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ABSTRACT: Thiolated self-assembled monolayers (SAMs) are typically used to anchor on a gold surface biomolecules serving as
recognition elements for biosensor applications. Here, the design and synthesis of N-(2-hydroxyethyl)-3-mercaptopropanamide
(NMPA) in biotinylated mixed SAMs is proposed as an alternative strategy with respect to on-site multistep functionalization of
SAMs prepared from solutions of commercially available thiols. In this study, the mixed SAM deposited from a 10:1 solution of 3mercaptopropionic acid (3MPA) and 11-mercaptoundecanoic acid (11MUA) is compared to that resulting from a 10:1 solution of
NMPA:11MUA. To this end, surface plasmon resonance (SPR) and attenuated total reﬂectance infrared (ATR-IR) experiments
have been carried out on both mixed SAMs after biotinylation. The study demonstrated how the ﬁne tuning of the SAM features
impacts directly on both the biofunctionalization steps, i.e., the biotin anchoring, and the biorecognition properties evaluated upon
exposure to streptavidin analyte. Higher aﬃnity for the target analyte with reduced nonspeciﬁc binding and lower detection limit has
been demonstrated when NMPA is chosen as the more abundant starting thiol. Molecular dynamics simulations complemented the
experimental ﬁndings providing a molecular rationale behind the performance of the biotinylated mixed SAMs. The present study
conﬁrms the importance of the functionalization design for the development of a highly performing biosensor.

■

INTRODUCTION
The functionalization strategy of a detecting interface is critical
to build a robust and highly performing biosensing platform.1
Indeed, the active surface involved in the recognition of a given
biomarker is a key element that needs to be carefully designed.
Above all, the speciﬁc binding should be guaranteed with
minimal inﬂuence from background interferences once the
sensor assays complex matrices such as real ﬂuids. In general,
both physical and chemical methods can be used to immobilize
a biomolecule on a surface. Among others, self-assembly has
been widely proven to be particularly eﬀective.2 Indeed, selfassembled monolayers (SAMs)3 are known as one of the main
routes to tune surface properties (e.g., chemical reactivity,
conductivity, and biocompatibility) of a given interface.4 In
particular, thiol-based SAMs5 represent a convenient strategy
to anchor biorecognition elements on gold surfaces and
nanostructures1,6 for sensing applications.7 Relevantly, they are
becoming a key feature to be considered in developing
© 2020 American Chemical Society

ultrasensitive biosensors based on functionalized interphases.8−11 Actually, if, on the one hand, the main task of a
SAM is to assure a reproducible immobilization of a
biomolecule on a surface, then, on the other hand, tailoring
the SAM architecture is critically important to control the
biorecognition capability and, hence, the analytical performance of a biosensor.12,13 Especially, the co-adsorption of a
mixture of two alkyl thiols results in the growth of mixed SAMs
on gold surfaces, which is recognized as particularly eﬀective
and so widely reported as a successful strategy.14−18 In this
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Figure 1. Schematic representation of the mixed SAMs (a, d) before and (b, e) after the biotin conjugation together with (c, f) the corresponding
ATR-IR spectra in the range of 1850−1350 cm−1. Panels (a) and (b) refer to the 3MPA:11MUA SAM before and after biotinylation, respectively;
the corresponding ATR-IR spectra (1) and (2) are given in panel (c). Panels (d) and (e) show the scheme of NMPA:11MUA SAM before and
after biotinylation, respectively; the corresponding ATR-IR spectra (3) and (4) are given in panel (f).

