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Abstract

Interactions between small molecules and biomolecules are important physiologically and for 

biosensing, diagnostic, and therapeutic applications. To investigate these interactions, small 

molecules can be tethered to substrates through standard coupling chemistries. While convenient, 

these approaches co-opt one or more of the few small-molecule functional groups needed for 

biorecognition. Moreover, for multiplexing, individual probes require different surface 

functionalization chemistries, conditions, and/or protection/deprotection strategies. Thus, when 

placing multiple small-molecules on surfaces, orthogonal chemistries are needed that preserve all 

functional groups and are sequentially compatible. Here, we approach high-fidelity small-

molecule patterning by coupling small-molecule neurotransmitter precursors, as examples, to 

monodisperse asymmetric oligo(ethylene glycol)alkanethiols during synthesis and prior to self-

assembly on Au substrates. We use chemical lift-off lithography to singly and doubly pattern 

substrates. Selective antibody recognition of pre-functionalized thiols was comparable to or better 

than recognition of small molecules functionalized to alkanethiols after surface assembly. These 
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findings demonstrate that synthesis and patterning approaches that circumvent sequential surface 

conjugation chemistries enable biomolecule recognition and afford gateways to multiplexed small-

molecule functionalized substrates.

Table of contents image
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lithography; chemical patterning; self-assembly; neurotransmitter; biorecognition; fluorescence 
microscopy

INTRODUCTION

We have investigated general design rules for small-molecule surface functionalization to 

improve recognition by biomolecules.1–6 In parallel, we developed readily adoptable small-

molecule patterning methods.7–10 Patterning enables relative molecular recognition between 

functionalized (patterned) and unfunctionalized (control) regions to be compared and 

quantified on the same substrate. Molecular level patterning via inserting tethers into self-

assembled monolayers11–13 is advantageous for spacing small-molecule probes so that large 

biomolecule targets have ample access for recognition with minimal steric hindrance.6,14 We 

demonstrated that linking chemistries for small molecules where an extra functional group is 

used for surface-tethering, is essential for native biomolecule recognition.2,4 Controlling 

surface chemistries to reduce nonspecific substrate interactions is another critical factor that 

others and we have addressed.1,4,15,16

We previously used multiplexed substrates produced via chemical lift-off lithography and 

microfluidics to sort antibodies or membrane-associated receptors from mixtures to their 

cognate small-molecule partners.2,17 However, the on-substrate conjugation chemistries 

employed, e.g., NHS-EDC coupling, suffer from incomplete functionalization and possible 

by-product formation, which likely contribute to surface-to-surface variation and nonspecific 

recognition.18–20 On-substrate sequential functionalization is difficult to control and to bring 

to completion with high yields.21 The extent of reaction differs with specific probes.2 

Moreover, monodisperse surface-functionalization is challenging due to the formation of 

clusters or domains of molecules arising from phase separation in mixed monolayers.22–24
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In light of these and other shortcomings, we decided to investigate small-molecule-

functionalized substrates using a “pre-functionalized” synthesis approach. Small-molecule 

oligo(ethylene glycol)-terminated alkanethiols are not readily available. Moreover, synthesis 

requires heterobifunctionalization and orthogonal chemistries to couple different small-

molecule tail groups. To address these challenges, we developed a synthetic route to a 

library of monodisperse hepta(ethylene glycol)undecyl pyridyl disulfides (7EG-PDS) pre-

functionalized with neurotransmitter mimics, i.e., L-3,4-dihydroxyphenylalanine (L-DOPA), 

L-threo-3,4-dihydroxyphenylserine (L-DOPS), L-5-hydroxytryptophan (L-5-HTP), L-

histidine (L-HD), and L-tryptophan (L-Trp) (Figure 1A).

The small-molecule probes investigated are naturally occurring proximal precursors to 

monoamine neurotransmitters, i.e., dopamine, norepinephrine, serotonin, and histamine, 

respectively. The exception is L-tryptophan from which serotonin is synthesized in two 

enzymatic steps by way of L-5-HTP in vivo. By using neurotransmitter amino acid 

precursors, as depicted in Figure 1A, we introduced an additional carboxyl moiety for 

tethering, thereby preserving amino groups for biorecognition.4,25,26 Substrates 

functionalized with neurotransmitter precursors mimic biologically active (free) 

neurotransmitters in terms of selective molecular recognition of the corresponding native 

membrane-associated receptors.2,4

Herein, we refer to mimicking precursors as neurotransmitters (unless otherwise noted). We 

denote tethers functionalized with neurotransmitters prior to self-assembly as pre-

functionalized thiols and tethers that are self-assembled and then functionalized with 

neurotransmitters as post-functionalized thiols. Substrates modified with pre-functionalized 

vs. post-functionalized thiols were patterned using chemical lift-off lithography9,10 (Figure 

1B,C). Since 7EG-PDS molecules were conjugated with small-molecule probes prior to 

surface assembly and patterning, the need to devise compatible multi-step functionalization 

chemistries and to optimize reaction conditions for coupling each neurotransmitter on-

substrate was obviated. Using antibodies as test systems, we directly compared differences 

in biomolecule target recognition of pre-functionalized vs. post-functionalized small-

molecule probes.

EXPERIMENTAL SECTION

Materials.

Silicon substrates with Au films (100-nm-thick overlaying 10-nm-thick Ti adhesive layers) 

were purchased from Platypus Technologies (Madison, WI, USA). (11-Mercaptoundecyl) 

tri(ethylene glycol) (TEG) was purchased from Toronto Research Chemicals Inc. (Toronto, 

ON, Canada). (11-Mercaptoundecyl) hexa(ethylene glycol)amine (AEG) was obtained from 

ProChimia Surfaces (Sopot, Poland). Threo-3,4-dihydroxyphenylserine (L-DOPS or L-

droxidopa) was purchased from TCI America Inc. (Portland, OR, USA). 

Fluorenylmethyloxycarbonyl chloride (Fmoc-Cl) was from Oakwood Products (West 

Columbia, SC, USA). Sodium carbonate (Na2CO3) was purchased from Fisher Scientific. 

Dichloromethane (DCM) was obtained from Fisher Scientific and distilled over calcium 

hydride (CaH2).
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9-Fluorenylmethyloxycarbonyl-L-3,4-dihydroxyphenylalanine (Fmoc-L-DOPA-OH), 9-

fluorenylmethyloxycarbonyl-5-hydroxy-L-tryptophan (Fmoc-L-5-HTP-OH), and N-α-(9-

fluorenylmethyloxycarbonyl)-N-im-trityl-L-histidine (Fmoc-L-His(Trt)-OH) were from 

AnaSpec-Eurogentec (Fremont, CA, USA). The N-α-(9-fluorenylmethyloxycarbonyl)-N-in-

tert-butyloxycarbonyl-L-tryptophan (Fmoc-L-Trp(Boc)-OH) and hexa(ethylene glycol) 

molecules were from ChemPep Inc. (Wellington, FL, USA). 11-Bromo-1-undecene, 

thioacetic acid (CH3COSH), triethylamine (TEA), triphenylphosphine (Ph3P), and N,N-

diisopropylethylamine (DIEA) were purchased from Alfa Aesar (Ward Hill, MA, USA). The 

NHS, EDC, DMF, 4-methylpiperidine, BSA, 0.01 M PBS (138 mM NaCl, 2.7 mM KCl, 10 

mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4), and azobisisobutyronitrile (AIBN) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA).

4-Toluenesulfonyl chloride (TsCl), 2,2’-dithiodipyridine (2-PDS), ammonia (7 N in MeOH), 

and trifluoroacetic acid (TFA) were from Acros Organics (Geel, Belgium). Anhydrous 

tetrahydrofurane (THF), anhydrous methanol (MeOH), and sodium azide (NaN3) were 

obtained from EMD Chemicals (Gibbstown, NJ, USA). Hydroxybenzotriazole (HOBt) was 

purchased from CreoSalus Inc. (Louisville, KY, USA). SYLGARD® 184 silicone elastomer 

kits were from Ellsworth Adhesives (Germantown, WI, USA). Absolute (200 proof) ethanol 

(EtOH) was purchased from Decon Laboratories, Inc. (King of Prussia, PA, USA). 

