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Spectroscopy
Brian L. Frey and Robert M. Corn*

Department of Chemistry, University of WisconsinsMadison, 1101 University Avenue, Madison, Wisconsin 53706

A monolayer of poly(L-lysine) (PL) is attached covalently
via amide bonds to an alkanethiol self-assembled monolayer (SAM) on a gold surface. The amide bond is formed
in two steps: the terminal carboxylic acid groups of an
11-mercaptoundecanoic acid (MUA) SAM are first activated to the N-hydroxysulfosuccinimide (NHSS) ester,
followed by reaction of this MUA-NHSS ester monolayer
with the amino groups of PL to create multiple amide
bond linkages to the surface. The reactivity and packing
density of the MUA-NHSS esters are investigated in detail
by reacting these intermediates with ammonia (NH3). In
the NH3 experiments, approximately 50% of the carboxylic
acids in the MUA monolayer are converted to amides
during the first cycle of this two-step surface reaction. This
reaction yield of 50% is limited by the steric packing of
the NHSS ester intermediate. However, after three cycles
of MUA activation to the NHSS ester and reaction with
NH3, nearly all of the MUA molecules (∼80%) are converted to amides. Polarization-modulation Fourier transform infrared reflection-absorption spectroscopy (PMFT-IRRAS) is employed to study both the NH3 and PL
reactions on the gold surface. The PM-FT-IRRAS spectrum of a covalently attached PL monolayer indicates that
amide bonds are formed with the underlying MUA molecules. This conclusion is confirmed by the fact that the
covalent PL monolayer resists desorption despite immersion into solutions of pH < 2 or pH > 12. Finally, the
PL is derivatized with a bifunctional NHSS ester-maleimide molecule either by reaction in solution prior to
covalent attachment or by reaction with PL already adsorbed to the surface. Up to 50% of the total number of
lysine amino groups are converted to maleimide groups,
which can be used for the subsequent attachment of
sulfhydryl-containing biomolecules.
The preparation of adsorption biosensors, affinity chromatography supports, enzyme-coated electrodes, and other bioanalytical
devices often relies on the controlled chemical modification of
surfaces.1-4 Self-assembled monolayers (SAMs) offer a simple
(1) Turner, A. P. F., Karube, I., Wilson, G. S., Eds. Biosensors: Fundamentals
and Applications; Oxford University Press: Oxford, UK, 1987.
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yet effective method for modifying both glass and metal surfaces,5-9
and, in particular, alkanethiol SAMs on gold have been used
frequently for controlling the adsorption of biomolecules.3,10-12 We
have shown previously that a monolayer of the polypeptide poly(L-lysine) (PL) electrostatically adsorbs onto a SAM of 11mercaptoundecanoic acid (MUA) via ion pair formation between
the MUA carboxylate and the lysine ammonium groups.13 Derivatization of this electrostatically adsorbed PL with specific
adsorption sites provides control over the surface coverage of an
adsorbed protein.14 In addition, the electrostatic PL and the
adsorbed protein are removed from the surface by simply rinsing
with a solution of pH < 5 or pH > 12, which disrupts the ion
pairs between the MUA and PL. This reversibility of electrostatic
PL adsorption is advantageous for both the regeneration of an
adsorption biosensor and for obtaining simple solution-phase
fluorescence measurements of surface coverage.14 In some
instances, however, a more robust attachment is desirable.
Covalent attachment of PL rather than electrostatically adsorbed
PL will resist desorption under conditions of high or low pH or
high ionic strength, or when a large number of the PL amino
groups are derivatized with a neutral or negatively charged moiety.
In this paper, we present a method for the covalent attachment
of poly(L-lysine) onto alkanethiol-modified gold surfaces by forming amide bonds via an N-hydroxysulfosuccinimide (NHSS) ester
intermediate. Other examples of amide bond formation on gold
surfaces have been reported which utilize aqueous,15-18 nonaqueous,19,20 or gas-phase reactions.8 For example, the gas-phase
(5) Ulman, A. An Introduction to Ultrathin Organic Films: From LangmuirBlodgett to Self-Assembly; Academic Press: Boston, 1991.
(6) Zhong, C. J.; Porter, M. D. Anal. Chem. 1995, 67, 709A-715A.
(7) Hanken, D. G.; Corn, R. M. Anal. Chem. 1995, 67, 3767-3774.
(8) Duevel, R. V.; Corn, R. M. Anal. Chem. 1992, 64, 337-342.
(9) Hong, H.-G.; Bohn, P. W.; Sligar, S. G. Anal. Chem. 1993, 65, 1635-1638.
(10) Prime, K. L.; Whitesides, G. M. Science 1991, 252, 1164-1167.
(11) Tarlov, M. J.; Bowden, E. F. J. Am. Chem. Soc. 1991, 113, 1847-1849.
(12) Muller, W.; Ringsdorf, H.; Rump, E.; Zhang, X.; Angermaier, L.; Knoll, W.;
Spinke, J. J. Biomater. Sci., Polym. Ed. 1994, 6, 481-495.
(13) Jordan, C. E.; Frey, B. L.; Kornguth, S.; Corn, R. M. Langmuir 1994, 10,
3642-3648.
(14) Frey, B. L.; Jordan, C. E.; Kornguth, S.; Corn, R. M. Anal. Chem. 1995, 67,
4452-4457.
(15) Willner, I.; Katz, E.; Riklin, A.; Kasher, L. J. Am. Chem. Soc. 1992, 114,
10965-10966.
(16) Leggett, G. J.; Roberts, C. J.; Williams, P. M.; Davies, M. C.; Jackson, D. E.;
Tendler, S. J. B. Langmuir 1993, 9, 2356-2362.
(17) McNeil, C. J.; Athey, D.; Ho, W. O. Biosens. Bioelectron. 1995, 10, 75-83.
(18) Duan, C.; Meyerhoff, M. E. Anal. Chem. 1994, 66, 1369-1377.
(19) Wells, M.; Crooks, R. M. J. Am. Chem. Soc. 1996, 118, 3988-3989.
(20) Zhou, Y.; Bruening, M. L.; Bergbreiter, D. E.; Crooks, R. M.; Wells, M. J.
Am. Chem. Soc. 1996, 118, 3773-3774.