reported as the most favorable proportion to get a higher
surface coverage of bioreceptors (e.g., proteins, enzymes, and
antibodies) as compared to single-component SAMs.15,27,28
Moreover, a homogeneous mixed SAM can be prepared from
ethanolic solutions.29 According to the literature,15 this would
lead to a highly packed layer of antibodies. The biofunctionalization process was carried out by activating the carboxylic
moieties of 3MPA:11MUA SAMs through 1-ethyl-3-(3dimethylaminopropyl)carbodiimide/N-hydroxysulfosuccinimide sodium salt (EDC/NHSS) coupling.15 This enables the
antibodies to conjugate to the SAM. Finally, the unreacted
carboxylic groups are blocked by exposure to an excess of
ethanolamine24 (Figure S1). This procedure gave no control
on where the antibody would attach and, indeed, it could
anchor either to the activated 11MUA or the activated 3MPA.
It could be speculated that the longer and more ﬂexible
11MUA chain would make it easier for the antibody to attach.
In the last step of the biofunctionalization process, the N-(2hydroxyethyl)-3-mercaptopropanamide (NMPA) compound is
formed in situ, replacing the originally present 3MPA. The
NMPA structure can enable the formation of an extended
hydrogen-bonding network,30−32 involving the oxygen of the
amide group in one NMPA chain and the hydrogen of the
amide group of a neighboring one, which could be important
for the unprecedented sensitivity of the developed EGOFET
biosensors.8 As described, the NMPA is synthesized directly in

case, a solution of two distinct alkyl thiols, which may diﬀer for
the aliphatic chain length and/or the functional terminal group,
is used. Typically, the longer chain serves to anchor the
biorecognition element and is used in a more diluted
concentration, whereas the shorter one acts as a dilution
thiolate.19,20 In fact, the latter serves as a spacer tuning the
distance among contiguous biorecognition elements. Such an
occurrence prevents two neighboring biomolecules from
hindering each other in binding the analyte, thus enhancing
the binding eﬃcacy.19,20 Eventually, a suitable orientation of
the biorecognition element on the surface can be achieved as
well. Moreover, immobilization should be quantitative without
signiﬁcant alteration of the biomolecule binding properties. As
a result, the proper choice of thiol structure and length and the
molar ratio between anchoring and dilution thiols have been
systematically studied to develop ad hoc designed biosensors,
demonstrating how they can aﬀect the orientation of the
bioreceptor and hence its capability to detect the target
analyte.21−23 Indeed, the degree of the order of the
biofunctionalized SAM is also a critical aspect that should be
taken into account for improving the sensitivity of a biosensor.
In our recent work on electrolyte-gated organic ﬁeld eﬀect
transistor (EGOFET) biosensors,8,11,24−26 a mixed SAM
deposited from a solution of 11-mercaptoundecanoic acid
(11MUA) and 3-mercaptopropionic acid (3MPA) in molar
ratio of 1:10 was used. The proposed ratio has been generally
16763
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situ at the gold surface following a multiple-step protocol. It is,
however, a fact that an in situ synthesis does not provide any
control over the yield of the amide production or the degree of
order of the SAM. This could impact on the device
