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6 ABSTRACT: Antibodies have exquisite specificities for molecular
7 recognition, which have led to their incorporation into array sensors
8 that are crucial for research, diagnostic, and therapeutic applications.
9 Many of these platforms rely heavily on surface-bound reactive groups
10 to covalently tether antibodies to solid substrates; however, this
11 strategy is hindered by a lack of orientation control over antibody
12 immobilization. Here, we report a mild electrophilic phenylsulfonate
13 (tosylate) ester-containing boronic acid affinity ligand for attaching
14 antibodies to glass slides. A high level of antibody coupling located
15 near the Fc region of the boronated antibody complex could be
16 achieved by the proximal nucleophilic amino acid driven substitution
17 reaction at the phenylsulfonate center. This enabled the full-length antibodies to be permanently tethered onto surfaces in an
18 oriented manner. The advantages of this strategy were demonstrated through the individual and multiplex detection of protein and
19 serum biomarkers. This strategy not only confers stability to the immobilized antibodies but also presents a different direction for the
20 irreversible attachment of antibodies to solid supports in an orientation-controlled way.

21 KEYWORDS: boronic acid, oriented immobilization, biomarker detection, antibody microarray, boronate formation

22 ■ INTRODUCTION

23 Antibodies (Abs), most commonly immunoglobulin G (IgG)
24 isotypes, are a special class of macromolecular glycoprotein
25 with unmatched versatility for molecular recognition due to
26 their unique selectivity for both synthetic and natural epitopes,
27 which is often with high affinity.1 Besides their traditional use
28 as therapeutic drugs and labeled detection probes in assays
29 such as western blot, flow cytometry, and immunohistochem-
30 istry, Abs are also the primary components of many
31 immunosensor-based applications including screening of
32 microbial pathogens, disease identification, point-of-care
33 clinical analyses, and various biomarker detection.2 The
34 majority of these applications require Abs to be essentially
35 conjugated onto solid supports (e.g., microtiter plates,
36 nanoparticles, and glass slides) while preserving analyte-
37 binding activity.3 The immobilization of Abs is complicated
38 by their chemical complexity as the reactivity of amino acid
39 residues varies greatly according to their position in the three-
40 dimensional structure. One of the main challenges for Ab
41 immobilization methods is finding chemical strategies that
42 allow for controlled immobilization of Abs while ensuring
43 retention of their functionality.4

44 Traditionally, Abs have been immobilized on detection
45 surfaces, both non-covalently by means of physical adsorption

46and covalently by random amine-coupling methods.5 Although
47these straightforward strategies do not require extensive Ab
48modification, multiple sites for attachment of the Ab to the
49surface leads to an array in which Abs have a random
50orientation, causing inaccessibility of antigen-binding sites.6 In
51addition, IgGs are often produced either in complex biological
52media such as ascites or fluids or supplied in amine-containing
53buffers (e.g., Tris-based), supplement proteins, or stabilizers
54such as bovine serum albumin (BSA). Such formulations could
55limit the application of carbodiimide (e.g., EDC)/N-hydrox-
56ysuccinimide (NHS)-based coupling strategy. Alternatively,
57site-specific covalent immobilization on solid substrates
58displays both a markedly higher capacity to bind antigens
59and more reproducible Ab activity.7

60A popular site-specific conjugation method commonly
61utilizes thiol groups generated by the reduction of native
62disulfide bonds of IgG heavy chains.7 Notably, although the
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63 cysteine residue provides sites for uniform orientation, the
64 requirements of harsh reaction conditions, which impact Ab
65 tertiary structure and function, are inevitable.8 Furthermore,
66 thiolated Abs have the additional shortcoming of being prone
67 to undesired disulfide bond formation.9 To alleviate these
68 problems, natural IgG-binding proteins, such as Protein A,
69 Protein G, or Protein L, which only bind to the fragment
70 crystallizable (Fc) region of IgG have been exploited for site-
71 specific and non-covalent immobilization.10 However, the non-
72 covalent interaction between IgG and Fc protein receptors
73 renders these complexes bio-unstable. In addition, orientation
74 control of Protein A or G during immobilization is an initially
75 critical event for obtaining an ideally oriented IgG anchor.
76 Incorporating photoactivatable groups into Protein G binding
77 domain11 or mutated Protein Z,12 derived from the B domain
78 of Protein A, results in a covalent and site-specific crosslink
79 onto the Fc region of IgG upon UV light activation.13 The
80 major downside of this technique is the difficulty in
81 incorporating the photophores into IgG-binding proteins,
82 which requires either synthesis of peptides or post-translational
83 modification, both of which are not always straightforward
84 since sophisticated chemical and genetic modifications are still
85 involved. Despite their aforementioned shortcomings, these
86 immobilization techniques have been illustrative in showcasing
87 that controlled orientation holds higher Ab functional
88 activities.
89 The vicinal diols of Ab oligosaccharides can be oxidatively
90 cleaved with NaIO4 to generate reactive aldehydes that can
91 react with amines or hydrazides for site-specific and covalent
92 conjugation.14 However, the requisite chemical treatments on
93 IgG are likely to trigger the possibility of significant oxidative
94 side reactions including Ab cross-linking and protein
95 denaturation. Chemical strategies that do not require prior

96Ab modification capable of directing antigen capture sites away
97from the immunosensor surface in a controlled manner are
98highly challenging. Boronic acids (BAs) provide a simple
99solution to this problem by targeting the Fc N-glycans of IgG
100essentially in an oriented manner.15

101The CH2 domains of all IgG heavy chains have conserved
102glycosylation with a complex biantennary glycan at each
103Asn297 residue.16 The intrinsic chemoselective interactions
104between BAs and 1,2- or 1,3-diol-containing compounds are
105sufficiently strong, enabling binding of saccharides,17 including
106those in the glycocalyx18 in millimolar to submillimolar levels
107but resulting in reversible single-pair interactions in aqueous
108environments. Despite their long-standing applications in
109carbohydrate sensing,17 pendant BAs were recently used as
110carriers for proteins,19 capture and release of cancer cells,20

111protein modification,21 and determination of intracellular
112sialyltransferase activity.22 Furthermore, the boronate-affinity-
113based molecular imprinting approach has recently attracted
114tremendous attention for imprinting and assaying glycopro-
115teins.23 The controllable and homogeneous orientation of the
116surface-immobilized Abs is beneficial for applications in which
117array detection sensitivity and reproducibility are an important
118issue.24−26 However, reversible binding of boronate groups
119suffers from the risk of potential protein release from
120glycoprotein-bound complexes, which may impact protein
121function of the array sensor.27 In this regard, we incorporated a
122photoaffinity group into the BA-based capturing ligand for
123attaching Abs irreversibly to glass slides28 and to magnetic
124nanoparticles,29 which yields higher levels of Ab immobiliza-
125tion and antigen detection sensitivity.28 Consequently,
126generating new strategies for oriented and covalent Ab
127microarrays without prior Ab modification and without
128compromising assay detection capabilities are highly desirable.

Scheme 1. Oriented and Irreversible Ab Immobilization on a BA−Phenylsulfonate-Coated Glass Slide through Boronate
Diester Formationa

a(A) Schematic representation of the surface functionalization by CuAAC reaction using BA−phenylsulfonate on an alkynylated glass surface
followed by regioselective SN2-type reaction between nucleophile amino acid side chains from the Fc region of the boronated IgG complex and
surface-bound phenylsulfonate ester groups resulting in irreversible attachment of a full-length Ab upon boronate formation. (B) Structures of BA-
containing phenylsulfonate ester probes (1−3) and control compounds (4−6) used in this study.
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129 In this paper, we report a proximity-driven nucleophilic

130 substitution (SN2) reaction for the direct and oriented

131 immobilization of Abs to glass slides by using BA ligands

132 comprising a mild electrophile, phenylsulfonate (tosylate) ester

s1 133 group (Scheme 1A). The Ab conjugation proceeds without the

134 use of additional reagents and, importantly, enables irreversible

135 attachment to the BA-presenting surfaces. The advantage of

136 this strategy for fabricating an Ab microarray is highlighted

137 through the detection of biomarkers, serum amyloid P

138 component (SAP), and C-reactive protein (C-RP). In addition

139 to improving stability and Ab orientation to the solid supports,

140 this new immobilization strategy represents a promising

141 platform for multiplex detection of protein biomarkers in

142 serum.

