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10 ABSTRACT: The specific binding and uptake of protein molecules to individual hydrogel nanoparticles is measured with real-
11 time single-nanoparticle surface plasmon resonance imaging (SPRI) microscopy. Nanoparticles that adsorb onto chemically
12 modified gold thin films interact with traveling surface plasmon polaritons and create individual point diffraction patterns in the
13 SPRI microscopy differential reflectivity images. The intensity of each point diffraction pattern depends on the integrated
14 refractive index of the nanoparticle; an increase in this single nanoparticle point diffraction intensity (Δ%RNP) is observed for
15 nanoparticles that bind proteins. SPRI adsorption measurements can be used to measure an average increase in Δ%RNP that can
16 be correlated with bulk dynamic light scattering measurements. Moreover, the distribution of Δ%RNP values observed for
17 individual nanoparticles can be used to learn more about the nature of the protein−nanoparticle interaction. As a first example,
18 the binding of the lectin Concanavalin A to 180 nm N-isopropylacrylamide hydrogel nanoparticles that incorporate a small
19 percentage of mannose sugar monomer units is characterized.

20 ■ INTRODUCTION

21 Hydrogel nanoparticles (HNPs) are unique synthetic nanoma-
22 terials that can incorporate various chemical functionalities
23 specifically designed to capture and release proteins, peptides,
24 or other small molecules. These capabilities have led to a
25 significant interest in the potential use of HNPs in biomedical
26 applications such as targeted drug delivery, medical diagnostics,
27 and biosensing.1−6 For example, NIPAm-based (N-isopropyla-
28 crylamide) HNPs have been utilized for detection of various
29 biomolecules, such as DNA,7,8 proteins,9−11 and other
30 biologically relevant small molecules.12,13 Additionally, the
31 specific uptake of proteins into HNPs can also be used as a
32 model system for studying various biological phenomena such
33 as multivalent lectin−carbohydrate interactions.14−20 For all of
34 these applications, it is essential that the uptake of proteins into
35 individual nanoparticles be quantitated and analyzed. For the
36 case of fluorescently labeled proteins, single nanoparticle
37 fluorescence imaging can be used to monitor affinity uptake
38 into single HNPs.21−23 For nonfluorescent proteins, the

39average particle size and molecular weight of HNPs can be
40obtained by a combination of dynamic light scattering
41(DLS)24,25 and multiangle light scattering (MALS),26 but
42measurements of single HNPs are more difficult, typically
43requiring methods such as cryo-TEM or atomic force
44microscopy.27−29

45Recently, we have demonstrated that real-time single-
46nanoparticle surface plasmon resonance imaging (SPRI)
47microscopy can be used to detect single HNPs in situ and
48quantitatively monitor the specific uptake of nonfluorescent
49biomolecules into the individual nanoparticles.30 SPRI
50microscopy has been used previously to study single metallic
51nanoparticles, membrane proteins, cells, and viruses;31−42 an
52example of the SPRI microscopy experimental setup is shown
53 f1in Figure 1a. When a nanoparticle adsorbs onto a chemically
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54 modified gold thin film from solution, a large point diffraction
55 pattern in the SPRI microscopy image is created from the
56 interaction between the nanoparticle and the traveling surface
57 plasmon polaritons. This single-nanoparticle point diffraction
58 intensity can be quantitated and is expressed as a change in
59 percent reflectivity (Δ%RNP).

30,41 The value of Δ%RNP for a
60 single nanoparticle depends on its integrated refractive index
61 and thus, in the case of HNPs, on the amount of protein
62 adsorbed and incorporated to the nanoparticle. In our recent
63 paper, we synthesized NIPAm-based HNPs with specific
64 affinity for the peptide melittin.30 SPRI microscopy was then
65 used to quantify the average uptake of melittin into these HNPs
66 by calculating average Δ%RNP values from individual HNPs.
67 We showed that although the average HNP size (as measured
68 by DLS) did not change with melittin concentration the
69 average Δ%RNP varied linearly due to melittin uptake into the
70 HNPs.
71 In this paper, we extend our use of single-nanoparticle SPRI
72 microscopy to monitor the specific adsorption and uptake of
73 proteins to individual HNPs. We have synthesized NIPAm-
74 based HNPs that incorporate a small percentage of monomers
75 modified with mannose sugar units into the hydrogel polymer
76 as shown in Figure 1b. We then used SPRI microscopy to
77 monitor the interactions of the lectin Concanavalin A (Con A)
78 to these mannose-incorporated HNPs (mHNPs), shown in
79 Figure 1c. Both the average and distribution of Δ%RNP values
80 for single mHNPs in the presence of Con A were quantitated;
81 an increase in the average Δ%RNP due to the combination of
82 Con A binding to the mHNPs and Con A-induced specific
83 aggregation of mHNPs was observed for solutions up to 200
84 nM. We also found that the interaction of Con A with the
85 mHNPs led to a significant increase in the distribution of Δ%
86 RNP values that we attribute to variations of mannose sugar unit
87 availability for Con A binding in individual mHNPs. At Con A
88 concentrations above 200 nM, a saturation of binding and
89 mHNP aggregation led to an observed leveling off of the Δ%
90 RNP values for the single mHNPs.