Analytical Chemistry, Vol. 68, No. 18, September 15, 1996 3187

Figure 1. Reaction scheme for forming amide bonds with a selfassembled monolayer of 11-mercaptoundecanoic acid (MUA) on a
gold surface. In the first step, the MUA carboxylic acid groups are
reacted with the carbodiimide, EDC, and then N-hydroxysulfosuccinimide (NHSS) to form the NHSS ester. Subsequent reaction of this
actived intermediate with an aqueous solution of either ammonia
(NH3) or poly(L-lysine) (PL) results in the attachment of these amines
to the surface by formation of an amide bond.

reaction of thionyl chloride with a MUA SAM yields an activated
acid chloride intermediate which subsequently produces an amide
(or ester) by reacting with an amine (or alcohol), also in the gas
phase.8 Crooks et al. have recently reported amide bond formation19,20 and thioester formation21 via activated MUA SAMs in
nonaqueous solvents. However, neither the gas-phase method
nor those involving organic solvents are well suited to biomolecule
attachment. Thus, in this paper, a water-soluble carbodiimide
coupling agent, 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide
(EDC), and NHSS are used to convert the carboxylic acids of the
MUA monolayer to NHSS esters (see Figure 1). Reaction of this
activated MUA-NHSS ester monolayer with an aqueous solution
of an amine, either ammonia or PL, creates an amide bond with
the surface.
Ammonia was chosen as a test reactant in order to verify the
formation of amide bonds with the surface and to quantitate the
reactivity of the intermediate NHSS ester monolayer. Formation
of the NHSS ester and amide monolayers is followed with the
surface-sensitive and surface-selective technique of polarizationmodulation Fourier transform infrared reflection-absorption
spectroscopy (PM-FT-IRRAS).8,22-25 This spectroscopic characterization allowed evaluation of various reaction conditions by
observing the percent conversion of the MUA carboxylic acids
to amide functional groups.
After the initial investigations with NH3, the NHSS surface
attachment strategy is used to covalently attach a monolayer of
PL to the MUA-coated gold surface with amide bonds. The
significant differences between the PM-FT-IRRAS spectrum of this
(21) Kim, T.; Crooks, R. M.; Tsen, M.; Sun, L. J. Am. Chem. Soc. 1995, 117,
3963-3967.
(22) Barner, B. J.; Green, M. J.; Saez, E. I.; Corn, R. M. Anal. Chem. 1991, 63,
55-60.
(23) Frey, B. L.; Hanken, D. G.; Corn, R. M. Langmuir 1993, 9, 1815-1820.
(24) Dowrey, A. E.; Marcott, C. Appl. Spectrosc. 1982, 36, 414-416.
(25) Anderson, M. R.; Gatin, M. Langmuir 1994, 10, 1638-1641.
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covalent PL monolayer and that of an electrostatically bound PL
monolayer indicate different adsorption mechanisms for these two
systems. For instance, the carboxylate band previously attributed
to ion pair formation for the electrostatic PL is absent in the
covalent attachment of PL. Moreover, the covalent PL monolayer
resists desorption upon exposure to acidic and basic solutions,
verifying attachment of the PL to the surface via amide bond
formation.
Since the covalent attachment of PL converts only a fraction
of the lysine residues to amide bonds, many remain available for
derivatization. This derivatization is accomplished by forming an
amide bond between the amino groups of PL and an NHSS estercontaining species. Previously, poly(L-lysine) has been reacted
with NHSS-biotin in order to incorporate specific adsorption sties
for the protein avidin.14 This modification of PL was performed
in solution prior to electrostatic adsorption in order to control the
spacing of biotin moieties and the resulting avidin surface
coverage. In this paper, we demonstrate the derivatization of PL
both before and after covalent attachment. The surface reaction
of covalent PL with an NHSS-maleimide molecule yields a high
density of maleimide functional groups on the gold surface. These
maleimide sites offer more versatility than the biotin sites because
they will allow for the subsequent attachment of any sulfhydrylcontaining biomolecule.9,26-28
MATERIALS AND METHODS
Materials. 11-Mercaptoundecanoic acid (MUA) (Aldrich),
poly(L-lysine) hydrobromide (PL) (Sigma), lysine hydrochloride
(Aldrich), 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride (EDC) (Sigma), N-hydroxysulfosuccinimide (NHSS)
(Pierce), sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane1-carboxylate (SSMCC) (Pierce), 5,5′-dithiobis(2-nitrobenzoic acid)
(Ellman’s reagent) (Aldrich), triethanolamine hydrochloride (TEA)
(Sigma), NH4Cl (Fluka), NaCl (Fluka), NaHCO3 (Fluka), NaOH
(Fluka), HCl (Fisher), and absolute ethanol (Pharmco) were all
used as received. Millipore filtered water was used for all aqueous
solutions and rinsing.
Surface Preparation and Monolayer Formation. Thin gold
films (47 nm) were vapor-deposited onto microscope slide covers
(No. 2, 18 × 18 mm2) that had been silanized with (3-mercaptopropyl)trimethoxysilane [Aldrich] as described previously.7,23
These samples were immersed into 1 mM ethanolic MUA
solutions for at least 24 h before being rinsed with ethanol and
then soaked in water for 5 min. The NHSS ester was formed by
exposure of the MUA SAM to an aqueous solution of 75 mM EDC
and 15 mM NHSS for 1 h.
These MUA-NHSS ester monolayers were reacted for 1-2 h
with either (i) an NH3 solution prepared from 0.5 M NH4Cl
adjusted to pH 7.0 with NaOH or (ii) a solution of 1 mg/mL PL
hydrobromide (5 mM lysine residue concentration) in TEA buffer
(0.05 M, pH 8.0) with 0.25 M NaCl added. A higher pH was
required for the PL reaction than for the NH3 reaction due to the
lower concentration of amino groups (0.005 versus 0.5 M) and
the higher pKa of the PL amino groups (10.5 versus 9.2); NHSS
esters only react with the deprotonated form of the amine.27 Also
(26) Partis, M. D.; Griffiths, D. G.; Roberts, G. C.; Beechey, R. B. J. Protein Chem.
1983, 2, 263-277.
(27) Mattson, G.; Conklin, E.; Desai, S.; Neilander, G.; Savage, M. D.; Morgenson,
S. Mol. Biol. Rep. 1993, 17, 167-183.
(28) Bhatia, S. K.; Shriver-Lake, L.; Prior, K. J.; Georger, J. H.; Calvert, J. M.;
Bredehorst, R.; Ligler, F. S. Anal. Biochem. 1989, 178, 408-413.