performance. The implementation of a more controlled SAM
architecture that results in a better-ordered layer might lead
even to higher sensitivity. To this end, a strategy involving a
mixed SAM that starts from ex situ synthesized NMPA was
adopted. The ad hoc synthesized NMPA in place of 3MPA as
dilution thiol (acting only as such in this conﬁguration) served
to deposit the NMPA:11MUA 10:1 mixed SAMs featured in
Figure S2. The aim of this work is to compare the
functionalization strategies resulting in the 3MPA:11MUA
and NMPA:11MUA mixed SAMs in terms of sensing
performance. The literature on amide-based hydrogen bonds
within SAMs is rather limited32−35 despite the fact that it has
been proven that SAMs bearing amide moieties lead to more
robust and stable surfaces suitable for further modiﬁcation and
biofunctionalization.34 This work provides further compelling
evidence of the validity of such an approach with the support
of several characterization tools. As a proof of concept, biotin
was selected as the biorecognition element and streptavidin
(SA) as the target analyte as the biotin−streptavidin couple
generates one of the strongest biological interactions and can
serve as an eﬀective model system in the study of a novel
biosensing platform.36,37 The syntheses of diﬀerent biotinylated thiols serving as binding units in SAMs have been
proposed to study the impact of a better-ordered SAM
structure on streptavidin binding.13,38,39 To control the spacing
between the biotinylated and dilution thiols, a proposed
strategy involves biotinylation to be carried out before
depositing the SAMs. For example, Nelson et al.39 proposed
the use of methyl- or oligo(ethylene oxide)-terminated thiols
as diluents. Though both molecules could promote a certain
degree of order in the mixed SAMs, it was found that the SAM
surface composition diﬀered from the solution mixing ratio.
Additionally, the alkyl-terminated diluent caused an increase in
the nonspeciﬁc binding of streptavidin. In the present work, a
diﬀerent strategy is adopted to tackle the formation of a betterordered SAM structure; in this respect, NMPA plays a critical
role in reducing nonspeciﬁc binding of streptavidin and
increasing the sensitivity toward this biomolecule. To this
aim, biotinylated gold surfaces were prepared using the two
diﬀerent mixed SAMs (starting SAMs reported in Figure 1a,d)
in order to assess if better control over the conjugation of the
biorecognition elements could enable better sensing performance. As already highlighted, when the 3MPA:11MUA mixed
SAM was used, biotin could conjugate to both activated
mercaptocarboxylic acids, thus leading to surfaces with a higher
number of biorecognition molecules but with a less controlled
structure. By contrast, the use of NMPA allows the
biotinylation only to occur on the 11MUA chain. A schematic
representation of the biotinylated surfaces based on the
3MPA:11MUA and NMPA:11MUA SAMs is shown in Figure
1b,e.
Spectroscopic and optical methods were used to study these
surfaces. Speciﬁcally, a combination of attenuated total
reﬂection infrared (ATR-IR) spectroscopy and surface
plasmon resonance (SPR) experiments was employed to
investigate the diﬀerences in the layer composition and their
response to SA exposure providing information on the
inﬂuence of the functionalization protocol on the sensing
performance level. Finally, molecular dynamics (MD)