91■ EXPERIMENTAL METHODS

92Hydrogel Nanoparticle Materials. NIPAm, acrylic acid
93(AAc), sodium dodecyl sulfate (SDS), and V-501 were
94obtained from Sigma-Aldrich, Inc. (St. Louis, MO). N,N′-
95Methylenebis(acrylamide) (BIS) was obtained from Fluka (St.
96Louis, MO). N-tert-Butylacrylamide (TBAm) was obtained
97from Acros Organics (Geel, Belgium). NIPAm was recrystal-
98lized from hexane before use. All other chemicals were used as
99received.
100Hydrogel Nanoparticle Synthesis. The sugar unit p-
101acrylamidophenyl-α-D-mannopyranoside (Man) was synthe-
102sized using methods reported previously.24,43 mHNP synthesis
103was adapted from previous HNP synthesis methods.44,45 The
104monomers NIPAm (63.5 mol %), TBAm (20 mol %), AAc (5
105mol %), BIS (10 mol %), and Man (1.5 mol %) and 2.5 mg (8.7
106mmol) of SDS were dissolved in 50 mL of nanopure water for a
107total monomer concentration of 65 mM. TBAm was dissolved
108in 1 mL of ethanol before addition to nanopure water. Nitrogen
109gas was bubbled through the mixture for 30 min. Following the
110addition of V-501 (131.3 μmol/0.5 mL of DMSO), the
111polymerization was carried out in an oil bath at 70 °C for 3 h
112under a nitrogen atmosphere. The resulting solution was
113purified by dialysis using a 12−14 kDa molecular weight cut off
114dialysis membrane against an excess amount of nanopure water
115(changed more than 3 times a day) for 4 days. The yield and
116concentration of HNPs was obtained by gravimetric analysis of
117lyophilized polymers. The hydrodynamic diameter of mHNPs
118was determined in 1X PBS at 25 °C using DLS equipped with
119Zetasizer Software (Zetasizer Nano ZS, Malvern Instruments
120Ltd., Worcestershire, U.K.).
121Substrate Preparation. The Au substrates were coated by
122thermal vapor deposition of a 1 nm Cr adhesion layer and 45
123nm Au onto Borosilicate No. 1.5 coverslips (Fisherbrand,
124Pittsburgh, PA). The Au surface was immobilized with 1-
125undecanethiol (C11) by immersing the Au substrate into a 1
126mM C11/EtOH solution. The Au surface was partitioned using