143■ RESULTS AND DISCUSSION

144Selection of BA−Phenylsulfonate Ester Probes.
145Previous investigations in our laboratory have demonstrated
146the importance of oriented immobilization of Abs including
147Fc-fused protein on BA-presenting planar and metal nano-
148particle surfaces, the binding sites of which should be kept
149available for the incoming analyte.30−32 The formation of
150boronate diester has many attributes, including simplicity of
151the reaction, i.e., no catalyst required and biorthogonality. BAs
152complex biological diols with apparent low affinity and
153reversibility as well as functional groups such as α-amino
154acids and ε-amino acids; other isolated thiol groups present
155within the (bio)molecules are not involved in the inter-
156actions.33 It has been assumed that the complementary affinity
157interactions for the purpose of oriented and irreversible
158immobilization can be extended to BA-based probes

Scheme 2. Synthesis of 1−3, 5, and 7
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159 containing nucleophilic side-chain-residue-specific electrophilic
160 phenylsulfonate ester group.
161 The SN2-type coupling reaction of the reactive tosylate
162 groups themselves offers proven compatibility with labeling of
163 numerous biomolecules, including endogenous proteins,
164 lectins, and glycoproteins on cells.34 This generality in other
165 contexts suggests the intriguing possibility that a direct
166 coupling of a full-length antibody could be expanded to the
167 production of functional antibody microarrays. The suitability
168 of BA−tosylate-functionalized surfaces has been demonstrated
169 before for protein immobilization, but Ab microarray
170 fabrication has not been explored.35,36 Many side-chain
171 nucleophiles including Tyr, His, Glu, Asp, and Cys are reactive
172 toward the tosylate group.34 We anticipated that the proper
173 oriented immobilization of an intact IgG could be possible by
174 SN2 substitution utilizing Fc oligosaccharide of IgG as a
175 temporary scaffold and nucleophiles specifically at the non-
176 antigenic Fc region of the boronated Ab complex located far
177 away from the antigen-binding fragment (Fab), which then
178 reacts with phenylsulfonate and forms a covalent bond. To test
179 this hypothesis, BA-containing phenylsulfonate ester probes
180 1−3 were synthesized (Scheme 1B).

s2 181 Scheme 2 describes the synthesis for the preparation of BA-
182 containing phenylsulfonate ester probes (1−3), tosylate 5, and
183 alkynyl triethoxysilane 7. We used acid 6, a common building
184 block for the synthesis of tosylates 1−3, and 5. Briefly, EDC/
185 HOBt-mediated amide coupling reaction between 6 (see the
186 Supporting Information for its synthesis) and a commercially
187 available 3-aminophenylboronic acid gave BA−phenylsulfonate
188 ester 1 in 56% yield. For the synthesis of 2, a six-carbon spacer
189 N-Boc-1,6-hexanediamine was installed first to produce 8
190 (45%). Removal of Boc-protecting group (TFA, DCM, 0 °C, 2
191 h) in 8 generated an amine (9), which was, without
192 purification, coupled with N-hydroxysuccinimidyl (OSu)-
193 activated ester 10 (see the Supporting Information for its
194 synthesis) to yield 2 (46%). The amine 9 was converted with a
195 relatively longer linker 6-[(6-{[tert-butoxycarbonyl]amino}-
196 hexanoyl)amine]hexanoic acid28 using EDC and HOBt as
197 the coupling reagents to yield 12 (65%). The latter was
198 submitted to Boc deprotection (TFA, DCM, 0 °C, 2 h), and
199 the resulting amine reacted with 3-aminophenylboronic acid
200 using EDC and HOBt as the coupling reagents, affording 3 in
201 61% yield. For the synthesis of 5, acid 6 was converted to an
202 activated ester 11 followed by coupling with aniline. The
203 alkynyl triethoxysilane 7 was obtained by the formation of a
204 urea-linkage using (triethoxysilyl)propyl isocyanate and
205 propargylamine in toluene in 57% yield. Compound 4 was
206 prepared as reported previously.32

207 Preparation of BA−Phenylsulfonate Ester Function-
208 alized Glass Slides. For the preparation of BA−phenyl-
209 sulfonate ester modified surfaces for Ab immobilization, mixed
210 monolayer-protected glass slides were prepared first using an
211 alkynyl triethoxysilane (7; Scheme 1, step 1). We introduced a
212 freshly prepared 10 mol % aqueous solution of sulfobetaine
213 siloxane (SBS),37 a zwitterion used as an additive to effect
214 homogeneous and monolayer-type surface coverage with 7 (10
215 mM in DMSO) during glass slide functionalization (see Figure
216 S1 for details). The sulfobetaine, an antifouling zwitterion, was
217 introduced as a matrix to suppress non-specific absorption of
218 protein.37 A mixture of 7/SBS (10/1 mole ratio) was used to
219 functionalize the glass surface by silanization. The Cu(I)-
220 catalyzed azide−alkyne cycloaddition (CuAAC) for the
221 functionalization of solid supports including nanoparticles

222with BAs was reported.38,39 The CuAAC reaction was then
223performed (Scheme 1A, step 2) to conjugate azido-modified
224BA−phenylsulfonate esters by using a solution of CuSO4,
225sodium ascorbate, and tris(3-hydroxypropyltriazolylmethyl)
226amine) (THPTA).40 The slides were further exposed to an
227azido-linked tri(ethylene glycol) (10 mM) under similar click
228reaction conditions to consume the remaining alkynyl groups
229and to further improve the hydrophilicity of the surface.
230Subsequently, the covalent immobilization of native Ab was
231performed on this BA−phenylsulfonate-presenting platform.
232Characterization of Surface-Bound Abs. X-ray photo-
233electron spectroscopy (XPS), atomic force microscopy (AFM),
234and time-of-flight secondary-ion mass spectrometry (TOF-
235SIMS) were applied to characterize the presence of IgG on the
236BA-phenylsulfonate ester (2)-coated surface. As shown in
237 f1Figure 1, the curve fitted high-resolution C 1s spectrum

238showed three major peaks: 283.5 eV for the aliphatic
239hydrocarbons C−C/C−H, 284.7 eV for carbon bound to N
240or O, and a peak at 286.6 eV corresponding to the amide
241carbon of the protein.41 In addition, an appreciable enhance-
242ment of N peak from 2.5% to 12.5% located at the binding
243 t1energy of ∼398.8 eV was observed (Table 1 and Figure S2),

244indicating the presence of N (from IgG) on the 2-coated
245surface, consistent with a previous report.42 In addition, the
246ratio of N/C was increased from 9.4 to 23.5, further supporting
247the presence of protein on the surface after Ab immobilization.
248The XPS survey spectra of 2-coated surface before and after
249IgG immobilization are shown in Figure S2. The quantitative
250XPS surface analysis (sampling depth of approximately 10 nm)
251also suggested that the IgG molecule was successfully
252immobilized onto the 2-coated surface.
253The surface morphologies of the BA−phenylsulfonate ester
254(2)-coated slide and followed by Ab immobilized slide were
255 f2determined by AFM. As shown in Figure 2A, a typical RMS
256roughness of 3.69 nm was observed for the BA-coated surface,
257suggesting the formation of aggregates after chemical
258derivatization of alkynylated glass slides with BA−phenyl-

Figure 1. Curve-fitted high-resolution XPS C 1s spectrum of the BA-
phenylsulfonate ester (2)-coated surface after Ab immobilization.