Article

simulations were carried out to provide a molecular rationale
behind the observed diﬀerent performance. Taken as a whole,
the obtained data represent an unprecedented starting point
for driving the rational design of biotinylated mixed SAMs.

■

EXPERIMENTAL SECTION
Streptavidin from Streptomyces avidinii and bovine serum
albumin (BSA) were purchased from Sigma-Aldrich, whereas
pentylamine-biotin was from Thermo Scientiﬁc. 3-mercaptopropionic acid (3MPA) (98%), 11-mercaptoundecanoic acid
(11MUA), N-hydroxysulfosuccinimide sodium salt (NHSS),
1-ethyl-3-(3-dimethylamino-propyl)carbodiimide (EDC), and
ethanolamine hydrochloride (EA) were purchased from SigmaAldrich and used without further puriﬁcation. 2-(Nmorpholino)ethane-sulfonic acid (MES) buﬀer (Sigma-Aldrich) of 0.1 M was adjusted with sodium hydroxide solution
(NaOH 1 M) at pH 4.8−4.9. A phosphate buﬀered saline
(PBS, Sigma-Aldrich) (phosphate buﬀer of 0.01 M, KCl of
0.0027 M, NaCl of 0.137 M) tablet was dissolved in 200 mL of
HPLC water and used upon ﬁltration on a Corning 0.22 μm
polyethersulfone membrane. NMPA was synthesized starting
from commercial 3MPA, and details on its synthesis are
provided in the SI. The starting SAMs (Figure S2) were
prepared under similar conditions on commercial gold-coated
(50 nm) glass slides (SPR Navi-200). Before modiﬁcation, the
substrates were accurately cleaned in piranha solution (3:1
sulfuric acid/H2O2 30%w, caution: strong oxidizing agent) for 5
min, then washed in hot water for 10 min, dried with nitrogen,
and treated for 10 min in an ozone cleaner. Slides were then
immersed in a 10 mM ethanol solution of 3MPA:11MUA or
NMPA:11MUA (10:1 molar ratio) under a nitrogen
atmosphere for 20 h at 22 °C.24 The modiﬁed slides were
rinsed several times with ethanol and stored in the same
solvent until use on the SPR apparatus for the following
functionalization steps. The preparation of biotinylated SAMs
according to the two protocols is sketched in Figure S6.
A BioNavis multiparameter surface plasmon resonance MPSPR Navi instrument in the Kretschmann conﬁguration was
used for the real time monitoring of biotinylation and
biomolecule interactions with the biofunctionalized gold
surface (i.e., exposure to increasing concentrations of
SA).40,41 Details about SPR measurements, including biotin
immobilization and response to SA, are discussed in the
Supporting Information.
ATR-IR analysis was performed using a PerkinElmer
Spectrum-Two instrument on the same functionalized goldcoated glass slides used for SPR. The measuring protocol for
ATR-IR characterization is described in the Supporting
Information.
The starting system for MD simulations was built following
the protocol previously described.8 In particular, the Au(111)
surface comprising NMPA chains (√3 × √3R30° conﬁguration) was optimized via periodic density functional theory
(DFT).8 The obtained cell was replicated giving a ﬁnal system
having a size of 132 Å × 122 Å in the xy plane (Figure S9a).
Starting from this system, ﬁve diﬀerent SAMs were built
(Figure S9b). More speciﬁcally, SAM-1 reproduces a mixed
SAM resulting from a NMPA:11MUA functionalization
strategy, while SAM-2, SAM-3, SAM-4, and SAM-5 reproduce
mixed SAMs compatible with a 3MPA:11MUA functionalization strategy and having an increasing number of biotinylated
3MPAs (hereinafter referred to as B-3MPAs) as reported in
Table 1. MD simulations were performed using the NAMD
16764
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becomes the main peak of this region. A minor peak can be
individuated at 1416 ± 1 cm−1 being assigned to C−N
bending, which is coherent with amide group formation. These
signals are compatible with a model featuring a SAM
comprising some of the activated carboxylic anchoring groups
(succinimidic esters formed during the EDC/NHSS step) that
conjugate biotins while others that are deactivated during the
reaction with ethanolamine.
The typical ATR-IR spectrum acquired on the NMPA:11MUA as-deposited SAM (Figure 1f, spectrum 3) exhibits, as
expected, features that are characteristic of the aliphatic amidic
moieties (amide I band centered at 1650 cm−1 and amide II
signal at 1560 ± 1 cm−1; Table S1)30 already present in the assynthesized NMPA. Quite interestingly, minimal diﬀerences
are observed at the end of all the biotinylating steps (Figure 1f,
spectrum 4) that are ascribed to the low concentration of
11MUA chains. In this case, the 11MUAs are the only available
sites for biotin anchoring. Thus, the resulting amount of biotin
in this SAM is lower compared with the previous case. Such
ﬁndings are corroborated by the similarity between spectra 3
and 4 in Figure 1f. In the latter, a clear contribution from
biotin ring vibrations is barely distinguishable if compared to
spectrum 2 in Figure 1c.
In fact, diﬀerences in the two biotinylation protocols can be
highlighted when comparing the IR spectral region characteristic of CO stretching acquired on both biotinylated
3MPA:11MUA (Figure 2a) and NMPA:11MUA (Figure 2b)

Table 1. Number of B-11MUAs, NMPAs, and B-3MPAs in
the Five Simulated Systems
system

B-11MUAs

NMPAs

B-3MPAs

SAM-1
SAM-2
SAM-3
SAM-4
SAM-5

66
66
66
66
66

654
491
436
327
0

0
163
218
327
654

Article

2.13 package.42 For each system, a 100 ns-long MD simulation
at T = 25 °C was performed. All the methodological details of
the applied MD protocol are reported in the Supporting
Information.