Deionized water (~18 MΩ) was obtained from a Millipore water purifier (Billerica, MA, 

USA).

Mouse monoclonal anti-L-3,4-dihydroxyphenylalanine antibody (ascites), rabbit polyclonal 

anti-L-5-hydroxytryptophan antibody (whole antiserum), rabbit polyclonal anti-L-histidine 

antibody (whole antiserum), and rat polyclonal anti-L-tryptophan antibody (pre-adsorbed 

antiserum) were purchased from Abcam, Inc. (Cambridge, MA, USA). AlexaFluor® 546 

goat anti-rabbit IgG (H+L) highly cross-adsorbed antibody (2 mg/mL), AlexaFluor® 568 

goat anti-rat IgG (H+L) antibody (2 mg/mL), AlexaFluor® 488 goat anti-rabbit IgG (H+L) 

antibody (2 mg/mL), and AlexaFluor® 488 goat anti-mouse IgG (H+L) highly cross-

adsorbed antibody (2 mg/mL) were purchased from Invitrogen (Carlsbad, CA, USA). All 

primary and secondary antibodies were diluted 1:200 and 1:100, respectively, with 0.01 M 

PBS pH 7.4 prior to incubation with substrates, unless stated otherwise.

Synthesis of Fmoc-L-DOPS-OH.

A solution of 208.5 mg (0.98 mmol, 1 eq.) of L-DOPS in 10 mL of a 2:1 mixture of 10% 

aqueous Na2CO3/THF was cooled to 0 °C in an ice bath and a solution of Fmoc-Cl (278.9 

mg, 1.08 mmol, 1.1 eq.) in THF (3.4 mL) was added dropwise. The reaction was stirred 

overnight at room temperature. The THF was evaporated under reduced pressure and the 

compound was extracted with ethyl acetate. The aqueous layer was acidified to pH 2 with 6 

M HCl and was then extracted again with ethyl acetate. The organic extract was dried over 

magnesium sulfate, filtered, and then rotovapped to dryness. The oil was purified by silica 

gel chromatography (eluent: DCM/ethyl acetate 9:1 to 1:9 and DCM/MeOH 19:1) to give 

344 mg of a light brown solid (79%). 1H NMR (300 MHz, DMSO-d6, 25 °C): d (ppm) = 

8.80 (s, 1 H), 8.75 (s, 1 H), 7.88 (d, 2 H, J = 7.6 Hz), 7.61–7.71 (m, 2 H), 7.25–7.45 (m, 4 

H), 7.07 (d, 1 H, J = 9.2 Hz), 6.78 (s, 1 H), 6.62–6.66 (m, 2 H), 4.94 (m, 1 H), 4.05–4.24 (m, 
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4 H), 3.17 (d, 1 H, J = 5.04 Hz). Mass analysis (MALDI-TOF): m/z 458.9754 (calculated for 

C24H21NNaO7 [M+Na]+ m/z 458.1210).

Synthesis of Undec-1-en-11-ylhepta(ethylene glycol) (1).

Undec-1-en-11-ylhepta(ethylene glycol) was synthesized as previously described.27 

Hepta(ethylene glycol) (4.95 g, 15.2 mmol, 3 eq.) was treated with 606 mg of 50% aqueous 

sodium hydroxide solution (7.6 mmol, 1.5 eq.) for 30 min at 100 °C under argon, and then 

11-bromo-1-undecene (1.18 g, 5.05 mmol, 1 eq.) was added. The solution was stirred for 24 

h at 100 °C under argon, then cooled down. The organic mixture was extracted with DCM 

and purified by silica gel chromatography (eluent: ethyl acetate to remove the di-

functionalized molecule, then DCM/MeOH 19:1 to obtain the mono-functionalized 

molecule, and finally DCM/MeOH 9:1 to recover the non-modified hepta(ethylene glycol)) 

giving 1.51 g of the mono-functionalized compound 1 (colorless oil, 63%). 1H NMR (300 

MHz, deuterated chloroform (CDCl3), 25 °C): d (ppm) = 5.74–5.89 (m, 1 H), 4.89–5.04 (m, 

2 H), 3.53–3.77 (m, 28 H), 3.44 (t, 2 H, J = 6.8 Hz), 2.67 (br s, 1 H), 2.04 (q, 2 H, J = 7.1 

Hz), 1.57 (quin, 2 H, J = 7.0 Hz), 1.22–1.43 (m, 12 H). Mass analysis (MALDI-TOF): m/z 

501.2800 (calculated for C25H50NaO8 [M+Na]+ m/z 501.3398).

Synthesis of [1-[(Methylcarbonyl)thio]undec-11-yl]hepta(ethylene glycol) (2).

[1-[(Methylcarbonyl)thio]undec-11-yl]hepta(ethylene glycol) was synthesized as previously 

described with slight modifications.27 Compound 1 (587.2 mg, 1.23 mmol, 1 eq.) was 

dissolved in 4 mL of anhydrous MeOH. Thioacetic acid (351 mL, 4.92 mmol, 4 eq.) and 10 

mg of AIBN were added. The mixture was irradiated with a UV lamp (UVP XX-40 BLB, 40 

W, 365 nm) for 24 h. Afterwards, another 10 mg of AIBN was added and the reaction was 

stirred for an additional 24 h before concentration by rotary evaporation followed by 

purification by silica gel chromatography (eluent: ethyl acetate, then DCM/MeOH 19:1). 

Then 618.7 mg of compound 2 (91%) were obtained as a colorless oil. 1H NMR (300 MHz, 

CDCl3, 25 °C): d (ppm) = 3.54–3.78 (m, 28 H), 3.44 (t, 2 H, J = 6.8 Hz), 2.86 (t, 2 H, J = 7.3 

Hz), 2.77 (br s, 1 H), 2.32 (s, 3 H), 1.50–1.63 (m, 4 H), 1.21–1.41 (m, 14 H). Mass analysis 

(MALDI-TOF): m/z 577.6519 (calculated for C27H54NaO9S [M+Na]+ m/z 577.3381).

Synthesis of [1-[(Methylcarbonyl)thio]undec-11-yl]-21-(tosyl)oxy-1,4,7,10,13,16, 19 
heptaoxaheneicosane (3).

To a solution of compound 2 (1.29 g, 2.32 mmol, 1 eq.) in distilled DCM (2 mL), 

triethylamine (648 mL, 4.64 mmol, 2 eq.) was added. The solution was cooled to 0 °C in an 

ice bath and TsCl (663 mg, 3.48 mmol, 1.5 eq.) was added. The ice bath was then removed 

and the solution was allowed to warm to room temperature and react for 24 h. The resultant 

mixture was diluted in DCM (50 mL) and washed with 2% acetic acid solution and brine. 

The organic layer was dried with magnesium sulfate and then rotovapped to remove all 

remaining liquid. The compound was purified by silica gel chromatography (eluent: DCM/

ethyl acetate 4:1–1:1). Then 1.26 g of compound 3 (76%) were obtained as a colorless oil. 
1H NMR (500 MHz, CDCl3, 25 °C): d (ppm) = 7.80 (d, 2 H, J = 8.1 Hz), 7.34 (d, 2 H, J = 

8.1 Hz), 4.16 (t, 2 H, J = 4.9 Hz), 3.69 (t, 2 H, 4.9 Hz), 3.56–3.67 (m, 24 H), 3.44 (t, 2 H, J = 

6.9 Hz), 2.86 (t, 2 H, J = 7.1 Hz), 2.45 (s, 3 H), 2.32 (s, 3 H), 1.52–1.62 (m, 4 H), 1.22–1.41 

Cao et al. Page 5

Chem Mater. Author manuscript; available in PMC 2019 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(m, 14 H). Mass analysis (MALDI-TOF): m/z 731.3299 (calculated for C34H60NaO11S2 [M

+Na]+ m/z 731.3469).