Table 1. XPS Atomic Concentrations of the Samples before
and after IgG Immobilization

XPS atomic concentration (at %)

[C] [O] [N] [N]/[C]

2-coated surface 26.79 70.88 2.53 9.4
2-coated surface + IgG 53.3 34.14 12.56 23.5
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259 sulfonate ester (2) by the CuAAC reaction. The observed
260 roughness can also be rationalized by the multilayer deposition
261 of alkoxysilane used for silanization process, which is known to
262 produce larger aggregates during surface functionalization.43

263 However, Ab microarray fabrication on BA−phenylsulfonate
264 ester-modified surfaces produced with much low roughness
265 (Figure 2B). Because of the more compact IgG layer, a
266 decreased RMS value, 1.57, was observed, which is comparable
267 to that of a BA-containing zwitterionic polymer-modified
268 silicon wafer.25 The observed height of approximately 10 nm in
269 the AFM image corresponds well with the end-on oriented
270 IgG.44 These data indicate that Ab molecules could be oriented
271 onto the surface by BA affinity ligand and is expected to
272 perform an enhanced Ab-antigen binding event.
273 We also used ToF-SIMS for characterizing protein
274 orientation on the surface. It was reported that the ToF-
275 SIMS technique is capable of discerning amino acid peaks

276specific to either the Ab Fab or Fc domains.43,45,46 In one
277study, this was achieved by the ratios of certain ion fragments
278that are characteristics of the IgG.45 The Fab prevalent amino
279acid ion fragments, C2H6NO

+ (m/z 60.04 for Ser) and
280C3H6N

+ (m/z 56.04 for Lys), and Fc prevalent amino acid ion
281fragments, C8H10N

+ (m/z 120.08 for Phe) and C7H7O
+ (m/z

282107.05 for Tyr), were used for tracking IgG orientation on the
283BA−phenylsulfonate ester (2)-coated surface. The Ab micro-
284array produced by random Schiff’s base formation was used as
285a reference. As shown in Figure S3, the ToF-SIMS peak
286intensity ratio of the Lys/Ser peak decreased as expected and
287also a reduction of the peak intensity ratio of the Tyr/Phe peak
288was observed. These results indicate greater exposure of Fab
289domain outwardly to the surface when bound to BA compared
290with the random immobilization method. Although relative
291changes in peak intensity ratios are useful in distinguishing
292protein domains, a combination of ToF-SIMS and principal

Figure 2. AFM three-dimensional tapping mode topographic image of the BA−phenylsulfonate ester (2)-coated surface (A) before and (B) after
Ab immobilization. Scanning area = 2 × 2 μm2.

Figure 3. Oriented and irreversible Ab immobilization on BA−phenylsulfonate ester-coated surfaces. The h-IgG (1.6 μM) was immobilized on
BA−phenylsulfonate esters (1−3) and control-compound (4−6)-functionalized surfaces (see the Experimental Section). The fluorescence signals
were visualized with anti-h IgG (Fc-specific)-Cy3 Ab. Corresponding fluorescence images at each indicated substrates are shown on top. Mean
signals and error bars representing standard deviations (SD) from a 5 × 5 element array for each substrate are shown.
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293 component analysis method could provide comprehensive
294 overview of BA surface-immobilized Ab orientation to validate
295 these data.47

296 Oriented and Irreversible Immobilization of Ab on
297 BA−Phenylsulfonate Ester Functionalized Glass Slides.
298 We selected h-IgG as a model Ab to establish the proximity-
299 driven SN2 reaction for covalent and irreversible immobiliza-
300 tion. The h-IgG (1.6 μM in 20 mM HEPES buffer containing
301 150 mM NaCl and 0.05% Tween20, pH 8.5) was printed on
302 BA−phenylsulfonate ester-coated surfaces. The printed slides
303 were incubated in a humidified chamber for 12 h to allow
304 boronate formation and to effect a regioselective substitution
305 reaction with the nucleophiles in close proximity to the
306 boronated IgG complex (Scheme 1A, step 3). After washing of
307 the slides to remove unbound Abs followed by blocking with
308 dextran (100 μM containing 1% BSA), a fluorescent signal was
309 generated by exposure to a solution containing anti-h IgG (Fc-
310 specific)-Cy3 Ab (1 μg/mL).

f3 311 As shown in Figure 3, BA−phenylsulfonate ester 2 showed a
312 better level of Ab immobilization compared with the other two
313 phenylsulfonate esters 1 and 3. BA ligand separated by a short
314 spacer allows it to be positioned appropriately relative to the
315 Ab surface, enabling key SN2 substitution by the nucleophilic
316 amino acid residue nearby. However, BA derivative 4, which
317 lacks the reactive phenylsulfonate ester group, produced an
318 approximately 1.94-fold lower signal corresponding to that of
319 2, highlighting the importance of irreversible Ab conjugation in
320 the BA−phenylsulfonate ester-based immobilization strategy
321 through a regioselective SN2-type reaction. The control slide
322 coated with a phenyl-substituted tosylate 5, which lacks the
323 affinity head group, generated a significantly lower (approx-
324 imately 8.3-fold) Ab signal compared to BA−phenylsulfonate
325 ester 2, demonstrating the necessity of BA affinity ligand. An
326 additional control slide using an unsubstituted tosylate linker 6
327 produced no apparent detectable signal, thereby hindering the
328 essential SN2 reaction of Ab, likely because of inaccessibility to
329 the surface. These studies suggest that the simultaneous
330 presence of both the BA and phenylsulfonate ester group is
331 needed for Ab recruitment in an oriented and irreversible
332 manner. We chose BA−phenylsulfonate ester 2 for a
333 subsequent microarray fabrication study described below.
334 To find an optimal concentration for surface functionaliza-
335 tion, alkynylated glass slides were derivatized with 2 at five
336 different concentrations (1, 10, 25, 50, and 100 mM), but the
337 assay was otherwise run in a similar manner. As shown in
338 Figure S4, a maximum fluorescence signal was produced at
339 probe concentrations of 10−25 mM, above which the signal
340 intensity tended to decrease because of boroxine formation, as
341 suggested previously.29 Additionally, effects of Ab concen-
342 tration (0.2−6.6 μM) and time of boronated IgG complex
343 formation (2−18 h) were evaluated by using a 2-coated surface
344 (10 mM). As shown in Figure S5, a dose-dependent response
345 in fluorescence was observed relative to the amount of treated
346 IgG, with a signal saturation between 1.6 and 3.3 μM. Notably,
347 a 12 h Ab (1.6 μM) incubation period generated a signal
348 comparable to that of a longer reaction time (18 h), indicating
349 near completion of the substitution reaction between
350 nucleophilic amino acid residues of boronated IgG complex
351 and a phenylsulfonate center (Figure S6).
352 Because of the characteristic covalent but reversible binding
353 between BAs and sugars, immobilized Abs by boronate
354 formation could compete for higher-affinity binders for
355 boron complexation and release the boronate diesters (Scheme