■

RESULTS AND DISCUSSION
In this work, two approaches based on the ex situ and in situ
synthesis of NMPA to develop biotinylated gold surfaces were
compared. To this aim, the two biotinylation strategies
reported in Figure S6 were investigated by real-time SPR
experiments. The SPR sensograms measured on the SAMmodiﬁed gold surfaces, shown in Figure S7, evidence the
changes in the optical density at all the steps of the
biotinylation protocol. The two sensograms show almost
identical features for both the 3MPA:11MUA and NMPA:11MUA SAMs. Indeed, the immobilization of a small molecule
like biotin does not lead to appreciable variations in the optical
density; hence, it cannot be tackled with enough sensitivity in
SPR experiments.37 Better suited to study the diﬀerent
reactivities of the two surfaces is the ATR-IR spectroscopy.
The two SAMs’ structures and relevant spectra are compared
in Figure 1. In particular, a schematic representation of the
3MPA:11MUA and NMPA:11MUA SAM chemical structures
before (Figure 1a,d) and after biotinylation (Figure 1b,e) is
shown along with their ATR-IR spectra (Figure 1c,f). The
wavenumber positions for all the peaks identiﬁed in the spectra
are summarized in Table S1.
The ATR-IR spectrum of the 3MPA:11MUA SAM (Figure
1c, spectrum 1) exhibits characteristic features associated with
the presence of carboxylic acid moieties: CO stretching at
1720 cm−1, asymmetric and symmetric carboxylate stretching
vibrations at 1570 and 1438 cm−1, respectively. A shoulder
around 1470 cm−1, attributed to a methylene bending signal,
can be observed close to the carboxylate symmetric stretching
band. After biotinylation, the SAM (Figure 1c, spectrum 2)
exhibits an intense band between 1750 and 1600 cm−1 ascribed
to the overlap of several signals. In fact, by comparison with
literature data on similar samples43−45 and spectrum 1, speciﬁc
contributions can be discriminated. Similarly to the attribution
performed in spectrum 1, the CO stretching, associated with
the presence of unreacted carboxylic functionalities, falls at
1720 cm−1. The very broad absorption between 1700 and 1600
cm−1 is the result of at least three diﬀerent components falling
in this region (Table S1): the biotin ring CO stretching45 at
1699 cm−1 and both the aliphatic amide CO (amide I)
stretching43,44 and N−H bending of the biotin ring45 at 1651
cm−1. The band centered at 1550 cm−1 is assigned to aliphatic
amide N−H bending (amide II). Signiﬁcant diﬀerences
between spectra 1 and 2 appear also in the 1500−1400 cm−1
range as a consequence of the reaction of both 11MUA and
3MPA carboxylic moieties leading to amide formation. In fact,
in spectrum 2, the carboxylate symmetric stretching (1438
cm−1) disappears whereas the C−H bending (1460 cm−1)

Figure 2. ATR-IR spectra in the region of 1850−1500 cm−1 for (a)
3MPA:11MUA biotinylated SAM, (b) NMPA:11MUA biotinylated
SAM, and (c) pentylamine biotin. The black dashed line indicates the
biotin ureido CO stretching, whereas the red one highlights the
NMPA amide II position.