Synthesis of [1-Mercaptoundec-11-yl]-21-azido-1,4,7,10,13,16,19-heptaoxaheneicosane(4).

To a solution of compound 3 (1.26 g, 1.77 mmol, 1 eq.) in absolute EtOH (21 mL), NaN3 

(230 mg, 3.54 mmol, 2 eq.) was added. The solution was stirred at 85 °C overnight under 

argon. Afterward, the solution was cooled to room temperature. The solvent was carefully 

evaporated under reduced pressure; then the salts were precipitated in ethyl acetate and 

removed by filtration. The solution was rotovapped to dryness yielding 902.5 mg (94%) of 

compound 4 (and its disulfide derivative) as colorless oil. The residue was used as is without 

further purification. The thioacetate group was cleaved inducing the formation of disulfide 

bonds (~50%). 1H NMR (500 MHz, CDCl3, 25 °C): d (ppm) = 3.49–3.83 (m, 26 H), 3.44 (t, 

2 H, J = 6.7 Hz), 3.39 (t, 2 H, J = 4.7 Hz), 2.68 (t, 2 H, J = 7.3 Hz, CH2-S-S), 2.52 (q, 2 H, J 

= 7.2 Hz, CH2-SH), 1.66 (quin, 2 H, J = 7.3 Hz), 1.57 (quin, 2 H, J = 7.5 Hz), 1.20–1.40 (m, 

14 H). Mass analysis (MALDI-TOF): m/z 560.3625 (calculated for C25H51N3NaO7S [M

+Na]+ m/z 560.3345) and m/z 1095.7825 for the disulfide derivative (calculated for 

C50H100N6NaO14S2 [M+Na]+ m/z 1095.6637).

Synthesis of [1-(Pyridin-2-yldisulfanyl)undec-11-yl]-21-amino 1,4,7,10,13,16,19 
heptaoxaheneicosane (amine hepta(ethylene glycol)-terminated undecane-pyridyl disulfide 
(7EG-PDS) (5).

A solution of compound 4 (902.5 mg, 1.68 mmol, 1 eq.) in anhydrous THF (5 mL) was 

cooled to 0 °C in an ice bath and triphenylphosphine (818 mg, 3.12 mmol, 1.9 eq.) was 

added under argon. The ice bath was then removed and the solution was allowed to warm to 

room temperature and react for 24 h. The solvent was evaporated under reduced pressure 

and water was added to the mixture. The solution was filtered to remove precipitated 

triphenylphosphine oxide. The filtrate was then rotovapped to dryness yielding 1.03 g of a 

crude compound. The residue was dissolved in 20 mL of ammonia solution (7 N in MeOH), 

and 2-PDS (1.95 g, 8.85 mmol, 5.3 eq.) was added to the mixture under argon. The solution 

was stirred for 72 h at room temperature. The solvent was removed by rotary evaporation. 

The resultant mixture was diluted in DCM (100 mL) and washed with water. The organic 

layer was dried with magnesium sulfate and then rotovapped to dryness. The compound was 

dissolved in water, washed with hexane (4 times) and lyophilized. Then 474 mg of 

compound 5 (45%) were obtained as a colorless oil. 1H NMR (500 MHz, CDCl3, 25 °C): d 
(ppm) = 8.46 (d, 1 H, J = 4.7 Hz), 7.73 (d, 1 H, J = 8.2 Hz), 7.64 (t, 1 H, J = 7.0 Hz), 7.08 (t, 

1 H, J = 6.2 Hz), 3.54–3.76 (m, 26 H), 3.44 (t, 2 H, J = 6.8 Hz), 2.99 (t, 2 H, J = 4.1 Hz), 

2.79 (t, 2 H, J = 7.2 Hz), 1.68 (quin, 2 H, J = 7.2 Hz), 1.56 (quin, 2 H, J = 6.4 Hz), 1.19–1.45 

(m, 14 H). Mass analysis (MALDI-TOF): m/z 621.3679 (calculated for C30H57N2O7S2 [M

+H]+ m/z 621.3602).

Synthesis of Fmoc-L-DOPA-7EG-PDS (6a).

Fmoc-L-DOPA-OH (88 mg, 0.21 mmol, 1.1 eq.) was coupled to 7EG-PDS compound (5) 
(120 mg, 0.19 mmol, 1 eq.) according to the general procedure described above. Then, 81 

mg of compound 6a (42%) were obtained as a colorless oil. 1H NMR (300 MHz, CDCl3, 
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25 °C): d (ppm) = 8.45 (m, 1 H), 7.25–7.76 (m, 10 H), 7.05–7.10 (m, 1 H), 6.56–6.84 (m, 3 

H), 6.03 (m, 1 H), 5.70 (m, 1 H), 4.18–4.44 (m, 4 H), 3.51–3.74 (m, 28 H), 3.42 (t, 2 H, J = 

6.8 Hz), 3.04–3.20 (m, 2 H), 2.79 (t, 2 H, J = 7.2 Hz), 1.68 (quin, 2 H, J = 7.6 Hz), 1.55 

(quin, 2 H, J = 7.0 Hz), 1.20–1.40 (m, 14 H). Mass analysis (MALDI-TOF): m/z 1022.6145 

(calculated for C54H76N3O12S2 [M+H]+ m/z 1022.4865).

Synthesis of Fmoc-L-DOPS-7EG-PDS (6b).

Fmoc-L-DOPS-OH (94.4 mg, 0.22 mmol, 1.1 eq.) was coupled to 7EG-PDS (5) (122.6 mg, 

0.21 mmol, 1 eq.) according to the general procedure described above. Then 76 mg of 

compound 6b (37%) were obtained as a colorless oil. 1H NMR (300 MHz, CDCl3, 25 °C): d 
(ppm) = 8.47 (m, 1 H), 7.25–7.81 (m, 10 H), 7.06–7.15 (m, 2 H), 6.83 (d, 1 H, J = 7.9 Hz), 

6.65 (d, 1 H, J = 7.9 Hz), 6.23 (br s, 1 H), 5.87 (br s, 1 H), 4.99 (m, 1 H), 4.46 (m, 2 H), 4.37 

(m, 1 H), 4.24 (t, 1 H, J = 6.7 Hz), 3.48–3.78 (m, 28 H), 3.44 (t, 2 H, J = 7.0 Hz), 3.25 (m, 1 

H), 2.80 (t, 2 H, J = 7.3 Hz), 1.63–1.79 (m, 2 H), 1.57 (quin, 2 H, J = 7.2 Hz), 1.22–1.42 (m, 

14 H). Mass analysis (MALDI-TOF): m/z 1060.1505 (calculated for C54H75N3NaO12S2 [M

+Na]+ m/z 1060.4634).

Synthesis of Fmoc-L-5-HTP-7EG-PDS (6c).

Fmoc-L-5-HTP-OH (140.7 mg, 0.32 mmol, 1.1 eq.) was coupled to 7EG-PDS compound (5) 
(179.5 mg, 0.29 mmol, 1 eq.) according to the general procedure described above. Then 133 

mg of compound 6c (44%) were obtained as a colorless oil. 1H NMR (500 MHz, CDCl3, 

25 °C): d (ppm) = 8.73 (s, 1 H), 8.46 (m, 1 H), 7.19–7.80 (m, 12 H), 7.02–7.09 (m, 2 H), 

6.80 (m, 1 H), 6.23 (br s, 1 H), 6.14 (br s, 1 H), 5.87 (m, 1 H), 4.35–4.50 (m, 3 H), 4.23 (t, 1 

H, J = 7.1 Hz), 3.45–3.71 (m, 28 H), 3.42 (t, 2 H, J = 6.9 Hz), 3.16–3.40 (m, 1 H), 3.00–3.08 

(m, 1 H), 2.78 (t, 2 H, J = 7.0 Hz), 1.68 (quin, 2 H, J = 7.3 Hz), 1.55 (quin, 2 H, J = 6.9 Hz), 

1.19–1.41 (m, 14 H). Mass analysis (MALDI-TOF): m/z 1067.5042 (calculated for 

C56H76N4NaO11S2 [M+Na]+ m/z 1067.4844).