3561A, step 4). To evaluate whether the surface Ab was
357immobilized by a covalent bond formed by SN2 substitution
358or reversible boronate ester, Ab-coated slides were separately
359incubated with D-fructose (D-Fru, 50 mM) and 5-N-
360acetylneuraminic acid (Neu5Ac, 50 mM), which are known
361to have a higher affinity to BAs,19 as well as a 10% solution
362containing glycerol, a surfactant commonly used in microarray
363applications. The binding results revealed in Figure S7 show
364that the fluorescence intensities after 2 h exposure to sugars
365and glycerol yielded essentially no apparent change in signals.
366These results suggest that most, if not all, of the immobilized
367Abs covalently attached by reaction with the electrophilic
368phenylsulfonate center. In addition, quantitative analysis of
369fluorescence intensities demonstrated that Ab microarrays
370produced by oriented and irreversible immobilization on BA−
371phenylsulfonate ester surface provides 6.7-fold higher intensity
372compared to the microarray formed by random Schiff’s base
373formation (Figure S8), highlighting the superiority of the SN2-
374reaction-based oriented immobilization approach.
375Stability of Surface-Bound Abs in Serum. To
376determine the stability of immobilized Abs, alkynylated glass
377slides were functionalized separately with a 10 mM solution of
378 f42 and 4 by CuAAC. Figure 4 shows the fluorescence intensity

379patterns of the h-IgG (1.6 μM) immobilized onto 2- and 4-
380coated surfaces depending on the treatment of fetal bovine
381serum (FBS) for 0−12 h. The FBS induced an approximate
38253% dissociation after 12 h of the bound Abs from the
383microarrays produced by the 4-coated surface, indicating that
384the reversible nature of the boronate diesters is more
385susceptible to serum-mediated dissociation. Conversely, the
386dissociation was almost completely protected from the 2-
387coated surface, demonstrating that Ab immobilization through
388the reactive tosylate functional group is stable in complex
389biofluids such as serum. This provides evidence that the BA−
390phenylsulfonate ester-mediated Ab immobilization method is
391applicable for detecting and quantitating analytes in complex
392biological samples (see below).
393Individual Protein and Biomarker Detection on the
394BA−Phenylsulfonate Ester-Coated Surface. Precise de-
395tection of protein biomarkers is of considerable importance
396because it can enable early and accurate diagnosis of diseases.48

397We first illustrated the aspects of BA−phenylsulfonate ester-

Figure 4. Stability of surface-immobilized covalent Ab microarrays
from serum-induced dissociation. The h-IgG (1.6 μM) was printed on
2- and 4-coated surfaces, which was then incubated either in the
absence or presence of FBS (1:1 in PBS) for 0−12 h at room
temperature. The presence of the remaining surface-bound Abs was
visualized by anti-h IgG (Fc-specific)-Cy3 Ab. Mean signals and the
SD are shown.
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398 coated slides by the measurement of two individual biomarker
399 proteins, SAP and C-RP. SAP is a serum protein related to
400 Alzheimer’s disease and type 2 diabetes, and C-RP is a protein
401 responsive to inflammation and cardiovascular disease.49 In
402 humans, normal plasma SAP levels are relatively stable,
403 approximately 30−40 μg/mL,50 and remain constant during
404 acute or chronic inflammation. However, C-RP concentrations
405 in healthy individuals increase from less than 10 μg/mL to
406 approximately 350−400 μg/mL, depending on disease states.51

407 For the detection of SAP, an anti-SAP Ab (1.6 μM) microarray
408 was fabricated onto a 2-coated surface. Next, a series of SAP
409 (100 μL) concentrations (0.01, 0.1, 1, 5, and 10 μg/mL) in
410 assay buffer (PBS buffer containing 0.005% Tween20 and 0.1%
411 BSA, pH 7.4) were incubated with the anti-SAP Ab slide for 1
412 h. The presence of bound protein was then evaluated by using
413 biotinylated anti-SAP pAb (polycloned Ab) (1 μg/mL)
414 followed by staining with Cy3-labeled streptavidin (10 μg/

f5 415 mL). Figure 5A shows the corresponding plot of fluorescence
416 intensity as a function of SAP concentration from the arrayed
417 spots. We note that the lowest analyte concentration that
418 produces a detectable signal is 1 μg/mL (Figure 5A and Figure
419 S9). The Ab microarray could reproducibly detect SAP
420 concentration as low as 0.87 μg/mL (∼34 nM; limit of
421 detection, LOD) with coefficient of variation (%CV) ranging
422 from 1.5% to 6.8%, well below the plasma SAP concentrations
423 in healthy subjects. When measured in serum, a detection
424 sensitivity of ∼79 nM was achieved (Figure S10).
425 Following this proof of concept, we directly turned to the
426 detection of C-RP from human serum, which was also
427 desirable for measuring the analyst in a complex biological
428 environment in diagnostic applications. For these studies,
429 serum from a healthy volunteer was collected. The enzyme-
430 linked immunosorbent assay (ELISA) estimated a total C-RP
431 concentration of 3.0 mg/L (Figure S11), which was then
432 diluted to produce solutions with concentrations of 0.1, 1.0,
433 1.5, 2.0, and 3.0 μg/mL for analysis. A 100 μL portion of each
434 solution was applied for 1 h with an anti-h C-RP Ab microarray
435 constructed using a 2-presenting surface. Biotinylated
436 detection of Ab for C-RP (1/100 dilution) was then applied
437 followed by a final developing step using fluorescent Cy3-
438 labeled streptavidin, with multiple washes in between each
439 step. Quantifying the fluorescence intensity (Figure 5B and
440 Figure S11) revealed a sensitivity of approximately 1.4 μg/mL
441 (∼57 nM) (%CV ranged from 3.7% to 13.6%), which is within
442 the critical concentration range for cardiovascular risk
443 assessment.52 This detection limit was approximately seven
444 times lower relative to that of an enzyme immunoassay.53

445Thus, the sensitivity achieved using a BA−phenylsulfonate
446strategy is suitable for direct detection of both biomarkers SAP
447and C-RP.
448To demonstrate the generality of the developed method, the
449BA−phenylsulfonate ester-coated surface was also tested using
450a plant lectin, Ricinus communis Agglutinin 120 (RCA120), a
451useful lectin surrogate for the biological warfare toxic agent
452ricin (Figure S12). Using an anti-RCA120 Ab microarray, we
453could achieve a sensitivity of 0.98 μg/mL (∼8.1 nM), which is
454three orders of magnitude less sensitive than that of a related
455BA−photocrosslinking-based irreversible Ab immobilization
456strategy.28 The lower sensitivity of the present method is
457probably due to the low reaction rate of the key SN2-type
458reaction during the protein immobilization step,35 resulting in
459lower Ab density on the surface. Nevertheless, the current
460technique is suitable for detecting serum biomarkers in
461multiplex assay format (see below).
462Detection of Multiplex Protein Biomarkers in a
463Spiked Serum by Using BA−Phenylsulfonate Ester
464Functionalized Glass Slides. Development of highly
465sensitive assays that can specifically target several analytes in
466a parallel manner by using a single sample, i.e., multiplexed, are
467critically important for improved disease diagnostics and
468discovery of biomarkers.54 Prior to our investigation on
469multiplexed measurements of biomarkers in serum, we
470investigated the potential of Ab microarrays in mediating
471selective capture of three analytes. Toward this end, an Ab
472microarray consisting of three Abs including anti-C-RP, anti-
473SAP, and anti-RCA120 at a concentration 1.6 μM was printed
474on a 2-coated surface in 10 replicate spots (2 × 5 array
475format). After Ab immobilization, three different solutions of
476the corresponding antigens (the lowest concentration of
477protein that produced a detectable signal; please refer to
478Figures S9 and S13), each containing C-RP (1.5 μg/mL), SAP
479(1 μg/mL), and RCA120 (1 μg/mL) in diluted human serum
480(1:1 in PBS) in assay buffer individually or a mixture
481containing all these three antigens, were applied to the Ab
482slide for 1 h. Captured protein targets were detected by
483incubating respective biotinylated Abs (see the Supporting
484Information for details). As shown in Figure S13, each set of
485Ab microarrays with a particular biomarker and lectin-specific
486Ab responded only to the appropriate analyte solution. Figure
487S13 also illustrates the fluorescence intensity of all three
488antigens after incubation in the mixture, demonstrating that
489the proposed BA−phenylsulfonate-based Ab microarray can
490specifically capture and indicate the corresponding antigens in

