent binding and/or nonspecific binding of pointed out that the anti-biotin assay is less sensitive than the
avidin, we exposed microlens arrays to solutions of avidin pre- avidin assay in Figure 3a,b, where the avidin has three active
equilibrated with 3 (monovalent avidin) and 5 (excess biotin) pinding sites. Thus, the sensitivity of the cross-linking assay
equiv of biotin (Figure 4). Under these conditions, we observe wjl| be due to the protein:ligand affinity, the number of ligand
no discernible change in lens focal length due to the statistical pinding sites, and the distance between binding sites on the
improbability of protein-based cross-linking under conditions protein.
where one or fewer binding sites is available on the protein.  The reversibility of the hydrogel microlens assay is shown
To evaluate the generality of the assay for protein detection, in Figure 6. The hydrogel microlenses were stepwise exposed
we investigated a weaker binding proteiigand interaction. to PBS buffer (row a), polyclonal anti-biotin solution (row b),
In this case, a polyclonal antiserum (IgG fraction) raised in goat and biotin solution (rows ¢ and d). As shown, when the
against biotin was used as the cross-linking protein. Note that antibody-bound microlenses are exposed to a solution of the
an IgG is different from avidin in a number of ways. It has a free ligand, the focal length of the microlens reverts back to its
higher molecular weight{150 kDa vs~66 kDa for avidin), it original state, suggesting that the protein-based cross-links have
has only two binding sites (paratopes) for biotin, and it is been disrupted. This result suggests that this construct could
expected to have a much higher dissociation constant than thaipotentially be used in a displacement-type assay. For example,
of avidin. Typical effective (ensemble) dissociation constants each microlens could contain both a tethered protein and a
for polyclonal antisera are on the orderkaf ~ 10-° M. Panels tethered ligand, where association between the two results in a
a and b of Figure 5 show the DIC images and the projected cross-linking point and, hence, a decrease in focal length.
pattern images as a function of anti-biotin concentration, However, upon exposure to the free ligand or protein (depending
respectively. The hydrogel microlens assay displays a focal on what is to be assayed), these cross-links would be disrupted,
length change at a concentration above 367 nM (equivalent tothereby increasing the lens focal length, which can be visualized
55 pmol), with the general microlens appearance being very on a simple optical microscope. A displacement assay of this
similar to that observed for avidin binding. If one compares type would have the advantage of being reversible since the
Figure 3c,d with Figure 5a,b, where the effective number of displaced moiety would remain tethered to the microlens.
binding sites to biotin is the same but tkgvalues are different, Following washing, the protein:ligand cross-link would be re-
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technique. The hydrogel microlens assay can be easily con-
structed in inexpensive, simple, and rapid fashion, with high
selectivity. The unique characteristics of the assay technology
include the ability to determine the presence of an expected
protein by monitoring the focal length of the microlens without
the need for covalent tagging of the protein of interest.
Furthermore, these microlenses could individually represent
pixels in a biochip-type format, where such a chip could be
read-out by simple optical microscopy coupled with image
recognition software, again in a label-free format. These
fundamental advantages make this new technique attractive for
the future development of a displacement-type protein assay,
where “on” and “off” signals are sufficient for primary affinity
screening. However, it should be noted that the present materials
platform represents a nonoptimized format for biological
Figure 6. Reversibility of the hydrogel microlens assay. (Left column) sensing, as the polymers used here may be overly sensitive to

DIC images of thﬁ thLO%e' hmigrolenlse§ a”Id (right ‘%‘?}'U’E”& Proj‘lf"“?d square changes in onic strength in the physiological range and wil
pattern images through the hydrogel microlenses. The hydrogel microlenses : P . .
were stepwise exposed to 10 mM PBS buffer (row a), 667 nM polyclonal CeTtainly be sensitive to changes in ambient temperature. Thus,

anti-biotin solution (row b), and 1 mM free biotin solution (row ¢ after 3 ~We have demonstrated the first major steps toward practically
h aﬂfli (d)datf)t_er_ 22| h).d The bareI microge'ls fatlrel the right elemhents ir} tlé\lach applicable bioresponsive materials, with further optimization
panel, and biotinylated microgels are the left elements in each panel. Note ; P

that 150uL of each solution was used for this experiment (667 nM is required before true applications result.
equivalent to 100 pmol). The scale bar ig.
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formed, thereby resetting the microlens to the “on” state.
Furthermore, if one were able to tune either the dissociation
constant of the tethered protein:ligand pair or the critical number
of cross-links required for microlens modulation, the sensitivity
of the assay to the solution concentration of analyte could be
tuned to a level appropriate for a particular application.

In conclusion, we have demonstrated that biotin-functional-
ized hydrogel microlenses can be used to assay avidin and
polyclonal anti-biotin using a brightfield optical microscopy JA0519076
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of microlenses shown in Figures 1, 2, and 5, and the Experi-
mental Section. This material is available free of charge via
the Internet at http://pubs.acs.org.
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