note that the NaCl is necessary in the PL reaction to overcome
the electrostatic repulsion of the ammonium groups so that a
complete PL monolayer is formed. The PL used in these
experiments had an average molecular weight of 9000, corresponding to an average length of 42 lysine residues; similar PL
monolayers also were obtained with shorter (six residues) and
longer (114 residues) PL. After reaction with PL, some of the
NHSS byproduct remained adsorbed to the surface (probably due
to electrostatic attraction between the NHSS sulfonate groups and
the ammonium groups of the PL). This NHSS was removed by
soaking either in 0.5 M NaCl in TEA buffer (0.05 M, pH 8.7) for
12 h or in pH 12.2 NaOH for 15 min. As previously described,
the electrostatic PL adsorption occurred onto a MUA surface
(without NHSS esters) from a solution of 0.2 mg/mL PL hydrobromide in NaHCO3 buffer (5 mM, pH 8.5).13,14
The covalent PL monolayers were derivatized with maleimide
groups by immersion of the samples into a 1 mM solution of
SSMCC in TEA buffer (0.1 M, pH 7.0). The 15% maleimidemodified PL (Mal-PL) was prepared in solution by the addition of
4 mM SSMCC in water (0.04 mL, 0.16 µmol) to a vortexing
solution of 0.5 mg/mL PL hydrobromide (0.4 mL, 0.96 µmol of
lysine residues) in TEA buffer (0.1 M, pH 8.0) with 0.25 M NaCl.
A 90% yield is assumed for this solution reaction on the basis of
similar previous experiments.14 All monolayer films were rinsed
thoroughly with water and dried with nitrogen before PM-FTIRRAS spectra were obtained.
PM-FT-IRRAS Measurements. PM-FT-IRRAS spectra of
1000 scans at 2 cm-1 resolution were obtained with a Mattson
RS-1 spectrometer and a narrow-band HgCdTe detector. The
optical layout and previously developed real-time interferogram
sampling methods have been reported elsewhere.7,22,23 The PMFT-IRRAS differential reflectance (%∆R/R) values were converted
to absorbance units for comparison with conventional IRRAS or
FTIRRAS data.
Surface Plasmon Resonance (SPR) Measurements. The
thicknesses of the NHSS ester monolayers and the covalent PL
monolayers were determined with the optical technique of surface
plasmon resonance (SPR).29-31 The SPR experiment and thickness calculation have been described in detail previously.13,14
Briefly, the reflectivity of a p-polarized HeNe laser beam (λ )
632.8, 1 mW) from a sample assembly (BK7 prism/Au/thin film)
is monitored as a function of the incident angle. A steep drop in
the reflectivity is observed at an angle just past the critical angle;
the position of this SPR angle depends strongly upon the thickness
and index of refraction of any material adsorbed onto the gold
surface. A five-phase complex Fresnel calculation was used to
calculate the thickness of the NHSS ester and PL monolayers;
indices of refraction of 1.45 and 1.52, respectively, were assumed.13
UV-Visible Spectrophotometry. These measurements were
employed to follow the solution-phase reaction of maleimide
functional groups with thiols and with the amines, lysine and PL.
The presence of thiols was detected by their reaction with Ellman’s
reagent at pH 8 to give an absorption band at 412 nm. In addition,
maleimides were monitored indirectly with this Ellman’s test
because they react quantitatively with thiols. The UV-visible
(29) Economou, E. N. Phys. Rev. 1969, 182, 539-554.
(30) Pockrand, I. Surf. Sci. 1978, 72, 577-588.
(31) Swalen, J. D.; Gordon, J. G. I.; Philpott, M. R.; Brillante, A.; Pockrand, I.;
Santo, R. Am. J. Phys. 1980, 48, 669-672.