Figure 5. Functional Ab microarrays for the detection of single-protein biomarkers. Detection of (A) SAP and (B) C-RP. Anti-human C-RP and
SAP capture Abs (1.6 μM), which were printed on 2-coated surfaces, incubated with various concentrations of SAP and C-RP, and visualized with
corresponding biotinylated anti-CRP and SAP pAbs and streptavidin-Cy3. Inset in (A) shows the effect of SAP concentration on the fluorescence
intensity. The LOD was estimated as follows: LOD = mean signal of the blank + 3 × SD of the blank. Mean signals and the SD are shown.
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491 a mixture simultaneously with minimum noticeable cross-
492 interaction for these Ab-antigen combinations.
493 After establishing the feasibility of multiplexing detection in
494 buffered solution, we utilized the Ab microarray to enable the
495 simultaneous detection of three protein targets in serum. Since
496 the Ab-antigen binding affinities for all the captured Abs differ,
497 which strongly correlates with the fractional occupation sites
498 available for binding to the microarray surface, we ensured
499 equal loading of Abs (1.6 μM) onto arrayed spots with
500 incubation of a higher concentration of all three analytes in
501 serum. Diluted FBS samples (1:1 in PBS) spiked with a
502 designated concentration of SAP (10 μg/mL) and RCA120 (10
503 μg/mL) were applied to the microarray. Because C-RP was
504 obtained from human serum, it (3.0 μg/mL) was used with no
505 added FBS in these studies. Subsequently, captured proteins
506 were simultaneously detected with respective biotin-conju-
507 gated detection Abs:C-RP pAb (1/100 dil.), SAP pAb (1 μg/
508 mL), anti-RCAI&II pAb (1 μg/mL), and streptavidin−Cy3
509 conjugates (10 μg/mL) were included in the assay buffer, as
510 described before.

f6 511 Figure 6B−D represent fluorescence images, each depicting
512 three sets of captured Ab array spots, indicating successful
513 recognition of the specific protein. In addition, Figure 6A
514 illustrates the simultaneous capture and detection of all three
515 individual targets. We note that low cross-reactivity against
516 other proteins resulted from multiple nontargeted proteins
517 present in serum samples due to non-specific binding with anti
518 C-RP or anti-RCA120 capture Abs arrayed spots.55 Such a
519 nonspecific cross-reacting signal in anti-SAP Ab is insignificant.
520 However, serum-induced non-specific background signal was
521 negligible likely because of an additional protection of a

522zwitterionic monolayer during glass slide functionalization.
523With the increase in concentration, the increased levels of
524fluorescence signal as a consequence of more analyte captured
525on the arrayed spots resulted in higher fluorescence intensity
526(Figure 6E). This demonstrates that our approach is capable of
527simultaneously analyzing multiple targets in complex biological
528samples.

529■ CONCLUSIONS
530In conclusion, we have established boronic acid in combination
531with a reactive phenylsulfonate ester as a promising platform
532for applying antibodies irreversibly to solid supports in a
533controllable manner. The covalent attachment through
534phenylsulfonate ester group offers a simple and robust
535procedure for the stable immobilization of the captured
536antibody due to its ease of preparation and use, biocompat-
537ibility, and, most importantly, its reagentless nature, which
538prevents the need for chemical activation of the surface. The
539antibody microarray constructed through the BA−phenyl-
540sulfonate ester strategy shows that both purified proteins and
541biomarkers within the serum can be bound and are capable of
542simultaneously capturing and detecting protein targets in
543serum. It is likely that the developed method provides
544opportunities for interrogating multiple protein biomarkers
545that are amenable to diagnostic application.

546■ EXPERIMENTAL SECTION
547Materials. All starting materials and reagents were obtained from
548commercial sources and used as received unless otherwise noted. 3-
549(Dimethyl-(3-(trimethoxysilyl)propyl)ammonio)propane-1-sulfonate
550(sulfobetaine siloxane, SBS) and 3-isocyanatopropyltriethoxysilane

Figure 6. Multiplex detection of C-RP, SAP, and RCA120 in serum. A microarray comprising three captured Abs targeting these analytes on a 2-
coated surface was constructed: (A) One sample containing a mixture of all three analytes and three samples containing a single analyte (B) C-RP
(3.0 μg/mL) in diluted serum and (C) SAP (10 μg/mL) and (D) RCA120 (10 μg/mL) spiked in diluted FBS were applied. After analyte capture
for 1 h, biotinylated reporter Abs and streptavidin-Cy3 fluorescent conjugates were used to sandwich and label the analyte in preparation for
subsequent fluorescence detection. Representative fluorescence images obtained from incubation of (A) all three analytes, (B) C-RP (p < 0.003),
(C) SAP (p < 0.0052), and (D) RCA120 (p < 0.0054), respectively. (E) Comparison of the fluorescence signals in (A)−(D), corresponding to the
multiple analyte detection (black bars) or single analyte detection (C-RP: red bars, SAP: green bars, RCA120: blue bars). Each data point represents
the mean ± SD of the 10 captured Ab printed spots.
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551 were purchased from Gelest Inc. Bovine serum albumin (BSA), R.
552 communis agglutinin 120 (RCA120), IgG from human serum, anti-
553 human IgG (Fc specific)-Cy3 Ab, monoclonal anti-C-RP Ab, dextran
554 (D-1662), and streptavidin-Cy3 conjugate were purchased from
555 Sigma-Aldrich (St. Louis, MO, USA) and used as received.
556 Unconjugated monoclonal rabbit anti-RAC (ricin alpha chain)
557 antibody was obtained from EY Laboratories. Serum Amyloid P
558 component was obtained from Calbiochem. Rabbit polyclonal Ab to
559 SAP was acquired from Thermo Scientific. Biotinylated rabbit
560 polyclonal Ab to C-RP was purchased from Abcam. Biotinylated
561 anti-human SAP polyclonal Ab was purchased from MyBiosource,
562 Inc. Biotinylated anti-RCAI & II Ab was obtained from Vector
563 Laboratories. Deionized water with a resistivity of >18 MΩ·cm was
564 obtained from an ultrafiltration system (Milli-Q, Millipore) and
565 passed through a 0.22 μm filter to remove particulate matter.
566 Synthesis of BA−Phenylsulfonate Ester 1. To a solution of
567 acid 6 (80 mg, 0.22 mmol, 1 equiv) and 3-aminophenylboronic acid
568 (43 mg, 0.27 mmol, 1.25 equiv) in DMF (2.0 mL) was added EDC·
569 HCl (47 mg, 0.24 mmol, 1.1 equiv), HOBt (33 mg, 0.24 mmol, 1.1
570 equiv), and DIPEA (0.092 mL, 0.51 mmol, 2.35 equiv). The reaction
571 was stirred at 25 °C for 24 h and then concentrated. The residue was
572 poured into water, and the aqueous layer was extracted twice with
573 EtOAc. The organic phase was collected and washed with saturated
574 aqueous NaCl, dried over MgSO4, and then concentrated. The
575 residue was purified by flash silica gel column chromatography
576 (EtOAc/hexanes = 1/1) to afford 1 (60 mg, 56%). Rf = 0.37 (10%
577 MeOH in EtOAc/hexanes = 1/2). 1H NMR (DMSO-d6, 400 MHz):
578 δ 10.51 (br s, 1H), 8.47 (s, 1H), 8.35 (d, 1H, J = 8.0 Hz), 8.09 (d, 1H,
579 J = 7.8 Hz), 8.04 (s, 1H), 8.02 (s, 2H), 7.85 (d, 1H, J = 8.0 Hz), 7.83
580 (t, 1H, J = 8.0 Hz), 7.56 (d, 1H, J = 7.8 Hz), 7.33 (t, 1H, J = 7.8 Hz),
581 4.21 (t, 2H, J = 4.2 Hz), 3.60 (t, 2H, J = 4.2 Hz), 3.53 (t, 2H, J = 4.7
582 Hz), 3.48−3.41 (m, 4H), 3.37−3.27 (m, 2H). 13C NMR (DMSO-d6,
583 100 MHz): δ 166.52, 138.77, 138.12, 137.66, 133.94 (2), 131.81,
584 131.36, 130.97 (2), 129.13, 128.17 (2), 71.58, 71.54, 71.39, 71.09,
585 69.74, 51.68. HRMS (ESI) m/z calcd for C19H22N4O8SB [M − H]−