Synthesis of Fmoc-L-His-7EG-PDS (6d).

Fmoc-L-His(Trt)-OH (105.3 mg, 0.17 mmol, 1.1 eq.) was coupled to 7EG-PDS compound 

(5) (97.4 mg, 0.15 mmol, 1 eq.) according to the general procedure described above with a 

minor change. Before purification by column chromatography, the Trt protecting group was 

cleaved with 20% trifluoroacetic acid solution in DCM for 1 h at room temperature. The 

mixture was diluted with DCM, washed with saturated aqueous sodium bicarbonate (3 × eq. 

vol.), dried with magnesium sulfate, and then rotovapped to dryness. The compound was 

purified by silica gel chromatography (eluent: DCM/ethyl acetate 9:1 to 1:9 and DCM/

MeOH 9:1). Then 56.3 mg of compound 6d (37%) were obtained as a colorless oil. 1H 

NMR (300 MHz, CDCl3, 25 °C): d (ppm) = 8.46 (m, 1 H), 7.25–7.79 (m, 11 H), 7.07 (m, 1 

H), 6.96 (m, 1 H), 6.55 (m, 1 H), 4.57 (m, 1 H), 4.32–4.41 (m, 2 H), 4.22 (t, 1 H, J = 7.1 

Hz), 3.46–3.72 (m, 28 H), 3.41 (t, 2 H, J = 7.0 Hz), 3.00–3.34 (m, 2 H), 2.79 (t, 2 H, J = 7.1 

Hz), 1.68 (quin, 2 H, J = 7.7 Hz), 1.54 (quin, 2 H, J = 6.6 Hz), 1.17–1.45 (m, 14 H). Mass 

analysis (MALDI-TOF): m/z 1002.4191 (calculated for C51H73N5NaO10S2 [M+Na]+ m/z 

1002.4691).
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Synthesis of Fmoc-L-Trp-7EG-PDS (6e).

Fmoc-L-Trp(Boc)-OH (106 mg, 0.20 mmol, 1 eq.) was coupled to 7EG-PDS compound (5) 
(125 mg, 0.20 mmol, 1 eq.) according to the general procedure described above with a minor 

change. Before purification by column chromatography, the Boc protecting group was 

cleaved with 20% TFA solution in DCM for 1 h at room temperature. The mixture was 

diluted with DCM, washed with saturated aqueous sodium bicarbonate (3× eq. vol.), dried 

with magnesium sulfate, and then rotovapped to dryness. The compound was purified by 

silica gel chromatography (eluent: DCM/ethyl acetate 9:1 to 1:9 and DCM/MeOH 9:1). 

Then 129 mg of compound 6e (63%) were obtained as a colorless oil. 1H NMR (500 MHz, 

CDCl3, 25 °C): d (ppm) = 9.20 (s, 1 H), 8.45 (m, 1 H), 7.25–7.81 (m, 13 H), 7.04–7.21 (m, 2 

H), 5.92 (m, 1 H), 5.83 (m, 1 H), 4.35–4.48 (m, 2 H), 4.23 (t, 1 H, J = 7.4 Hz), 3.45–3.75 (m, 

28 H), 3.44 (t, 2 H, J = 6.8 Hz), 3.03–3.38 (m, 2 H), 2.78 (t, 2 H, J = 7.5 Hz), 1.68 (quin, 2 

H, J = 7.5 Hz), 1.55 (quin, 2 H, 7.0 Hz) 1.18–1.42 (m, 14 H). Mass analysis (MALDI-TOF): 

m/z 1029.6008 (calculated for C56H77N4O10S2 [M+H]+ m/z 1029.5076).

General Procedure for the Coupling of Fmoc-Protected Neurotransmitter (Fmoc-R) to 7EG-
PDS Compound (6).

Fmoc-R (1–1.1 eq.) was pre-activated in DCM or DMF (95–105 mM) with DIEA (3 eq.), 

HOBt (1.2 eq.), and EDC (1.2 eq.) for 30 min under argon. Thereafter, a 95 mM solution of 

compound 5 in DCM was added to the mixture. The solution was stirred for 24 h under 

argon at room temperature. The resultant mixture was diluted in DCM and washed with 

brine. The organic layer was dried with magnesium sulfate and then rotovapped to remove 

all remaining liquid. The compound was purified by silica gel chromatography (eluent: 

DCM/ethyl acetate 9:1 to 1:9 and DCM/MeOH 19:1).

Substrate Preparation and Chemical Lift-Off Lithography.

The Au substrates were hydrogen-flame annealed and then immersed in ethanolic solutions 

of 0.5 mM TEG for ~18 h for SAM formation. After self-assembly, substrates were rinsed 

with ethanol and blown dry with nitrogen gas. Polydimethylsiloxane (PDMS) stamps were 

prepared by thoroughly mixing a 10:1 mass ratio of SYLGARD® 184 silicone elastomer 

base and curing agent, respectively, in a plastic cup. Mixtures were degassed under vacuum 

to remove bubbles and cast onto photolithographically fabricated silicon master substrates 

situated in plastic Petri dishes. Elastomeric mixtures and silicon masters were baked at 70 °C 

in an oven for ~20 h. Polymerized PDMS stamps were removed from the masters and cut 

into smaller sizes for easy handling.

To prepare for lift-off lithography, PDMS stamps were exposed to oxygen plasma (power 18 

W, oxygen pressure 10 psi, Harrick Plasma, Ithaca, NY, USA) for 40 s to generate reactive 

siloxyls on stamp surfaces.9 Activated stamps were brought immediately into conformal 

contact with TEG-modified Au substrates for ~17 h. After stamp removal, post-lift-off 

substrates were rinsed thoroughly with ethanol. Preliminary experiments were carried out to 

investigate the effects of different incubation (insertion) times (0.25 h-24 h) using L-DOPA 

pre-functionalized thiols (Figure S1). Since fluorescence intensities were maximal and did 

not differ between the 3 h and 24 h time points, patterned substrates were submerged in 
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ethanolic solutions of 0.5 mM pre-functionalized thiols for 3 h for the remainder of the 

experiments in this study.

For post-functionalization, following lift-off, substrates were submerged in ethanolic 

solutions of 0.5 mM AEG for 3 h followed by on-substrate neurotransmitter conjugation. To 

vary the amounts of inserted pre-functionalized thiols or AEG, each was co-incubated in 

varying proportions with TEG such that total solution concentrations were 1.0 mM. After 

insertion, substrates were rinsed with ethanol and blown dry with nitrogen gas. Substrates 

with AEG tethers were incubated with 35 mM each small molecule, NHS, and EDC for 3 h. 

After post-functionalization, substrates were rinsed with ethanol and dried with nitrogen gas.

To pattern the same small-molecule probe by two different methods (i.e., pre- vs. post-

functionalization) on the same substrates, PDMS stamps were used to lift-off TEG SAM 

molecules twice.9,10 After the first lift-off step, substrates were inserted with either AEG 

tethers or pre-functionalized thiols. For the second lift-off step, PDMS stamps were used to 

lift-off TEG SAM molecules from spatially non-overlapping regions adjacent to previously 

patterned regions on the same substrates. The double-lift-off substrates were then inserted 

with either pre-functionalized thiols or AEG tethers, respectively. For post-patterning 

functionalization, AEG was co-deposited with TEG at a 0.75 mole fraction for L-5-HTP and 

a 1.0 mole fraction for L-DOPA. In both cases, neurotransmitter conjugation was carried out 

immediately following the AEG insertion steps. For bi-functionalized substrates, lift-off 

lithography was performed twice as described except a different pre-functionalized thiol was 

inserted after each lift-off step.