Figure 1. (a) Schematic diagram of the SPRI microscope. A knife-edge mirror was used to send collimated p-polarized light through the objective at
the SPRI angle of 30% reflectivity. The reflected images were collected by the sCMOS camera. (b) Mannose-incorporated hydrogel nanoparticles
(mHNPs) were synthesized from N-isopropylacrylamide (NIPAm, 63.5 mol %), N-tert-butylacrylamide (TBAm, 20 mol %), acrylic acid (AAc, 5 mol
%), N,N′-methylenebis(acrylamide) (BIS, 10 mol %), and p-acrylamidophenyl-α-D-mannopyranoside (Man, 1.5 mol %). (c) The uptake of
Concanavalin A (Con A) into mHNPs was monitored by SPRI microscopy. Con A specifically binds to mannose sugar units (pink) in the mHNPs.
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127 adhesive silicone isolation wells (Electron Microscopy Sciences,
128 Hafield, PA).
129 SPRI Microscopy Measurements. The SPRI microscope
130 setup was described in a recent publication.41 Briefly, the
131 microscope was built into the frame of an IX51 inverted
132 microscope (Olympus, Tokyo, Japan). A 1 mW near-infrared
133 (814 nm) diode laser (Melles Griot, Carlsbad, CA) was
134 expanded and collimated using a spatial filter (Newport Corp.,
135 Newport Beach, CA). The beam was polarized and then
136 focused with a lens ( f = 200 mm). The beam was directed onto
137 the back focal plane of a 100× 1.49 high numerical aperture
138 objective (Olympus) with a gold-coated knife-edge mirror
139 (Thorlabs, Newton, NJ). The reflected image was passed to an
140 Andor Neo sCMOS camera (South Windsor, CT). Each three-
141 second reflectivity image was acquired by accumulating 30 11-
142 bit, 0.1 s exposures.
143 Solutions of mHNPs were diluted in 1X PBS (11.9 mM
144 phosphates, 13 mM sodium chloride, 2.7 mM potassium
145 chloride, pH 7.4, Fisher) to concentrations specified in the
146 experiments. Solutions of Concanavalin A (Sigma-Aldrich)
147 were prepared in 1X PBS before mixing with mHNPs. SPRI
148 microscopy experiments were performed after mixing mHNPs
149 and Con A typically for 12 h at room temperature, though
150 incubation times as short as 1 h worked equally well. For each
151 experiment, 10 μL of mHNP solution was pipetted into the
152 isolation well immediately preceding the image acquisition
153 process.

154 ■ RESULTS AND DISCUSSION

155 To quantitate the binding of the lectin Con A to hydrophobic
156 mHNPs, real-time SPRI microscopy was used to characterize
157 the irreversible adsorption of single mHNPs, in both the
158 presence and absence of Con A, onto gold films functionalized
159 with hydrophobic undecanethiol (C11) monolayers. In each
160 SPRI adsorption measurement, SPRI microscopy reflectivity
161 images were recorded every three seconds for a total time of 10
162 min, and then the images were sequentially subtracted from
163 one another in order to obtain a series of differential reflectivity

f2 164 images. Figure 2 shows two typical SPRI microscopy differential
165 reflectivity images that were obtained during the adsorption of
166 mHNPs from different solutions: first, a solution of mHNPs (5
167 μg/mL) in the absence of Con A (Figure 2a), and second, a
168 solution of mHNPs (5 μg/mL) in the presence of 1 μM Con A

169(Figure 2b). As demonstrated previously, the adsorption of a
170single mHNP appears in the SPRI microscopy differential
171reflectivity image as a point diffraction pattern. These patterns
172are due to the interaction of the mHNPs with the traveling
173surface plasmon polariton waves. Each image in Figure 2 shows
174four distinct point diffraction patterns (each spanning an area of
175at least 30 μm × 10 μm) that indicate the irreversible
176adsorption of four individual mHNPs onto the surface during
177these particular three-second time periods. As seen in Figure
1782b, when Con A is present with the mHNPs, more intense
179point diffraction patterns are observed. We attribute this change
180in intensity to an increase in the refractive index of the mHNPs
181due to the various interactions (adsorption, uptake, and
182induced aggregation) of Con A with the mHNPs.
183In order to quantify the observed increase in the individual
184mHNP point diffraction intensities in the presence of Con A,
185hundreds of point diffraction patterns from every SPRI
186adsorption measurement were analyzed. For every point
187diffraction pattern, the percent change in reflectivity, Δ%RNP,
188was calculated from the region of maximum diffraction intensity
189in the image. We have used the same analysis method for
190calculating the Δ%RNP values as described in our previous
191publication.30 Approximately 400 Δ%RNP values were obtained
192from each SPRI adsorption experiment (the cumulative number
193of adsorbed nanoparticles is plotted as a function of time for
194SPRI adsorption measurements at several mHNP concen-
195 f3trations in the Supporting Information). Figure 3 plots all of
196the individual Δ%RNP values measured during two different
197SPRI adsorption experiments: one experiment of mHNP
198without Con A (0 nM, open red circles) and the other
199experiment of mHNPs with 1 μM Con A (solid blue circles). It
200is readily apparent from the data in Figure 3 that the binding of
201Con A to mHNPs greatly increased the range of the individual
202Δ%RNP values; some point diffraction patterns had Δ%RNP

203values as large as 5%. In the absence of Con A, almost all of the
204Δ%RNP values were less than or equal to 1%. This increase in
205 f4the range of Δ%RNP values can also be seen in Figure 4, which
206plots histograms representing the distribution of Δ%RNP values
207obtained in the presence of 0 nM, 100 nM, and 1 μM Con A.
208Additionally, the average Δ%RNP value for each experiment is
209plotted as a dotted black line in each histogram. This average
210Δ%RNP, denoted as ⟨Δ%RNP⟩, increased from a value of 0.51 ±
2110.02% for mHNPs without Con A present to a value of 1.4 ±