586 477.151, found 477.1249.
587 BA−Phenylsulfonate Ester 2. A 50 mL round bottle flask was
588 loaded with 8 (420 mg, 0.75 mmol) and placed in an ice bath. TFA
589 (20%) in CH2Cl2 (5 mL) was added, and the resulting solution was
590 warmed up to rt over 30 min. After being stirred for an additional 1.5
591 h, the mixture was concentrated under reduced pressure to yield an
592 oily residue. The volatiles were azeotropically removed using toluene
593 (3x10 mL). The resulting residue was dried in vacuo to give the amine
594 (9) as TFA salt (428 mg, quant.). Et3N (0.07 mL, 0.5 mmol, 1.0
595 equiv) was added to a solution of amine (290 mg, 0.5 mmol, 1.0
596 equiv) and activated ester 10 (133 mg, 0.5 mmol, 1.0 equiv) in DMF
597 (5 mL). The resulting solution was stirred at 25 °C for overnight. The
598 reaction mixture was then concentrated, and the resulting residue was
599 redissolved in water/EtOAc. The organic layer was separated, washed
600 with saturated aqueous NaCl, dried over MgSO4, and filtered. After
601 concentration in vacuo, the crude product was purified by silica gel
602 column chromatography (5−10% MeOH in CH2Cl2) to afford 2 (140
603 mg, 46%). Rf = 0.22 (10% MeOH in 1:1 EtOAc/hexanes). 1H NMR
604 (DMSO-d6, 400 MHz): δH = 8.79 (br s, 1H), 8.35 (br s, 1H), 8.33 (s,
605 1H), 8.21 (d, 1H, J = 7.6 Hz), 8.20 (s, 1H), 8.12 (s, 2H), 8.03 (d, 1H,
606 J = 7.8 Hz), 7.88 (d, 1H, J = 7.6 Hz), 7.81 (d, 1H, J = 7.8 Hz), 7.76 (t,
607 1H, J = 7.8 Hz), 7.38 (t, 1H, J = 7.6 Hz), 4.17 (t, 2H, J = 4.2 Hz),
608 3.58 (t, 2H, J = 4.2 Hz), 3.52 (t, 2H, J = 4.2 Hz), 3.45−3.43 (m, 4H),
609 3.36−3.33 (m, 2H), 3.28−3.21 (m, 4H), 1.54−1.50 (m, 4H), 1.36−
610 1.32 (m, 4H). 13C NMR (CD3OD, 100 MHz): δC = 170.59, 167.67,
611 137.91, 137.10, 135.00, 134.96, 133.54 (2), 131.51, 130.89, 129.88,
612 128.68, 127.75 (2), 71.49, 71.44, 71.31, 71.02, 69.64, 51.62, 41.06,
613 40.81, 30.38, 30.22, 27.63, 27.60. HRMS (ESI) m/z calcd for
614 C26H36BN5O9SNa [M + Na]+ 628.2225, found 628.2224.
615 BA−Phenylsulfonate Ester 3. A 25 mL round bottle flask was
616 loaded with 12 (60 mg, 0.076 mmol) and placed in an ice bath. TFA
617 (20%) in CH2Cl2 (2 mL) was added, and the resulting solution was
618 warmed up to 25 °C over 30 min. After being stirred for an additional
619 1.5 h, the mixture was concentrated under reduced pressure to yield
620 an oily residue. The volatiles were azeotropically removed using

621toluene (3x5 mL). The resulting residue was dried in vacuo to give the
622amine (13) as TFA salt (61 mg, quant.). DIPEA (0.04 mL, 0.21
623mmol, 3.0 equiv) was added to a solution of above amine 13 (61 mg,
6240.076 mmol, 1.0 equiv), 3-carboxyphenylboronic acid (12 mg, 0.076
625mmol, 1.0 equiv), EDC·HCl (16 mg, 0.084 mmol, 1.1 equiv), and
626HOBt (12 mg, 0.084 mmol, 1.1 equiv) in DMF (2 mL). The reaction
627mixture was allowed to stir at ambient temperature for 12 h. The
628reaction mixture was then concentrated in vacuo, and the resulting
629residue was redissolved in water/EtOAc. The organic layer was
630separated, washed with saturated aqueous NaCl, dried over MgSO4,
631and filtered. After concentration in vacuo, the crude product was
632purified by flash column chromatography (20% MeOH in CH2Cl2) to
633yield 3 (15 mg, 61%). Rf = 0.25 (20% MeOH in CH2Cl2).

1H NMR
634(CD3OD, 400 MHz): δH = 8.36 (s, 1H), 8.16 (d, 1H, J = 7.8 Hz),
6358.07 (d, 1H, J = 7.8 Hz), 7.96−7.92 (m, 1H), 7.82−7.79 (m, 2H),
6367.73 (t, 1H, J = 7.8 Hz), 7.41 (t, 1H, J = 7.8 Hz), 4.85 (br s, 1H), 4.22
637(t, 2H, J = 4.4 Hz), 3.67 (t, 2H, J = 4.4 Hz), 3.60 (t, 2H, J = 4.4 Hz),
6383.55−3.52 (m, 4H), 3.41−3.37 (m, 4H), 3.36−3.32 (m, 2H), 3.17−
6393.12 (m, 4H), 2.21−2.14 (m, 4H), 1.65−162 (m, 6H), 1.53−1.47 (m,
6404H), 1.41−1.37 (m, 10H). 13C NMR (CD3OD, 100 MHz): δC =
641176.04, 176.02, 170.74, 167.81, 138.11, 137.71, 137.21, 133.56 (2),
642131.60, 130.94 (2), 129.57, 128.65, 127.85 (2), 71.61, 71.52, 71.43,
64371.14, 69.75, 51.73, 41.10, 40.78, 40.21, 40.17, 37.01, 39.99, 30.32,
64430.31, 30.19, 30.08, 27.67, 27.60, 27.56, 27.51, 26.74, 26.70. HRMS
645(ESI) m/z calcd for C38H58BN5O10SNa [M − N2 + Na]+ 826.3844,
646found 826.3835.
647Aniline-Sulfonate Ester 5. To a solution of ester 11 (100 mg,
6480.22 mmol, 1 equiv) and freshly distilled aniline (40 mg, 0.44 mmol,
6492.0 equiv) in CH2Cl2 (5 mL) was added Et3N (0.064 mL, 0.44 mmol,
6502.0 equiv). The reaction mixture was allowed to stir at ambient
651temperature for 12 h. The reaction mixture was then concentrated in
652vacuo, and the residue was redissolved in water/EtOAc. The organic
653layer was separated, washed with saturated aqueous NaCl, dried over
654MgSO4, and filtered. After concentration in vacuo, the crude product
655was purified by flash column chromatography (1:1 EtOAc/hexanes)
656to yield 5 (35 mg, 35%). Rf = 0.2 (1:2 EtOAc/hexanes). 1H NMR
657(CDCl3, 400 MHz): δH = 8.37 (s, 1H), 8.21 (d, 1H, J = 7.8 Hz), 8.15
658(br s, 1H), 8.07 (d, 1H, J = 7.8 Hz), 7.70−7.63 (m, 3H), 7.37 (t, 2H,
659J = 7.8 Hz), 7.17 (t, 1H, J = 7.4 Hz), 4.25 (t, 2H, J = 4.5 Hz), 3.71 (t,
6602H, J = 4.5 Hz), 3.59−3.56 (m, 6H), 4.31 (t, 2H, J = 4.5 Hz). 13C
661NMR (CDCl3, 100 MHz): δC = 164.07, 137.77, 136.74, 136.55,
662133.37, 130.89, 130.05, 129.30 (3), 126.28, 125.23, 120.80, 70.85,
66370.70, 70.16, 70.07, 68.87, 50.81. HRMS (ESI) m/z calcd for
664C19H23N4O6 [M + H]+ 435.1340, found 435.1344.
665Alkynyl Triethoxysilane 7. Propargylamine (617 mg, 12.12
666mmol, 3.0 equiv) in toluene (10 mL) was added dropwise to a stirred
667solution of 3-(triethoxysilyl)propyl isocyanate (1 g, 4.04 mmol, 1.0
668equiv) in toluene (10 mL) at 0 °C. The reaction mixture was brought
669to ambient temperature slowly for 2 h and then concentrated to
670dryness in vacuo. The residue was purified by column chromatography
671(5% MeOH in CH2Cl2) to yield 7 (700 mg, 57%). Rf = 0.45 (10%
672MeOH in CH2Cl2).