The Fmoc groups used to protect amino moieties during chemical synthesis of pre-

functionalized thiols or to provide protection from competing reactions during post-

functionalization were removed after surface deposition by immersing substrates in 20% 4-

methylpiperidine in deionized water for 15 min. After rinsing with deionized water, all 

neurotransmitter-modified substrates were incubated with 10 mg/mL BSA for 5 min to 

reduce nonspecific adsorption of target proteins.2 Substrates were then completely 

submerged in deionized water in plastic Petri dishes and gently agitated. This step was 

repeated using fresh deionized water prior to exposing substrates to antibody solutions. 

Substrates were always covered with deionized water or antibody solutions. Keeping the 

substrates wet reduced the likelihood for captured antibodies to denature or to dissociate 

from substrates.

Antibody Binding.

Primary and secondary antibodies (Table S1) were diluted 1:200 and 1:100, respectively in 

0.01 M PBS. Primary antibodies were incubated with substrates for 20 min, followed by 

incubation with fluorescently labeled secondary antibodies for 20 min at room temperature.2 

Substrates in plastic Petri dishes were incubated in the dark to reduce photobleaching of 

dye-labeled secondary antibodies. An inverted fluorescence microscope (Axio Observer.D1) 

equipped with an AxioCam MRm charged-coupled device camera was used to image 

substrates (Carl Zeiss MicroImaging, Inc., Thornwood, NY, USA). Two fluorescence filter 

sets, 38 HE/high efficiency with excitation and emission wavelengths of 470 ± 20 nm and 

525 ± 25 nm, respectively, and 43 HE/high efficiency with excitation and emission 
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wavelengths of 550 ± 25 nm and 605 ± 70 nm, respectively, were used to visualize 

secondary antibody binding on substrates. Fluorescence images were collected using a 10× 

objective lens.

Fluorescence intensities were determined by performing line scans across patterned and 

unpatterned regions at a 30-pixel scanning width using AxioVs40 version 4.7.1.0 software 

(Carl Zeiss MicroImaging, Inc., Thornwood, NY, USA). On average, five line scans were 

acquired per substrate. All substrates from the same experiment were imaged using the same 

exposure times to standardize contrast and brightness. Fluorescence intensities were 

normalized to values for control (unpatterned) regions for each substrate and are reported as 

mean relative fluorescence units (RFU) (N=3 substrates per condition). Fluorescence images 

shown in the figures are those that most closely represented mean fluorescence intensities. 

For control experiments where primary antibodies were omitted, representative images were 

acquired using maximal exposure times to facilitate visualization.

X-ray Photoelectron Spectroscopy.

All X-ray photoelectron spectroscopy (XPS) data were collected using an AXIS Ultra DLD 

instrument (Kratos Analytical Inc., Chestnut Ridge, NY, USA). For XPS measurements, 

100% pre-functionalized alkanethiols were self-assembled on Au substrates. A 

monochromatic Al Kα X-ray source (10 mA for survey scans and 20 mA for high resolution 

scans, 15 kV) with a 200-µm circular spot size and ultrahigh vacuum (10−9 Torr) were used.
5,9,28 Survey spectra were acquired at a pass energy of 160 eV using a 100 ms dwell time. 

High-resolution spectra of C 1s, O 1s, S 2p, N 1s, and Au 4f regions were acquired at a pass 

energy of 10 eV using a 200 ms dwell time. Different numbers of scans were carried out 

depending on the difficulty of identifying each peak vs. background, ranging from 5 to 30 

scans. All XPS peaks for each element on Au substrates were referenced to the Au 4f signal 

at 84.0 eV. Atomic percentages were calculated from peak areas using CasaXPS version 

2.3.16 software.

Electrochemistry.

A custom-made (polytetrafluoroethylene) electrochemical cell and a three-electrode setup 

were used with a Ag/AgCl reference electrode and a Pt-wire counter electrode. 

Functionalized substrates prepared as described above using featureless PDMS stamps for 

full surface target coverage were used as working electrodes. Top electrical contact was 

made using a machined gold ring; a rubber O-ring on the interior of the gold ring was used 

to make a leak-proof seal with each surface. The working electrode areas were 0.08 cm2. 

Cyclic voltammetry measurements were made using a Reference 600 Potentiostat/

Galvanostat/ZRA (Gamry Instruments, Warminster, PA, USA) and PHE200 Physical 

Electrochemistry Software (Gamry Instruments). Cyclic voltammograms were obtained at 

scan rates of 20, 40, 60, 80, and 100 mV/s. Nonlinear behavior was observed above 100 

mV/s. All scans were from −400 mV to +800 mV, starting at 0 mV and were repeated ten 

times consecutively at each scan rate in deoxygenated tris-EDTA buffer. The first complete 

voltammogram at each scan rate was used for analysis due to diminishing peak currents with 

subsequent scans within the same run.
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Surface densities of pre- and post-functionalized thiols were calculated using the following 

equation:

Γ =
4ipRT

n2F2vA

where 𝛤 is the molecule surface density (moles/cm2), 𝑖𝑝 is the anodic peak current (A), 𝑅 is 

the universal gas constant, 𝑇 is the absolute temperature, 𝑛 is the number electrons (2), 𝐹 is 

Faraday’s constant, 𝑣 is the scan rate (V/s), and 𝐴 is the electrode area (cm2). Surface 

densities were calculated at each scan rate and averaged across scan rates to give a mean 

value for each sample. The experimenter that conducted electrochemical measurements was 

blind to outcomes of the fluorescence measurements.

Statistics.

Differences in relative fluorescence data were evaluated by one-way analysis of variance 

followed by Tukey’s post hoc tests (multiple comparisons) or Student’s t-tests (two-group 

comparisons) using Prism Version 5.02 (GraphPad Software Inc., San Diego, USA). Relative 

fluorescence intensities are reported as means ± standard errors of the means with 

probabilities P<0.05 considered statistically significant.

RESULTS AND DISCUSSION

Synthesis of Pre-Functionalized Thiols.

The availability of functional oligo(ethylene glycol)-terminated alkanethiols is limited and 

none of the molecules needed for this study were commercially available. Thus, we devised 

and performed synthesis as shown in Scheme 1. Hepta(ethylene glycol) was monoetherified 

with 11-bromo-1-undecene. A large excess of hepta(ethylene glycol) was used to favor 

monosubstitution,29 because a stoichiometric equivalent of both reagents generally yielded a 

statistical proportion of unmodified, mono-, and disubstituted molecules. Monoetherification 

was achieved according to an established protocol27 using a three-fold excess of 

hepta(ethylene glycol) compared to 11-bromo-1-undecene with a slight excess of 50% 

sodium hydroxide to give compound 1 in 63% yield. The terminal olefin then underwent a 

photoinitiated thiol-ene reaction with thioacetic acid in the presence of AIBN to give 

compound 2 in good yield (91%). The terminal alcohol was converted to a tosylate leaving 

group (compound 3), which was subsequently reacted with sodium azide to provide 

compound 4 with a yield of 94%.

The terminal azide group was reduced to a primary amine using triphenylphosphine, which 

also cleaved the thioacetate. The resulting free thiol was then protected with 2,2’-

dithiodipyridine (2-PDS) to give compound 5 with an overall yield of 45%. The pyridyl 

disulfide (PDS) moieties protected thiols from dimerization and other side reactions during 

the neurotransmitter coupling procedures. The PDS protecting groups were used because of 

their selectivity toward thiols and their reactivity with Au surfaces.30 Finally, the terminal 

amine was coupled to Fmoc-R to form an amide bond using standard coupling agents (HOBt 

and EDC in the presence of DIEA). The side-chain protecting groups of L-His and L-Trp, 

Cao et al. Page 11

Chem Mater. Author manuscript; available in PMC 2019 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



trityl (Trt) and tert-butyloxycarbonyl (Boc) groups, respectively, were removed with 20% 

TFA in DCM. The final pre-functionalized thiols (Fmoc-R-7EG-PDS) were obtained in 37–

63% yields depending on the neurotransmitter R-group. X-ray photoelectron spectroscopy 

was used to determine self-assembly of L-DOPA and L-5-HTP pre-functionalized thiols on 

Au surfaces (Table S2 and Figure S2).