Figure 2. PM-FT-IRRAS spectra showing the gradual conversion
of a MUA self-assembled monolayer to an amide monolayer. (a) A
MUA SAM with the characteristic carboxylic acid (COOH) band at
1740 cm-1.48 (b) After reaction of the MUA with EDC/NHSS and then
NH3, partial conversion to the amide is observed. (c) A second cycle
of EDC/NHSS and NH3 converts even more COOH to amides. (d)
After the third reaction cycle, nearly complete conversion to the amide
is achieved, as indicated by the loss of the COOH band along with
increases in the amide bands (see Table 1).

spectra were obtained with a Hewlett-Packard Model 8452A diode
array spectrophotometer.
RESULTS AND DISCUSSION
Conversion of a MUA SAM to an Amide Monolayer with
NH3. A two-step reaction scheme for forming amide bonds with
a MUA self-assembled monolayer is depicted in Figure 1. In the
first step, the carboxylic acid groups of MUA are activated by the
carbodiimide, EDC, and then react with NHSS to form NHSS
esters of MUA. The amide bond is formed in the second step by
reaction with an aqueous solution of an amine. Reaction of PL
amino groups with these MUA-NHSS esters leads to an amide
bond attachment of a PL monolayer onto the MUA-modified gold
surface. Alternatively, when the amine is ammonia (NH3), an 11mercaptoundecanamide monolayer, referred to as the “amide
monolayer”, is created. Observing the formation of this amide
monolayer with PM-FT-IRRAS provides insights into the packing
and reactivity of the MUA and NHSS ester monolayers.
The PM-FT-IRRAS spectrum of a MUA SAM is shown in
Figure 2a, and the band positions are given in Table 1. This
carboxylic acid-terminated MUA SAM has been characterized
extensively.8,13,32-38 The most prominent feature is the carbonyl
stretch of the free carboxylic acid group (COOH) at 1740 cm-1,
which has a shoulder at 1722 cm-1 due to hydrogen-bonded
COOH.35,38-41 The carboxylate (COO-) band at 1400 cm-1
(32) Kepley, L. J.; Crooks, R. M.; Ricco, A. J. Anal. Chem. 1992, 64, 31913193.
(33) Sun, L.; Crooks, R. M.; Ricco, A. J. Langmuir 1993, 9, 1775-1780.
(34) Creager, S. E.; Clarke, J. Langmuir 1994, 10, 3675-3683.
(35) Creager, S. E.; Steiger, C. M. Langmuir 1995, 11, 1852-1854.
(36) Wang, J.; Frostman, L.; Ward, M. J. Phys. Chem. 1992, 96, 5224-5228.
(37) Chidsey, C. E. D.; Loiacono, D. N. Langmuir 1990, 6, 682-691.
(38) Smith, E. L.; Alves, C. A.; Anderegg, J. W.; Porter, M. D.; Siperko, L. M.
Langmuir 1992, 8, 2707-2714.
(39) Nuzzo, R. G.; Dubois, L. H.; Allara, D. L. J. Am. Chem. Soc. 1990, 112,
558-569.
(40) Sun, L.; Kepley, L. J.; Crooks, R. M. Langmuir 1992, 8, 2101-2103.
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Table 1. Infrared Frequencies and Vibrational
Assignments for Monolayers of
11-Mercaptoundecanoic acid (MUA),13,33,37-39
11-Mercaptoundecanamide (Amide),39 and the
N-Hydroxysulfosuccinimide (NHSS) Ester of
MUA42,46,49-52
vibrational assignment

frequency
(cm-1)a
1740 ( 2
1722sh
1468
1400

MUA Monolayer (Figure 2a)
ν(CdO)
free carboxylic acid stretch
ν(CdO)
H-bonded carboxylic acid stretch
δ(CH2)
methylene scissors deformation
νs(COO-)
symmetric carboxylate stretch

1715sh
1675
1610
1468
1408

Amide Monolayer (Figure 2d)
ν(CdO)
residual carboxylic acid stretch
ν(CdO)
amide carbonyl stretch
δ(NsH)
amide N-H bend
δ(CH2)
methylene scissors deformation
ν(CsN)
amide C-N stretch