SAMs as well as for the precursor used for biotinylation
pentylamine-biotin (Figure 2c). A large absorption around
1700 cm−1 is observed in Figure 2a, consistent with the main
band being associated to the ureido CO stretching of the
biotin ring (Figure 2c, indicated by a black dashed line). This
is in agreement with the IR signals reported in the literature for
biotin.45 Such a large signal could be indicative of a higher
amount of biotin immobilized on the 3MPA:11MUA SAM
surface, which is compatible with the availability for
16765
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biotins on the gold surface can be reasonably assumed.
Considering that SA is a tetrameric protein capable of binding
up to two biotins anchored on a surface, an N/2 maximum
number of SA molecules is needed to saturate all the binding
sites. The highest SA concentration chosen (1.6 μM) assured a
supply of analyte molecules well in excess of the available
binding sites.
The sensograms in Figure 3 show that a higher angle shift is
generally observed at each SA exposure, even at low
concentrations, for the NMPA:11MUA biotinylated SAM
(Figure 3, curve b) as compared to the 3MPA:11MUA
biotinylated SAM (Figure 3, curve a). This feature is better
detailed with the analysis presented in Figure 4. Here, the SPR

biotinylation of both 3MPA and 11MUA. In the case of the
NMPA:11MUA SAM, no signiﬁcant increased signal in this
spectral area is recorded after biotinylation (Figure 2b). The
comparison of the spectra of the two biotinylated SAMs clearly
evidences that the two protocols generate completely diﬀerent
interphases, which is consistent with the representation given
in Figure 1b,e: a higher amount of biotin is anchored on the
3MPA:11MUA sample, which leads to a less controlled
chemical structure, particularly for the short-length chains.
Here, unreacted chains (pristine 3MPA), biotin-conjugated
3MPA (B-3MPA), and only few molecules of NMPA
generated during the last functionalization step with ethanolamine can be assumed to be present on the basis of the
acquired IR spectrum. Moreover, a large diﬀerence in the
aliphatic N−H bending (amide II, highlighted with the red
dashed line in Figure 2a,b) associated to NMPA can be
observed between spectra in Figure 2a,b. In fact, the amide II
absorption in Figure 2b is much more pronounced than in
Figure 2a, being also quite sharp. This behavior has already
been found in similar 3-mercapto-N-pentadecylpropionamide
SAMs.30 In fact, the inversion in the relative intensity between
the amide I and amide II signals, as shown in Figure 2b, can be
explained in terms of speciﬁc directions of the transition dipole
moments for amide IR vibrations. NMPA chains in the
biotinylated NMPA:11MUA SAMs are oriented in a nearly
perpendicular conﬁguration where the amide I dipole lies
almost parallel to the gold surface thus being extremely
attenuated for the IR surface selection rule and the amide II
dipole is oriented perpendicularly thus resulting in a strong
peak.46−48 By contrast, the amide II absorption band in Figure
2a is not particularly intense because of limited formation of
NMPA as well as possible diﬀerent chain orientations.
Given the diﬀerences between the two biotinylated SAMs
evidenced by ATR-IR study, SPR experiments were performed
to explore their detection capability toward the SA target
analyte. The typical sensograms (SPR angle shift vs time)
obtained exposing the biotinylated SAM-modiﬁed gold chips
to increasing concentrations of SA (500 pM−1.6 μM) are
given in Figure 3. The alkanethiol packing on gold is 7.6·10−10
mol/cm2;49 hence, a number as high as N = 1013−1014 of

Figure 4. SPR angle shift response vs streptavidin concentration.
Comparison of the responses of the two biotinylated SAMs:
3MPA:11MUA (a, red open squares) and NMPA:11MUA (b, black
open circles). Reproducibility error bars are taken as one standard
deviation over three replicates measured on three diﬀerent SPR
biofunctionalized slides. The solid lines are the result of the ﬁtting
(see main text for details).

angle shift response (Δθ) versus the streptavidin concentration
(semi-log scale) is shown for the two biotinylated SAMs. The
reproducibility error bars are taken as one standard deviation
over three replicates measured on three diﬀerent SPR
biofunctionalized slides. The solid lines in Figure 4 are the
result of a ﬁtting against the Hill’s equation:50,51
Y = Vmax ·