Although there are literature reports of the synthesis of oligo(ethylene glycol)-terminated 

alkanethiols,27,29,31,32 few studies have reported on pre-functionalization of these tethers 

with biologically active small molecules.33–36 To the best of our knowledge, pre-

functionalization with neurotransmitters or their precursors has not been reported.

Patterning Pre- vs. Post-Functionalized Thiols with Lift-Off Lithography.

Chemical lift-off lithography was used to pattern TEG SAMs, which functioned as 

biomolecule-resistant background matrices (Figure 1B). Following lithography, which 

removes ~70% of TEG in the contact regions,9,17,28,37 pre-functionalized thiols were 

inserted into the lift-off regions (Figure 1C). For post-functionalization, AEG tethers were 

inserted into the lift-off regions. Functionalization with Fmoc-protected neurotransmitters 

(Fmoc-R) via amide bond formation was then carried out directly on substrates.2,3 Prior to 

antibody binding, Fmoc protecting groups were removed from pre- and post-functionalized 

thiols to reveal epitopes needed for molecular recognition.

Oxygen plasma-treated PDMS stamps patterned with 25 × 25 μm2 square-shaped protruding 

features separated by 25 μm spacings were used for lift-off lithography.9,10 Because SAM 

molecules are removed only in the stamp-contact regions, patterns of negative, recessed 

squares were created on Au surfaces. Lifted-off substrates were exposed to varying mole 

fractions of TEG and pre-functionalized thiols, or TEG and AEG tether molecules followed 

by post-functionalization. The goal of these experiments was to determine antibody 

recognition as a function of insertion compositions.

Following patterning, insertion, and surface functionalization (post-functionalized thiols), 

primary antibodies against each probe were captured on substrates. Primary antibody 

binding was visualized via capture of fluorescently labeled secondary antibodies (Table S1). 

Fluorescent square patterns against dark biomolecule-resistant TEG backgrounds resulted 

from antibody capture (Figure 2). As nominal solution mole fractions of L-DOPA or L-5-

HTP pre-functionalized thiols increased relative to TEG, fluorescence intensities increased 

slowly. Large increases in fluorescence intensities occurred at 100% pre-functionalized 

thiols (Figure 2A,B left to right). Substrates exposed to fluorescently labeled secondary 

antibodies in the absence of primary antibodies showed negligible fluorescence indicating 

minimal secondary antibody recognition of L-DOPA or L-5-HTP pre-functionalized thiols 

(Figure S3A,B).

We hypothesized that fluorescence intensities would increase proportionally with increasing 

fractions of pre-functionalized thiols. We assumed that fluorescence quenching is minimal. 

Chemical lift-off of TEG in the contact regions is incomplete;9,17 the remaining TEG 

molecules act as “spacers” diluting inserted molecules and preventing quenching due to poor 

orientation or fluorophore packing.28 Others have shown that dilution with alkanethiols 
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minimizes quenching by orienting probes away from Au substrates.38,39 Further, low-

density probe environments improve recognition by providing better target access.40–42

Contrary to our hypothesis, however, fluorescence signals did not linearly increase with 

increasing fractions of pre-functionalized thiols (Figure 3A,B). Factors likely to contribute to 

this behavior include differences in the relative rates of diffusion of different molecules to 

surfaces43 and differences in thiol miscibility44 (i.e., pre-functionalized thiols may be less 

miscible with TEG remaining in the lift-off regions). Importantly, pyridyl disulfides are 

bulkier than thiols and require cleavage upon adsorption on Au substrates.30,45 Studies by 

others on competitive adsorption have shown that adsorption of thiols is about two orders of 

magnitude faster than disulfides.46,47 In sum, these results demonstrate that co-incubation 

with TEG is not necessary for maximal insertion and recognition of pre-functionalized 

thiols; the TEG molecules remaining in the lift-off regions appear to provide the dilution 

needed to achieve maximal antibody binding.

Similar patterning and antibody capture were carried out in conjunction with post-

functionalization (Figure 2C,D). Behavior with respect to nominal AEG tether/TEG mole 

fractions was different from that observed with pre-functionalized thiols (Figure 2A,B). For 

post-functionalizaton, fluorescence intensities increased at low AEG proportions, quickly 

approaching maxima for both L-DOPA and L-5-HTP (Figure 3C,D). Similar to pre-

functionalized substrates, negligible secondary antibody recognition of substrates post-

functionalized with L-DOPA or L-5-HTP was observed (Figure S3C,D).

For post-functionalized thiols, neurotransmitters were conjugated to surface tethers inserted 

into lift-off regions. In this case, antibody binding depends on surface tether densities and 

the efficiency of the NHS/EDC coupling chemistry in attaching L-DOPA or L-5-HTP to 

substrates, among other factors. Unlike pre-functionalized thiols, AEG tethers do not possess 

bulky Fmoc-protected neurotransmitters or pyridyl disulfides. Since AEG tethers resemble 

TEG more closely than do pre-functionalized thiols (Figure 1A), insertion of AEG is likely 

to follow solution molar ratios more closely. At χ=1, molecular crowding may come into 

play, even with the dilution provided by the TEG remaining after lift-off. Tether crowding 

could affect probe functionalization yields and/or target recognition. We note that the pre-

functionalized strategy consistently resulted in smaller substrate-to-substrate variations as 

evidenced by smaller errors for replicate determinations compared to post-functionalization 

at all mole fractions tested (Figure 3).

Side-by-Side Comparisons of Pre- vs. Post-functionalized Approaches.

To investigate directly the idea that pre-functionalizing small molecules to surface tethers 

prior to self-assembly improves biomolecule recognition, we compared pre- vs. post-

functionalization approaches on the same substrates. Lift-off lithography was carried out 

twice on each substrate, resulting in two possible patterning routes. In the first, 

neurotransmitter pre- functionalized thiols were inserted into lift-off regions, followed by a 

second lift-off step in an adjacent region, insertion of AEG tethers, and post-

functionalization (i.e., pre-functionalization followed by post-functionalization) (Figure 4A). 

The second route involved inserting AEG tethers into lift-off regions followed by probe 

conjugation. Another lift-off step was performed in an adjacent substrate region and 
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neurotransmitter pre-functionalized thiols were inserted into the newly lifted-off areas (i.e., 
post-functionalization followed by pre-functionalization) (Figure S4A).

Relative fluorescence intensities for L-DOPA pre- vs. post-functionalized thiols were 

similar, regardless of the patterning route (Figure 4B,D, Figure S4B,D). In contrast, L-5-

HTP relative fluorescence intensities were higher for pre- vs. post-functionalized thiols for 

both patterning routes (Figure 4C,D, Figure S4C,D). Capture surfaces exposed to secondary 

antibodies alone showed negligible fluorescence patterns regardless of patterning order 

(Figure S5). These findings suggest that while pre-functionalized thiols can be used to 

increase biomolecule recognition of tethered small molecules, improvements depend on 

specific probes.

Characterization of Probe Surface Densities.

Probe-specific differences in biomolecule capture for pre- vs. post-functionalized 

immobilization prompted investigation of densities of surface-tethered L-DOPA and L-5-

HTP, which were determined by cyclic voltammetry (Figure 5A,B). Anodic peaks (100—

150 mV vs. Ag/AgCl) indicative of two-electron oxidation of L-DOPA or L-5-HTP (Figure 

5C) were used for analysis. No signal in this region was detected for control substrates 

where AEG was inserted into post-lift-off regions sans surface chemistry to tether probes. 