1H NMR (CDCl3, 400 MHz): δH = 4.66 (br s,
6731H), 4.58 (br s, 1H), 3.97 (dd, 2H, J = 5.5, 2.6 Hz), 3.80 (q, 6H, J =
67413.0, 7.0 Hz), 3.16 (q, 2H, J = 13.0, 6.8 Hz), 2.19 (t, 1H, J = 2.3 Hz),
6751.58 (dd, 2H, J = 8.2, 6.8 Hz), 1.20 (t, 9H, J = 7.0 Hz), 0.62 (t, 2H, J
676= 8.2 Hz). 13C NMR (CDCl3, 100 MHz): δC = 158.42, 81.22, 70.93,
67758.56 (3), 43.01, 30.05, 23.76, 18.41 (3), 7.70. HRMS (APCI) m/z
678calcd for C13H27N2O4Si [M + H]+ 303.1740, found 303.1738.
679Compound 8. To a solution of 6 (600 mg, 1.67 mmol, 1.0 equiv)
680in CH2Cl2 (10 mL) was added N-Boc-1,6-hexanediamine (361 mg,
6811.67 mmol, 1.0 equiv), EDC·HCl (320 mg, 1.67 mmol, 1.0 equiv),
682HOBt (225 mg, 1.67 mmol, 1 equiv), and DIPEA (0.58 mL, 3.34
683mmol, 2.0 equiv). The reaction mixture was stirred at 25 °C for
684overnight. Water (20 mL) was added to the reaction solution, and
685then the aqueous phase was extracted with EtOAc (3x30 mL). The
686organic phase was washed with saturated aqueous NaCl, dried over
687MgSO4, filtered, and then concentrated. The crude was purified by
688flash silica gel column chromatography (3% MeOH in EtOAc/
689hexanes = 1/1) to give 8 (420 mg, 45%). Rf = 0.14 (EtOAc/hexanes =
6901:1). 1H NMR (CDCl3, 400 MHz): δ 8.27 (s, 1H), 8.13 (d, 1H, J =
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691 7.8 Hz), 8.01 (d, 1H, J = 7.8 Hz), 7.62 (t, 1H, J = 7.8 Hz), 6.66 (br s,
692 1H), 4.54 (br s, 1H), 4.21 (t, 2H, J = 4.6 Hz), 3.70 (t, 2H, J = 4.6
693 Hz), 3.61 (t, 2H, J = 4.8 Hz), 3.58−3.54 (m, 4H), 3.44 (dd, 2H, J =
694 12.0, 6.0 Hz), 3.34 (t, 2H, J = 4.8 Hz), 3.12 (dd, 2H, J = 12.0, 6.0
695 Hz), 1.66−1.60 (m, 2H), 1.51−1.47 (m, 2H), 1.46 (s, 9H), 1.44−
696 1.35 (m, 4H). 13C NMR (CDCl3, 100 MHz): δ 165.56, 156.40,
697 136.68, 136.32, 132.87, 130.48, 129.81, 126.36, 70.89, 70.74, 70.22,
698 70.00, 68.87, 50.83, 40.13, 39.97, 30.23 (x2), 29.44, 28.60 (x3), 26.17,
699 25.92. HRMS (ESI) m/z calcd for C24H39N5O8SNa [M + H]+

700 580.2417, found 580.2419.
701 Compound 11. To a stirred solution of 6 (1.2 g, 3.34 mmol, 1
702 equiv), N-hydroxysuccinimide (422 mg, 3.67 mmol, 1.1 equiv), and
703 EDC·HCl (704 mg, 3.67 mmol, 1.1 equiv) in CH2Cl2 (15 mL) was
704 added Et3N (1.02 mL, 7.34 mmol, 2.2 equiv). The reaction mixture
705 was allowed to stir at ambient temperature for 4 h, and then
706 concentrated to dryness in vacuo. The residue was dissolved into
707 water (20 mL), and the resulting aqueous layer was extracted with
708 EtOAc (2x30 mL). The combined organic phases were washed with
709 saturated aqueous NaCl, dried over MgSO4, filtered, and then
710 concentrated. The residue was purified by flash column chromatog-
711 raphy (1:1 EtOAc/hexanes) to give desired activated ester 11 (310
712 mg, 33%). Rf = 0.2 (1:1 EtOAc/hexanes). 1H NMR (CDCl6, 400
713 MHz): δH = 8.65 (s, 1H), 8.38 (d, 1H, J = 7.8 Hz), 8.21 (d, 1H, J =
714 7.8 Hz), 7.72 (t, 1H, J = 7.8 Hz), 4.25 (t, 2H, J = 4.4 Hz), 3.70 (t, 2H,
715 J = 4.4 Hz), 3.61 (t, 2H, J = 4.4 Hz), 3.56−3.54 (m, 4H), 3.33 (t, 2H,
716 J = 4.4 Hz), 2.91 (s, 4H). 13C NMR (CDCl3, 100 MHz): δC = 169.00
717 (2), 160.52, 137.75, 135.40, 133.89, 130.28, 130.02, 126.77, 70.90,
718 70.74, 70.42, 70.20, 68.78, 50.79, 25.82 (2). HRMS (ESI) m/z calcd
719 for C17H20N4O9SNa [M + Na]+ 479.0849, found 479.0841.
720 Compound 12. DIPEA (0.292 mL, 1.68 mmol, 2.0 equiv) was
721 added to a solution of 6-[(6-{[tert-butoxycarbonyl]amino}hexanoyl)-
722 amine]hexanoic acid (289 mg, 0.84 mmol, 1.0 equiv), amine 9 (480
723 mg, 0.84 mmol, 1.0 equiv), EDC·HCl (161 mg, 0.84 mmol, 1.0
724 equiv), and HOBt (113 mg, 0.84 mmol, 1.0 equiv) in CH2Cl2 (20
725 mL). The reaction mixture was allowed to stir at ambient temperature
726 for 12 h. The reaction mixture was then concentrated in vacuo, and
727 the resulting residue was redissolved in water/EtOAc. The organic
728 layer was separated, washed with saturated aqueous NaCl, dried over
729 MgSO4, and filtered. After concentration in vacuo, the crude product
730 was purified by flash column chromatography (2−5% MeOH in
731 CH2Cl2) to yield 12 (310 mg, 65%). Rf = 0.35 (10% MeOH in
732 CH2Cl2).