Figure 2. SPRI microscopy differential reflectivity images of (a) 180 nm mHNPs without Con A and (b) 180 nm mHNPs in the presence of 1 μM
Con A. Each image is 58.5 μm × 58.5 μm.
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212 0.1% for mHNPs in the presence of 1 μM Con A. The error
213 bars stated in this paper are the 95% confidence intervals, ±2σ/
214 (N)1/2, where σ is the standard deviation and N is the number
215 of mHNPs measured in the SPRI microscopy experiment. A
216 complete table of statistical data for these experiments is
217 available in the Supporting Information. In order to confirm the
218 specificity of the Con A binding to mHNPs, HNPs with no
219 incorporated mannose units were mixed with Con A. No
220 change in ⟨Δ%RNP⟩ or the distribution of Δ%RNP values was
221 found compared to HNPs in the absence of Con A (see
222 Supporting Information).
223 The observed increase in ⟨Δ%RNP⟩ in the presence of Con A

f5 224 is further examined in Figure 5, which plots the ⟨Δ%RNP⟩
225 values as a function of Con A concentration. The ⟨Δ%RNP⟩
226 values increase linearly from 0.51% to 1.4% at low Con A
227 concentrations but then level off and do not change at
228 concentrations above 200 nM. The highest concentration of
229 Con A used in these experiments was 1 μM because Con A
230 precipitated out of solution at concentrations above 1 μM.46

231 We attribute this increase in ⟨Δ%RNP⟩ to two effects: first, an

232increase in the refractive index of the mHNPs due to the
233binding of Con A to the mannose in the mHNPs, and second,
234the specific aggregation of mHNPs induced by the presence of
235Con A. The lectin Con A contains four mannose binding sites,
236and thus mHNP aggregation can occur when Con A molecules
237that are attached to the outer portions of the mHNP cross-link
238by binding to more than one mHNP. The specific aggregation
239of sugar-modified nanoparticles due to Con A cross-linking has
240been reported previously.47−49 In the presence of Con A, a
241Poisson distribution of the Δ%RNP values for individual
242mHNPs was not observed, further confirming that the changes
243in Δ%RNP values are due to a combination of both Con A
244binding to mHNPs and the specific Con A-induced
245aggregation. Above Con A concentrations of 200 nM, the
246observed leveling off of ⟨Δ%RNP⟩ values is attributed to a
247saturation in both Con A binding and Con A-induced mHNP
248aggregation.
249The measured increase of ⟨Δ%RNP⟩ with Con A concen-
250tration can be compared with bulk DLS measurements in order
251to further characterize the Con A uptake process. The average
252hydrodynamic diameter of the nanoparticles, dDLS, is also
253plotted as a function of Con A concentration in Figure 5 and is
254found to increase in a similar manner as ⟨Δ%RNP⟩. This
255observation is different from the results reported previously for
256the study of melittin uptake into HNPs.30 For those
257measurements, a linear increase in ⟨Δ%RNP⟩ was observed for
258SPRI adsorption measurements in solutions with melittin
259concentrations between 0 μM and 2.5 μM, but no changes were
260observed in the dDLS. In order to explain the data in Figure 5 for
261Con A binding to mHNPs, we conclude that the 104 kDa
262protein Con A, unlike the smaller peptide melittin, is unable to
263access the interior mannose groups of the hydrogel polymer
264and thus binds primarily to the outer regions of the mHNP. In
265addition, Con A can induce cross-linked aggregation by binding
266to mannose groups on more than one mHNP. Both the binding
267of Con A to the outer regions of the mHNPs and the specific
268aggregation of mHNPs induced by Con A cross-linking will
269lead to an increase in both ⟨Δ%RNP⟩ and dDLS.
270Finally, in addition to changes in ⟨Δ%RNP⟩ in the presence of
271Con A, the changes in the distribution of Δ%RNP values in the
272presence of Con A can be used to learn more about the lectin−

Figure 3. Time-dependent distribution of Δ%RNP values for mHNPs
without Con A (0 nM, open red circles) and in the presence of 1 μM
Con A (solid blue circles). Each circle represents the Δ%RNP for a
single mHNP irreversibly adsorbing to the C11-functionalized surface.