Cathodic peaks overlapped with changes in current from control substrates and thus, these 

peaks were not analyzed.

Anodic peak current values were plotted as a function of scan rate (Figure S6). Linear 

relationships indicated that L-DOPA and L-5-HTP were covalently bound to substrates via 
both immobilization strategies (as opposed to being transiently adsorbed). Surface densities 

are shown in Figure 5D. The densities of L-DOPA in the pre- vs. post-functionalized 

conditions were comparable, whereas higher densities of L-5-HTP were determined for pre- 

vs. post-functionalized substrates. Differences in probe surface densities correlated with 

antibody capture for L-5-HTP (significant differences) and L-DOPA (no significant 

differences) pre- vs. post-functionalized substrates (Figure 4D, Figure S4D).

Doubly Patterned Pre-Functionalized Substrates.

Pre-functionalized thiols circumvent the need for sequential and compatible on-substrate 

coupling chemistries. We investigated the use of pre-functionalized thiols to create substrates 

patterned with two different neurotransmitters. This capability enables the preparation of 

multiplexed substrates for side-by-side binding comparisons, on-chip control experiments, 

and separations of biologically active molecules.2,3,5

Side-by-side double-lift-off lithography was used to pattern L-DOPA and L-5-HTP pre-

functionalized thiols on the same substrates. Substrates were exposed to primary antibody 

solutions containing both anti-L-DOPA and anti-L-5-HTP antibodies. Primary antibody 

binding was visualized via exposure to solutions containing AlexaFluor® 488 (peak 

emission at 519 nm; “green”) and AlexaFluor® 546 (peak emission at 573 nm; “red”) 

secondary antibodies (Table S1). We hypothesized that primary and secondary antibodies 

would sort to their respective binding partners so that L-DOPA patterned regions would be 
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labeled with green fluorescence and L-5-HTP patterned regions would be labeled with red 

fluorescence.

We found that anti-L-DOPA antibodies selectively recognized surface-tethered L-DOPA vs. 
L-5-HTP (Figure 6A-C). However, anti-L-5-HTP antibodies did not distinguish surface-

tethered L-5-HTP from L-DOPA (Figure 6D-F). Substrates exposed to fluorescently labeled 

secondary antibodies alone displayed negligible fluorescence (Figure S7A-D). Because 

variabilities in the extents of probe functionalization and side reactions, which affect specific 

antibody binding, were avoided through the use of pre-functionalized thiols, anti-L-5-HTP 

antibodies likely cross-reacted with L-DOPA because of the properties of these particular 

antibodies.51,52

Poor antibody specificity was evident for other pairs of neurotransmitter pre-functionalized 

thiols on doubly patterned substrates. For example, anti-L-DOPA antibodies selectively 

recognized L-DOPA vs. L-His (Figure 7A-C) or L-Trp (Figure 7D-F). By contrast, both anti-

L-His and anti-L-Trp antibodies failed to display selective recognition of L-His (Figure 

S8A-C) or L-Trp (Figure S8D-F). In fact, the latter antibodies showed greater fluorescence 

intensities for the wrong target (i.e., L-DOPA). Anti-L-DOPA antibodies did not 

significantly distinguish L-DOPA vs. L-DOPS (Figure 7G-I). This pair of probes is the most 

difficult to differentiate of the substrate pairs investigated as L-DOPA and L-DOPS differ by 

a single hydroxyl group (Figure 1A).53,54 In all cases, negligible fluorescence was 

associated with secondary antibody binding in the absence of primary antibodies (Figure 

S9A-J). We could not identify commercially available antibodies for L-DOPS, so 

experiments focused on differentiating L-DOPS from L-DOPA could not be performed.

In our previous work using post-functionalization, we found that primary antibodies for 

small molecules exhibited significant cross-reactivity.2 At that time, we did not have access 

to pre-functionalized thiols, so we could not rule out the possibility that incomplete surface 

functionalization contributed to antibody cross-reactivity. Hence, one motivation for the 

present study was to investigate cross-reactivity using the pre-functionalization strategy. 

However, even when using pre-functionalized thiols to produce bi-functional substrates, we 

continued to observe significant cross-reactivities (Figures 6, 7, and S8).

In the present study, we used the only antibodies publicly available for the small-molecule 

probes investigated. Monoclonal antibodies were not available for most probes with the 

exception of L-DOPA, where polyclonal antibodies were not available. For the other small-

molecule probes, i.e., L-5-HTP, L-His, L-Trp, and L-DOPS, only polyclonal antibodies were 

commercially available. Monoclonal antibodies are identical and recognize the same epitope 

on an antigen. Polyclonal antibodies are polydisperse, recognizing different epitopes on 

antigens.55 As such, polyclonal antibodies are more susceptible to cross-reactivity.24 The 

findings in Figures 6, 7, and S8 are consistent with the literature on differences in cross-

reactivity between monoclonal and polyclonal antibodies.56 Moreover, antibodies in general 

are known to be fraught with problems associated with selectivity.57
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CONCLUSIONS AND PROSPECTS

We describe the synthesis of monodisperse oligo(ethylene glycol)-terminated alkanethiols 

pre-functionalized with neurotransmitter precursors. This synthetic route offers several 

advantages. First, it enables heterobifunctional tethers to be produced that are otherwise not 

commercially available. Second, it permits orthogonal coupling chemistries that preserve the 

integrity of small-molecule probe functional groups. Third, conjugation of a number of 

different neurotransmitter precursors demonstrates the versatility of this strategy, which 

should be applicable to other small-molecule probes.

Pre-functionalized thiols enabled head-to-head comparisons with post-functionalized thiols 

in the context of biorecognition. Pre-functionalized thiols withstood subsequent conditions 

associated with additional on-substrate chemistries. While biorecognition was more 

consistent for pre-functionalized thiols, we determined that on-substrate functionalization, 

for the specific probes tested, also worked well. Differences between on-substrate 

functionalization and pre-functionalization depended on specific probes. While pre-

functionalized thiols may present a more reliable option for small-molecule recognition, for 

large arrays containing many different probes, synthesis of pre-functionalized alkanethiols 

may be limiting.

When it comes to finding a solution to cross-reactivity associated with biomolecule targets, 

improving specific recognition via careful control of surface chemistries appears to be 

insufficient. That is, the present findings indicate that a remaining fundamental limitation 

lies with the biomolecule binding partners themselves; in this case, antibodies that failed to 

discriminate small-molecule probes on chemically defined surfaces. Binding partners, such 

as engineered cellular receptors53,58 or synthetic oligonucleotides, i.e., aptamers, may be 

advantageous.59–62 Aptamers are chemically synthesized. Their structures are identical and 

affinities can be tuned by modifying oligonucleotide sequences and thus, binding 

conformations.63 Pre-functionalized thiols and chemical patterning strategies with 

multiplexing capabilities will facilitate fabrication of improved small-molecule 

functionalized substrates for identifying highly specific biomolecule binding partners. The 

latter can be incorporated into biosensing platforms for detecting neurotransmitters and other 

important small-molecules.63–67
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Figure 1. 
(A) Structures of oligo(ethylene glycol)alkanethiols (TEG and AEG) and neurotransmitter 

pre-functionalized thiols (Fmoc-R-7EG-PDS). Pre-functionalized thiols consisted of pyridyl 

disulfide (PDS) head groups for self-assembly on Au surfaces, hepta(ethylene 

glycol)undecyl backbones (7EG) to resist nonspecific binding of biomolecule targets, 

neurotransmitter precursors (R) tail groups for biomolecule capture, and 9-

fluorenylmethyloxycarbonyl groups (Fmoc) to protect neurotransmitter amino moieties 

during synthesis and self-assembly. The carboxyl groups of the neurotransmitter precursors 

were linked to 7EG backbones via amide bonds. (B) Polydimethylsiloxane stamps were 

treated with oxygen plasma to generate siloxyl groups for reaction with hydroxyl 
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tri(ethylene glycol)-terminated alkanethiol (TEG) self-assembled monolayers (SAM) on Au 

surfaces. During stamp/SAM contact, stamps removed ~70% of TEG molecules and 

associated underlying Au atoms in the contacted areas.9,17 (C) Schematics (not to scale) of 

general patterning and functionalization strategies. Pre-functionalized thiols or thiol-tethers 

amenable to neurotransmitter post-functionalization were inserted into post-lift-off SAM 

regions.
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Figure 2. 
Representative fluorescence images showing lift-off-lithography patterned self-assembled 

monolayers (SAMs) consisting of inserted pre-functionalized (A) L-3,4-

dihydroxyphenylalanine (L-DOPA) thiols or (B) L-5-hydroxytryptophan (L-5-HTP) thiols, 

or inserted tethers post-functionalized with (C) L-DOPA (D) or L-5-HTP. Solution mole 

fractions of pre-functionalized thiols or amine-terminated hexa(ethylene glycol)alkanethiol 