1820
1792sh
1747
1653
1469
1370
1254
1222
1082
1040
a

NHSS Ester Monolayer (Figure 3a)
ν(CdO)
carbonyl stretch of the NHSS ester of MUA
νs(CdO)
symmetric stretch of the NHS carbonyls
νas(CdO)
asymmetric stretch of the NHS carbonyls
δ(CH2)
νs(CsNsC)
νas(SO3-)
νas(CsNsC)
ν(NsCsO)
νs(SO3-)

methylene scissors deformation of MUA
symmetric CNC stretch of the NHS
asymmetric sulfonate stretch
asymmetric CNC stretch of the NHS
NCO stretch of the NHS
symmetric sulfonate stretch

sh, shoulder.

indicates that a small number of the MUA molecules are in the
deprotonated form.13,34 This MUA monolayer is reacted with an
aqueous solution of EDC and NHSS, followed by reaction with
0.5 M NH3 at pH 7. The resulting spectrum, plotted in Figure
2b, shows increases in amide bands and a significant decrease in
the COOH band at 1740 cm-1, which indicates that many of the
MUA molecules have been converted to amides. Further conversion was accomplished by two more repetitions of the two-step
cycle of EDC/NHSS and NH3 (see Figure 2c and d). Spectrum
2d contains three bands due to the primary amide at 1675, 1610,
and 1408 cm-1 (see Table 1), which agree with those observed
by Nuzzo et al. for a monolayer of 16-mercaptohexadecanamide
that had been self-assembled onto a gold surface.39 The residual
COOH peak in Figure 2d (shoulder at 1715 cm-1) indicates that
some of the MUA molecules remain unreacted after three reaction
cycles with EDC/NHSS and NH3. A fourth cycle caused no
further change in the spectrum, suggesting that about 20% of the
MUA carboxylic acid groups are not reactive in the ordered MUA
SAM. When a less ordered MUA monolayer was prepared by a
shorter self-assembly time of only 1 h, essentially the same
percentage conversion to amides was observed. Therefore,
regardless of the degree of order in the monolayer, approximately
80% of the MUA molecules are accessible for reaction with species
from solution.
This conclusion about the number of accessible MUA carboxylic acids is confirmed by the infrared spectra of the intermediate NHSS ester monolayers. Reaction of the MUA SAM with
EDC and NHSS yields the MUA-NHSS ester monolayer whose
PM-FT-IRRAS spectrum is shown in Figure 3a. The numerous
(41) Cheng, S. S.; Scherson, D. A.; Sukenik, C. N. Langmuir 1995, 11, 11901195.
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Figure 3. PM-FT-IRRAS spectra of the intermediate NHSS ester
layers for the same sample used in Figure 2. (a) NHSS ester
monolayer obtained in the first reaction cycle of the MUA SAM with
EDC/NHSS. (b) NHSS ester layer from the second cycle. (c) NHSS
ester layer from the third cycle. The 1820 cm-1 band signifies the
formation of MUA-NHSS esters as opposed to merely adsorption of
NHSS onto the surface (see Table 1 for band assignments).

prominent bands are tabulated and assigned in Table 1. The
strong band at 1820 cm-1 is due to the stretching vibration of the
MUA carbonyl when it is in the form of an NHSS ester. This
band affirms that many NHSS esters of MUA have been formed,
because this band is not present in the spectrum of either MUA
or NHSS itself. Notice that this band, along with the other NHSS
bands, decreases in Figure 3b and c; these spectra correspond to
the intermediate NHSS ester layers obtained for the second and
third cycles of the EDC/NHSS and NH3 reaction scheme. A
fourth cycle produced no detectable band at 1820 cm-1. Thus,
as mentioned above, the three reaction cycles have converted all
of the accessible MUA COOH to amides.
In the first reaction cycle of MUA with EDC/NHSS and then
NH3, not all of the accessible MUA carboxylic acid groups are
converted to amides; this limitation is attributed to steric packing
of the intermediate NHSS ester moieties. The intensity of 1 ×
10-3 AU for the 1820 cm-1 band (spectrum 3a) obtained for the
first NHSS ester layer of MUA did not change significantly,
regardless of the concentration of EDC or NHSS or the time of
reaction. This observation implies that formation of the NHSS
ester monolayer is complete. In addition, surface plasmon
resonance (SPR) thickness measurements showed an increase
of 9 ( 1.5 Å upon conversion of the MUA SAM to the NHSS
ester monolayer. Based on the molecular size of an NHSS ester
moiety, this 9 Å thickness indicates a packed monolayer of NHSS
esters on the surface. Does this packed NHSS monolayer
correspond to all of the accessible MUA molecules (∼80%) or to
some smaller value? If all 80% are in the form of NHSS esters,
then one would expect an 80% conversion to amides in that first
cycle, unless some of these MUA-NHSS esters hydrolyze. To
estimate the amount of hydrolysis, an NHSS ester monolayer was
placed into a pH 7 solution for 1 h with no primary amines present;
the 1820 cm-1 band decreased by only 25%. Adding a high
concentration of amines (0.5 M NH3) will favor reaction of the
NHSS esters with these amines and will reduce the amount of
hydrolysis even further. Thus, few NHSS esters are hydrolyzing
during the reaction with NH3 at pH 7, and so the packing density