1H NMR (CDCl3, 400 MHz): δH = 8.33 (s, 1H), 8.17 (d,
733 1H, J = 7.8 Hz), 8.01 (d, 1H, J = 7.8 Hz), 7.61 (t, 1H, J = 7.8 Hz),
734 7.14 (br s, 1H), 5.81 (br s, 1H), 5.71 (br s, 1H), 4.62 (br s, 1H), 4.19
735 (t, 2H, J = 4.6 Hz), 3.68 (t, 2H, J = 4.6 Hz), 3.61 (t, 2H, J = 4.6 Hz),
736 3.58−3.54 (m, 4H), 3.43 (dd, 2H, J = 12.0, 6.0 Hz), 3.34 (t, 2H, J =
737 4.6 Hz), 3.26−3.18 (m, 4H), 3.06 (dd, 2H, J = 12.0, 6.0 Hz), 2.17−
738 2.10 (m, 4H), 1.59−1.55 (m, 4H), 1.51−1.42 (m, 10H), 1.40 (s, 9H),
739 1.37−1.26 (m, 6H). 13C NMR (CDCl3, 100 MHz): δC = 173.42,
740 173.29, 165.68, 156.29, 136.53, 136.39, 132.99, 130.35, 129.70,
741 126.64, 70.85, 70.70, 70.18, 70.00 68.83, 50.80, 39.91, 39.26, 38.94,
742 36.67 (2), 36.54, 29.91, 29.82, 29.63, 29.37, 29.34, 28.57 (3), 26.46,
743 26.11, 26.00, 25.52, 25.35 (2). HRMS (ESI) m/z calcd for
744 C36H61N7O10SNa [M + Na]+ 806.4098, found 806.4088.
745 Materials Characterization. X-ray photoelectron spectroscopy
746 measurements were performed using a PHI Quantera SXM (ULVAC-
747 PHI, Japan) high-resolution spectrometer. A monochromatized Al
748 anode was used as the excitation source. The C 1s (C−C) peak at
749 283.5 eV was chosen as the reference line. Surface morphologies of
750 the BA−phenylsulfonate ester (2)-coated glass slides before and after
751 IgG microarray fabrication were characterized using an atomic force
752 microscope (Bruker Multimode 8). The ToF-SIMS data were
753 acquired on a TOF-SIMS 5 instrument (ION-TOF GmbH, Münster,
754 Germany) using a Bi3+ primary ion source.
755 Preparation of Mixed Monolayer-Protected Alkynylated
756 Glass Slides. FEA microscope plain slides with ground edges (1.2
757 mm, 1″ × 3″) were thoroughly cleaned using a freshly prepared
758 piranha solution (three parts 18 M H2SO4 and one part 30% H2O2)
759 for 1 h and then successively rinsed with deionized water and ethanol
760 prior to use (Caution! Wear suitable protective apparel when handling

761highly corrosive acids). A pre-mixed solution of alkynyl siloxane 7 (10
762mM, DMSO) and freshly prepared aqueous solution of SBS at 10:1
763molar ratio was applied to the glass slide and allowed to form a mixed
764monolayer for 6 h at room temperature (rt). A 16-well incubation
765chamber (Sigma-Aldrich) was applied to prevent cross-contamination
766between two different wells. The alkynylated slides were washed with
767DMSO and deionized water for 10 min each followed by drying under
768centrifugation. The dried slides could be stored until use.
769Preparation of BA−Phenylsulfonate Ester-Coated Glass
770Slides through CuAAC Reaction. A 100 μL solution of BA−
771phenylsulfonate ester probes (10 mM, 3:1 DMSO/H2O ratio) was
772applied to the alkynylated glass slides with the help of a 16-well
773incubation chamber followed by addition of a pre-mixed aqueous
774solution of catalyst (final concentration of CuSO4·5H2O at 100 μM,
775THPTA at 200 μM, and sodium ascorbate at 100 μM). The solution
776was mixed properly with a pipette and allowed to react for 12 h at
777room temperature. The slides were rinsed with DMSO, washed with
778phosphate-buffered saline (PBS, pH 7.4), and finally dried by
779centrifugation. The BA−phenylsulfonate ester-coated slides could be
780stored in a desiccator until further use.
781Microarray Fabrication and Preparation. The Ab microarrays
782were prepared by modification of previously described procedures.32

783Approximately 0.6 nL of monoclonal capture Abs (1.6 μM) in 20 mM
784HEPES buffer (containing 150 mM NaCl and 0.005% Tween20, pH
7858.5) was respectively dispensed using a robotic contact arrayer
786(AD1500 Arrayer, BioDot) fitted with Stealth Pins SMP3 (ArrayIt
787Corporation) onto BA−phenylsulfonate ester functionalized glass
788slides. The printing process was performed at a relative humidity of
78984%, and the temperature was maintained below 26 °C. The slides
790were then incubated in a microarray hybridization chamber (CamLab,
791UK) at ambient temperature for 12 h followed by sequential washing
792with phosphate-buffered saline (PBS), PBS with 0.005% Tween20
793(PBST), and deionized H2O for 5 min each under gentle shaking to
794remove any unbound Abs. The remaining BAs on the surface were
795then blocked with a 100 μM solution of dextran containing 1% BSA in
796water at room temperature for 2 h to prevent nonspecific adhesion/
797interactions. After washing, the oriented Ab immobilized microarray
798slides could be probed with an anti-h IgG Fc-specific Cy3-labeled Ab
799for direct interrogation of h-IgG or in a layer-by-layer format for
800cognate analyte-binding studies. The printed slides could be stored at
8014 °C until use.
802Antibody-Microarray Assays and Data Analysis. A 100 μL
803portion of each sample solution in assay buffer (PBS buffer containing
8040.005% Tween20 and 0.1% BSA, pH 7.4) was incubated on each array
805for 1 h at room temperature. Captured antigens were detected with
806biotinylated Abs at a concentration of 1 μg/mL in assay buffer
807followed by incubation with streptavidin-Cy3 (10 μg/mL) using
808incubation and wash conditions as mentioned above. The slides were
809scanned for fluorescence image acquisition using a Revolution 4550
810scanner (Vidar Corp., USA) or SpinScan Microarray Scanner HC-
811BS01 (Caduceus Biotechnology Inc.) with a Cy3 filter. The
812fluorescence intensity of the spots was quantified using the
813ArrayVision software package (version 8.0) with correction for local
814background. All proteins were analyzed in triplicate; the data
815represented an average of 18−20 spots for a given antigen
816concentration. The mean intensity of each spot was taken as a single
817data point for analysis.
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935Corteś, A.; Yañ́ez-Sedeño, P.; Pingarro ́n, J. M. Ultrasensitive
936Detection of Adrenocorticotropin Hormone (ACTH) Using Dis-
937posable Phenylboronic-Modified Electrochemical Immunosensors.
938Biosens. Bioelectron. 2012, 35, 82−86.

(25) 939Song, L.; Zhao, J.; Luan, S.; Ma, J.; Liu, J.; Xu, X.; Yin, J.
940Fabrication of a Detection Platform with Boronic-Acid-Containing
941Zwitterionic Polymer Brush. ACS Appl. Mater. Interfaces 2013, 5,
94213207−13215.

(26) 943Song, H. Y.; Hobley, J.; Su, X.; Zhou, X. End-on Covalent
944Antibody Immobilization on Dual Polarization Interferometry Sensor
945Chip for Enhanced Immuno-sensing. Plasmonics 2014, 9, 851−858.
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