(AEG) tethers vs. hydroxyl-terminated tri(ethylene glycol)alkanethiol (TEG) are shown 

above each image. Substrates were imaged at an emission wavelength of 525 nm 

(AlexaFluor® 488 with excitation at 490 nm) to visualize secondary antibodies, which 

recognize primary antibodies captured on patterned substrates. Scale bars are 50 μm.
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Figure 3. 
Relative fluorescence intensities (RFU) vs. solution mole fractions (χ) of (A,B) pre-

functionalized or (C,D) post-functionalized thiols relative to hydroxyl-terminated 

tri(ethylene glycol)alkanethiol (TEG). Data for L-3,4-dihydroxyphenylalanine (L-DOPA) 

are shown in (A,C); data for L-5-hydroxytryptophan (L-5-HTP) are in (B,D). Relative 

fluorescence intensities rose marginally with increasing fractions of pre-functionalized thiols 

suggesting preferential adsorption of TEG except where post-lift-off substrates were 

exposed to 100% pre-functionalized thiols, which resulted in maximal fluorescence 

intensities. Relatively small standard errors for the data in (A,B) suggest reproducible 

insertion and antibody recognition of pre-functionalized thiols. By contrast, relative 

fluorescence intensities for post-functionalized thiols rose at lower fractions of tether 

molecules during insertion in (C) for L-DOPA and (D) for L-5-HTP, where maximal 

fluorescence intensities were observed at <100% amine-terminated hexa(ethylene 

glycol)alkanethiol (AEG)/TEG mole fractions. Error bars for replicate samples were 

comparatively larger than for the post-functionalized approach suggesting greater variability 

across substrates. Error bars are standard errors of the means with N=3 samples per datum 

and are too small to be visualized in some cases.
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Figure 4. 
(A) Schematic illustrating double lift-off lithography patterning with pre- followed by post-

functionalized thiols. Pre-functionalized thiols were inserted after the first lift-off step. A 

second lift-off step was performed in an adjacent substrate region, tether molecules were 

inserted, and post-functionalization was carried out. (B) Representative fluorescence images 

for pre-functionalized L-3,4-dihydroxy-phenylalanine (L-DOPA) followed by post-

functionalized L-DOPA. (C) Representative images of pre-functionalized L-5-

hydroxytryptophan (L-5-HTP) followed by post-functionalized L-5-HTP. (D) Relative 

fluorescence intensities for antibody binding on double patterns of L-DOPA and L-5-HTP. 

Relative fluorescence intensities for pre-functionalized vs. post-functionalized L-DOPA 

were not significantly different. In contrast, higher relative fluorescence intensities were 

observed for pre-functionalized vs. post-functionalized L-5-HTP. Substrates were imaged at 

an emission wavelength of 525 nm (AlexaFluor® 488 with excitation at 490 nm). Error bars 

are standard errors of the means with N=3 substrates per group. For L-5-HTP t(4)=3 

*P<0.05. Scale bars are 50 μm.
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Figure 5. 
Representative cyclic voltammograms (CVs) with insets showing the anodic peaks attributed 

to the oxidation of (A) L-DOPA or (B) L-5-HTP tethered to polycrystalline gold electrodes 

via pre-functionalized alkanethiols or post-functionalization of amine-terminated 

alkanethiols inserted within self-assembled monolayers of hydroxyl tri(ethylene glycol) 

undecanethiol (TEG) following lift-off lithography with featureless stamps. Representative 

CVs of control surfaces with unmodified amine-terminated alkanethiols inserted within 

SAMs of TEG following lift-off are shown in dotted black curves. The CVs in (A,B) were 

collected at a scan rate of 100 mV/s. (C) Two-electron oxidation/reduction of (left) L-DOPA 

and (right) L-5-HTP. (D) Surface densities of (left) L-DOPA pre- vs. post-functionalized 

thiol-modified substrates and (right) L-5HTP pre- vs. post-functionalized substrates. Error 
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bars are standard errors of the means with N=7–8 substrates per group; t(13)=2 *P<0.05 vs. 
pre-functionalized L-5HTP.
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Figure 6. 
Representative fluorescence images and relative fluorescence intensities for antibody 

binding on double lift-off lithography patterns of L-3,4-dihydroxyphenylalanine (L-DOPA) 

and L-5-hydroxytryptophan (L-5-HTP) pre-functionalized thiols. Substrates were imaged at 

two different emission wavelengths (525 nm (green, A,B) and 605 nm (red, D,E) for 

AlexaFluor 488 (excitation at 490 nm) and AlexaFluor 546 (excitation at 556 nm), 

respectively to visualize recognition of L-DOPA vs. L-5-HTP by anti-L-DOPA antibodies in 

(A,B,C). Recognition of L-5-HTP vs. L-DOPA by anti-L-5-HTP antibodies is seen in 

(D,E,F). Error bars represent standard errors of the means with N=3 substrates per group. 

Means are significantly different for anti-L-DOPA antibody binding t(4)=6 **P<0.01. Scale 

bars are 50 μm.
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Figure 7. 
Representative fluorescence images and intensity graphs for L-DOPA antibody binding on 

double lift-off lithography patterns of (A,B) L-3,4-dihydroxyphenylalanine (L-DOPA)/L-

histidine (L-His), (D,E) L-DOPA/L-tryptophan (L-Trp), and (G,H) L-DOPA/L-droxidopa 

(L-DOPS) pre-functionalized thiols. Higher relative fluorescence intensities were observed 

for anti-L-DOPA antibody binding to surface tethered L-DOPA vs. (C) L-His and (F) L-Trp, 

but not (I) L-DOPS. Imaging was via AlexaFluor 488 labeled secondary antibodies 

(excitation at 490 nm and emission at 525 nm, green). Error bars are standard errors of the 
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means with N=3 substrates per group. Means are significantly different for (C) t(4)=10 

*P<0.05 and (F) t(4)=10 ***P<0.001. (I) t(4)=2 P>0.1. Scale bars are 50 μm.
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Scheme 1. 
Synthesis of Fmoc-neurotransmitter-hepta(ethylene glycol)-pyridyl disulfide (Fmoc-R-7EG-

PDS) compounds. a) 50% NaOH, 100 °C, 24 h; b) CH3COSH, AIBN, MeOH, UV, 48 h, 

room temperature; c) TsCl, TEA, DCM, 24 h, room temperature; d) NaN3, EtOH, 12 h, 

85 °C; e) Ph3P, THF, 24 h, room temperature; f) 2-PDS, NH3 (7 N in MeOH), 72 h, room 

temperature; g) Fmoc-R, DIEA, HOBt, EDC, DCM (and/or DMF), 24 h, room temperature; 

and h) only for L-Trp and L-His, 20% TFA in DCM, 1 h, room temperature. Typical yields 

for each step are shown next to the arrows.
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