of the NHSS moieties must be the limiting factor. Due to these
steric effects, approximately 50% of the accessible MUA molecules
are converted to amides in the first EDC/NHSS and NH3 cycle.
The second reaction cycle converts most of the remaining
accessible COOH to amides, with the third cycle getting the last
few to give a total conversion of about 80%.
A one-step amide bond-forming reaction can be performed
without the NHSS ester intermediate by placing the MUA-coated
gold surface into a solution containing both the EDC and the
amine. In this reaction, the carbodiimide activates the MUA
carboxylic acid just as before, but then instead of reacting with
NHSS, it reacts directly with the amine to form the amide bond.
This one-step scheme has the advantage of repeated activation of
the same MUA molecule if it hydrolyzes before reaction with the
amine, but EDC-activated carboxylic acids hydrolyze much more
quickly than NHSS esters.27 Exposure of a MUA SAM to a
solution of 0.2 M EDC and 0.5 M NH3 at pH 5.5 was able to
convert most, but again not all, of the MUA carboxylic acids to
amides. However, the two-step reaction involving the NHSS ester
intermediate is preferred in the covalent attachment of PL for two
reasons: (i) the amine concentration is relatively low in the PL
solutions, and the NHSS ester provides more time for the reaction
because it hydrolyzes more slowly than the EDC-activated MUA,
and (ii) PL, as with all peptides and proteins, has both amino
groups and carboxylic acid groups, which in the one-step reaction
would be linked together by the EDC.
Covalent Attachment of Poly(L-lysine) Monolayers. Covalent attachment of PL to a MUA monolayer provides a robust
irreversible adsorption of this polypeptide onto the gold surface.
This attachment is accomplished by the reaction scheme shown
in Figure 1, which employs the NHSS ester intermediate to form
amide bonds between the carboxylic acid groups of MUA and
the -amino groups of PL. The MUA SAM is first transformed to
a MUA-NHSS ester monolayer, as described above, followed by
exposure to a solution of 1 mg/mL PL in 0.25 M NaCl at pH 8 for
1-2 h. The investigation of this two-step strategy with NH3 in
the previous section verifies the formation of amide bonds and
indicates that each PL chain will likely form several bonds with
the MUA molecules.
The attachment of PL onto the MUA-modified gold surface is
evidenced by the large amide bands in the PM-FT-IRRAS
spectrum plotted in Figure 4a (solid line). These amide I and
amide II bands at 1674 and 1545 cm-1, respectively, are due
primarily to the amide bonds within poly(L-lysine) itself. A small
contribution to these bands (estimated at <15%) results from
amide bonds formed between the MUA and PL during the
covalent attachment. In addition, approximately 20% of the area
of the 1674 cm-1 amide I band is due to residual MUA COOH.
Significant differences are observed for the amide bands
between the covalent PL spectrum in Figure 4a and the electrostatically adsorbed PL spectrum shown in Figure 4b. The amide
I and amide II band positions have changed by 12 and 21 cm-1,
respectively. Furthermore, the relative intensities of the amide
bands have changed between the two spectra. These differences
might be caused, in part, by contributions from the amide bonds
formed during the covalent attachment, but it is unlikely that is
the only cause of these large changes in the spectra. Other
possible contributions include the degree of hydrogen bonding
of the PL and the conformation of the polypeptide. Since
hydrogen bonding typically shifts amide bands to lower frequen-

Figure 4. PM-FT-IRRAS spectra of poly(L-lysine) monolayers (solid
lines) that are (a) covalently attached and (b) electrostatically
adsorbed to MUA SAMs (dotted lines).48 The amide I and amide II
bands have significantly different positions and intensities for these
two methods of adsorption. In addition, the large increase of the
carboxylate (COO-) band at 1400 cm-1 in (b) indicates electrostatic
adsorption via ion pair formation, whereas the absence of this band
in (a) verifies the covalent attachment of the PL to the MUA SAM.