Figure 4. Distributions of Δ%RNP values for mHNPs mixed with no
Con A (top), 100 nM Con A (middle), and 1 μM Con A (bottom), all
plotted as histograms. The average Δ%RNP value for each experiment
is plotted as a black dotted line in each histogram. For mHNPs mixed
with no Con A, 100 nM Con A, and 1 μM Con A, average Δ%RNP
values are 0.51 ± 0.02%, 0.94 ± 0.06%, and 1.4 ± 0.1%, respectively.

Figure 5. Average Δ%RNP values (solid red circles) from SPRI
adsorption measurements and average hydrodynamic diameters (open
blue circles) from DLS measurements for mHNPs mixed with varying
concentrations of Con A, both plotted as a function of Con A
concentration. Error bars are the 95% confidence intervals for the
average Δ%RNP values and are the standard deviations for the average
hydrodynamic diameters.
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273 nanoparticle interactions. As seen in Figures 3 and 4, for
274 mHNPs without Con A, the Δ%RNP values are tightly
275 distributed in a range between 0.1 and 1.0%. However, this
276 range of Δ%RNP values greatly expands in the presence of Con
277 A, with Δ%RNP values as large as 5% at high Con A
278 concentrations. In order to quantitate this expansion, we have
279 arbitrarily divided the histogram distributions into the three

f6 280 subsets (labeled A, B, and C) as shown as an example in Figure
f6 281 6a. These subsets include mHNPs with Δ%RNP values in the

282 ranges of 0 to 1% (subset A), 1 to 2% (subset B), and above 2%
283 (subset C). The fraction of mHNPs in each subset is plotted as
284 a function of Con A concentration in Figure 6b. In the absence
285 of Con A, nearly 100% of the mHNPs are in subset A (Δ%RNP
286 ≤ 1%). As Con A concentration increases, the number of
287 mHNPs in subset A decreases, while the number of mHNPs in
288 subsets B and C increases. The interaction of Con A with the
289 mHNPs is strong: at a 200 nM Con A concentration, 60% of
290 the mHNPs have a Δ%RNP value that is higher than the range
291 of the values observed when no Con A was present (40% in
292 subset B and 20% in subset C). Both the binding of multiple
293 Con A molecules to mHNPs and the resulting specific
294 aggregation of mHNPs substantially change the refractive
295 index of individual mHNPs and thus the SPRI microscopy
296 response. For example, the mHNPs in subset C have point
297 diffraction intensities 6 to 10 times larger compared to the ⟨Δ%
298 RNP⟩ for mHNPs in the absence of Con A. These larger point
299 diffraction intensities are most likely due to the adsorption of
300 multiple aggregated mHNPs. Additionally, no changes in subset
301 populations are seen at concentrations above 200 nM,
302 suggesting that both the binding of Con A and the Con A-
303 induced aggregation of mHNPs saturated at this point.

304■ CONCLUSIONS AND FUTURE DIRECTIONS
305In this paper we have demonstrated how real-time single-
306nanoparticle SPRI microscopy can be used to characterize the
307binding of the lectin Con A to mannose-incorporated HNPs.
308By measuring both the average magnitude and distribution of
309the single-point diffraction pattern intensities for mHNPs as a
310function of Con A concentration, we observed a significant
311binding of Con A to mHNPs that varied substantially from
312particle to particle. The SPRI microscopy data were used in
313conjunction with the observation of a concomitant increase in
314dDLS as a function of Con A concentration. This allowed us to
315develop a model in which Con A protein primarily bound to
316the mannose units on the outer portions of the mHNPs and
317also induced aggregation of mHNPs by cross-linking with
318mannose units on multiple mHNPs. This Con A binding and
319mHNP aggregation process saturated at a Con A concentration
320of 200 nM. A large increase in the distribution of individual Δ%
321RNP values is observed and is attributed to a combination of
322mannose availability in mHNPs and Con A-induced
323aggregation of the mHNPs. Because the mHNPs both adsorb
324Con A and aggregate in its presence, the binding affinity
325between individual Con A molecules and mannose groups
326incorporated into the mHNPs cannot be determined from the
327SPRI data alone. In the future, we will apply our single-
328nanoparticle SPRI adsorption measurements to NIPAm-based
329HNPs that incorporate multiple types of sugar monomers in
330order to characterize the specificity, binding strength, and
331multivalency of other lectin−carbohydrate interactions.
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