cies,42,43 it might account for the change in either the amide I or
the amide II band but not both (notice that these bands shift in
opposite directions). The amide band positions for the electrostatic PL have been attributed previously to a random coil
conformation,13 and despite 12 and 21 cm-1 differences for the
covalent PL, these band positions remain within the limits of a
random coil as opposed to those of an R-helix or β-sheet.43-45
Nonetheless, some conformational changes such as occasional
turns or helical segments in the polypeptide chain could cause
shifts in the amide bands, even though the PL remains predominantly as a random coil.43 Overall, the observed spectral differences probably result from a combination of all three contributions: amide bonds between MUA and PL, hydrogen bonding
differences, and some conformational changes. These differences
in the amide bands of electrostatic PL and covalent PL strongly
suggest different adsorption mechanisms for these two types of
PL monolayers.
More conclusive evidence of covalent attachment is given by
the changes in the MUA bands at 1740 (COOH) and 1400 cm-1
(COO-) upon comparison of the PL spectra (solid lines) with the
(42) Socrates, G. Infrared Characteristic Group Frequencies, 2nd ed.; Wiley:
Chichester, UK, 1994.
(43) Jackson, M.; Haris, P. I.; Chapman, D. Biochim. Biophys. Acta 1989, 998,
75-79.
(44) Prestrelski, S. J.; Arakawa, T.; Carpenter, J. F. In Formulation and Delivery
of Proteins and Peptides; Cleland, J. L., Langer, R., Eds.; American Chemical
Society: Washington, DC, 1994; pp 148-169.
(45) Susi, H.; Timasheff, S. N.; Stevens, L. J. Biol. Chem. 1967, 242, 54605466.
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MUA spectra (dotted lines) in Figure 4a and b. The electrostatic
PL spectrum shows a decrease only for the COOH band but a
large increase in COO- as the carboxylic acids are deprotonated
during the ion pair formation between MUA and the ammonium
groups of PL.13 The covalent PL spectrum, however, exhibits
decreases for both the COOH and COO- bands. The reduction
in area of these two bands indicates that at least 20% of the MUA
carboxylic acids have formed amide bonds with PL.
Some chemical desorption experiments performed on the
electrostatic PL and covalent PL samples give further evidence
for the covalent attachment mechanism. As previously reported,
the electrostatic PL sample completely desorbs upon exposure
to either high pH or low pH solutions due to disruption of the ion
pairs.13 In contrast, immersion of the covalent PL into pH 1.8
HCl or pH 12.2 NaOH does not change the amide band intensity
in the infrared spectrum or the PL layer thickness, as determined
by SPR (see below). This stability over a wide pH range confirms
the robust covalent attachment of PL to the MUA monolayer.
The PM-FT-IRRAS spectrum unambiguously demonstrates that
the PL is attached to the MUA monolayer, but it does not give a
reliable quantitative estimate of the amount of adsorbed PL.
Therefore, surface plasmon resonance (SPR) measurements29-31
were employed to determine the thickness of the covalently
attached PL layer. The SPR experiment has been described in
detail previously, where it was used to measure a thickness of
10.5 ( 1.7 Å for an electrostatically adsorbed poly(L-lysine)
monolayer on a MUA-modified gold surface.13,14 A similar thickness of 10 ( 2 Å was obtained from SPR measurements of the
covalent PL layers, which indicates that a complete but single
monolayer of PL is attached to the MUA monolayer. Furthermore, this thickness suggests that the PL chain lies parallel to
the surface in an extended configuration. This result, combined
with the estimate that 20% of the MUA molecules form amide
bonds, leads to the conclusion that multiple amide bonds hold
each PL chain on the surface.
Maleimide Attachment to the Poly(L-lysine) Monolayers.
Derivatization of the covalent PL monolayers will provide control
of biomolecule adsorption onto gold surfaces. A large number
of the lysine residues should remain available for derivatization
reactions because only some of them have formed amide bonds
with the underlying MUA SAM. Modification is accomplished
by simply reacting an NHSS ester molecule from solution with
the PL amino groups to form more amide bonds. As a test of the
derivatizability of PL, we have chosen the maleimide-NHSS ester
cross-linking molecule (SSMCC), which produces a maleimidemodified poly(L-lysine) (Mal-PL) monolayer as depicted in Figure
5. Maleimide functional groups react readily with thiols (sulfhydryl groups), and therefore they will be useful for the subsequent
attachment of biomolecules, including cysteine-containing peptides, proteins, and antibodies, along with sulfhydryl-tagged
proteins, or oligonucleotides.9,26-28
The PM-FT-IRRAS spectrum of a Mal-PL sample is shown as
the solid line in Figure 6, and the dotted line spectrum corresponds to the covalent PL monolayer before its immersion into
the aqueous solution of 1 mM SSMCC in pH 7 buffer for 15 min.
The very strong band at 1708 cm-1 is an in-phase stretching
vibration of the two maleimide carbonyls;46 the other infrared
bands of this Mal-PL monolayer are listed in Table 2. In addition
to this surface preparation of Mal-PL, a solution reaction between
(46) McKittrick, P. T.; Katon, J. E. Appl. Spectrosc. 1990, 44, 812-817.
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Figure 5. Reaction scheme showing the attachment of maleimide
groups to the PL-coated surface. The covalently attached PL
monolayer is reacted with an NHSS-maleimide molecule, SSMCC,
to form a maleimide-modified poly(L-lysine) (Mal-PL) layer.

Figure 6. PM-FT-IRRAS spectra for PL monolayers with various
percentages of the lysine residues derivatized with maleimide groups.
The 0% Mal-PL is simply covalently attached PL. The solid line
resulted from the surface reaction between this covalent PL monolayer
and SSMCC as shown in Figure 5. The 15% Mal-PL, however, was
prepared in solution with known stoichiometry and then attached to
a MUA-modified gold surface. By comparing the intensity of the 1708
cm-1 maleimide band for the surface reaction with that of the known
15% Mal-PL, a value of 50% maleimide modification of the lysine
residues was calculated for the surface reaction.

SSMCC and PL was employed to produce a Mal-PL sample, in
which 15% of the lysines are derivatized with maleimides.
Covalent attachment of this 15% Mal-PL to a MUA-modified gold
surface resulted in the dashed line spectrum in Figure 6. By
comparing the absorbance at 1708 cm-1 for the 15% Mal-PL with
that from the surface reaction, a value of 50% modification of the
lysine residues was estimated for the surface derivatization. This
result corresponds to approximately 2 × 1014 maleimides/cm2,
based on previous fluorescence studies that determined a surface
coverage of 4 × 1014 lysines/cm2 for PL.14 This high density of
maleimide sites requires the strong covalent attachment of PL,
since modification of this many lysine residues of electrostatically
adsorbed PL might lead to its desorption from the surface.
Obtaining a high density of active maleimide sites on the
surface requires optimization of the SSMCC solution pH. A high

Table 2. Infrared Frequencies and Vibrational
Assignments for a Monolayer of Maleimide-Modified
Poly(L-lysine) (Mal-PL, Figure 6)46,51
vibrational assignment

frequency
(cm-1)
1777 ( 2
1708
1676
1540
1454
1405
1364

achieves a high density of maleimide sites on the surface, as
evidenced by the spectrum in Figure 6, and these sites are
expected to remain active toward sulfhydryl-containing molecules.

νs(CdO)
νas(CdO)
ν(CdO)
ν(CsN) +
δ(NsH)
δ(CH2)

symmetric stretch of maleimide carbonyls
asymmetric stretch of maleimide carbonyls
amide I (carbonyl stretch)
amide II (CN stretch and NH bend)
methylene scissors deformation

νs(CsNsC) symmetric CNC stretch of maleimide

pH is desirable because the NHSS ester moiety of the SSMCC
reacts only with the deprotonated form of the PL amino groups.27
However, two deleterious side reactions can occur at high pH,
rendering the maleimide groups inactive. The first of these is
hydrolysis. Maleimides are more stable than NHSS esters, and
so hydrolysis usually is not a problem, especially at pH < 8.27,47
Furthermore, the large 1708 cm-1 band for Mal-PL in Figure 6
indicates that the maleimide groups have not hydrolyzed. This
band, due to the coupled in-phase stretching of the two maleimide
carbonyls, would be absent (or at least decreased) if hydrolysis
had occurred, since hydrolysis breaks open the maleimide ring
to form the maleamic acid.47 The second possible side reaction
is that between the maleimide and amino groups, such as those
in the PL.27 Inactivation of the maleimides by this route is more
difficult to follow since it has no apparent effect on the PM-FTIRRAS spectrum. Therefore, some preliminary experiments in
solution at pH 7.5 and 8 examined the reaction between maleimides and amines using UV-visible spectrophotometry. The
reaction between maleimides and a lysine monomer was observed
to proceed quite slowly at these pH values. However, maleimide
groups attached to PL reacted readily with a neighboring lysine
amino group via an intramolecular reaction. Based on these
results, we chose the relatively low pH of 7 for the surface reaction
between SSMCC and the covalent PL monolayer in order to
decrease the rate of this side reaction. This reaction pH of 7 still
(47) Gregory, J. D. J. Am. Chem. Soc. 1955, 77, 3922-3923.
(48) The absorbance values for the PM-FT-IRRAS spectra of MUA and PL in ref
13 should be multiplied by a factor of 2, which puts them in agreement
with the values reported here.
(49) Lin-Vien, D.; et al. The Handbook of Infrared and Raman Characteristic
Frequencies of Organic Molecules; Academic: Boston, 1991.
(50) Adhikar, A.; Greenslade, D. J.; Ghosh, A. K. Indian J. Chem. 1993, 32A,
636-638.
(51) Uno, T.; Machida, K. Bull. Chem. Soc. Jpn. 1962, 35, 276-283.
(52) Chapman, T. M.; Freedman, E. A. J. Org. Chem. 1973, 38, 3908-3911.

CONCLUSIONS
Poly(L-lysine) has been covalently attached to a carboxylic acidterminated alkanethiol self-assembled monolayer on a gold surface
via a two-step reaction scheme employing an NHSS ester intermediate. In addition to forming amide bonds between the amino
groups of PL and the carboxylic acids of MUA, we explored the
reactivity of the MUA-NHSS esters with the simpler amine, NH3.
These experiments with two vastly different amines, PL and NH3,
demonstrate that this two-step reaction scheme can serve as a
general method for attaching amines to gold surfaces.
Both the covalently attached PL and the previously examined
electrostatically adsorbed PL monolayers offer several advantages
for the subsequent attachment of biomolecules onto gold surfaces.
For example, both types of PL monolayers are easily derivatized
with commercially available NHSS ester molecules. Performing
the derivatization in solution prior to adsorption of the PL provides
precise control over the number of incorporated adsorption sites
and their spacing on the surface, as demonstrated previously with
biotin moieties14 and in the current studies with maleimide
functional groups. Derivatizing PL already attached to the surface
yields a high density of these adsorption sites and is best
performed with the more robust covalent PL monolayers to
prevent desorption. The electrostatically adsorbed PL, however,
is recommended for applications requiring a reversible adsorption,
such as in the construction of biosensors that need to be
regenerated. The electrostatic PL monolayer and any attached
molecules will desorb upon exposure to either high or low pH
solutions,13 whereas the covalent PL monolayer is irreversibly
adsorbed even after immersion into solutions at pH < 2 or pH >
12. We are currently pursuing the use of these poly(L-lysine)
monolayers and especially the maleimide-modified PL in the
attachment of peptides, proteins, and oligonucleotides onto gold
surfaces.
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