Xn
kn + X n

(1)

where Y = Δθ, X = [SA], n is the Hill parameter, and k is the
apparent dissociation constant, i.e., the analyte concentration
corresponding to half of the maximum response (Vmax) or,
equivalently, half-occupied binding sites. For the assay
performed on the 3MPA:11MUA SAM (Figure 4, a) the
following ﬁtting parameters are derived: k = (2.3 ± 0.2) × 10−8
M and n = 1.5 ± 0.1. Considering that the dissociation
constant kd is equal to kn, a value of 6.2 × 10−12 M was
estimated. For the NMPA:11MUA SAM (Figure 4, b), the
ﬁtting parameters are k = (3.3 ± 0.2) × 10−8 M and n = 1.8 ±
0.2, resulting in a kd ≈ 1.6 × 10−14 M. The Hill parameter, n,
reﬂects the degree of cooperativeness of the target molecules
interacting with the binding sites; n = 1 holds for a noncooperative binding, while n > 1 and n < 1 apply for positive
and negative cooperativity, respectively.52 For both systems a
Hill coeﬃcient n > 1 was observed, which means that a positive
cooperativity in the biotin−streptavidin interaction occurred.
This is in agreement with what was already reported.51,53 From

Figure 3. SPR real-time monitoring of streptavidin binding to
biotinylated mixed SAMs obtained starting from the (a) 3MPA:11MUA or (b) the NMPA:11MUA solutions. The black arrows indicate
the injection of streptavidin solutions in the 500 pM−1.6 μM
concentration range. The blue arrows indicate the PBS washing steps
to remove the streptavidin excess. SPR angle values were measured
taking as of zero level (oﬀset) the angle measured in PBS.
16766
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the response to the target analyte (black circles). Nonspeciﬁc
adsorption of BSA is observed only in the micromolar range
though being below 28% of the SA response level at the same
concentration. Moreover, the limit of detection (LOD) of the
SA assay was estimated to be 2.6 ± 0.8 nM (see the Supporting
Information for details). Over the same concentration range,
the response observed for the 3MPA:11MUA biotinylated
SAM (Figure 6, open circles) was considerably lower than that

the data in Figure 4, it can also be inferred that the biotinylated
NMPA:11MUA SAM has a higher aﬃnity toward SA, reaching
kd values similar to those reported for the biotin−SA binding in
solution.41,54
The SPR study shows also a diﬀerent SA coverage for the
two SAMs. In fact, the SPR technique enables the evaluation of
the surface coverage (Γ in ng/cm2) by relating the plasmon
resonance angle shift Δθ to the amount of adsorbed ligands by
means of the de Feijter’s equation (eq 2). Here, the surface
coverage is estimated as the ratio of the optical thickness of the
deposited ligand (D0) and the refractive index increment (dn/
dC).
Γ = D0( dn dC )−1

Article

(2)

where the optical thickness is equal to D0 = d(n − n0) = dkΔθ
with d being the average layer thickness and k the wavelengthdependent sensitivity coeﬃcient.40,41 For thin layers and with a
source wavelength of 670 nm, the product k × d ≈ 1.0 × 10−7
cm/deg. and dn/dC ≈ 0.182 cm3/g.24 Therefore, eq 2
becomes:
Γ = Δθ × 550 (ng/cm 2)

(2a)
Figure 6. Angle shift vs analyte concentration for the 3MPA:11MUA
biotinylated SAM. The SPR response is shown for both the aﬃnity
ligand and streptavidin (red circle) and for an interferent, BSA (blue
squares).

A maximum surface coverage of Γ = (114 ± 4) ng/cm was
calculated from the Vmax value obtained from the Hill’s ﬁtting
of the dose curve (a) in Figure 4. It corresponds to (1.14 ±
0.04) × 1012 molecules/cm2. From the ﬁtting of curve b in
Figure 5, a maximum surface coverage of Γ = 252 ± 8 ng/cm2
2

reported when NMPA is used as alternative thiol. An LOD of 6
± 1 nM was estimated in this case. Moreover, the exposure to
BSA is particularly critical for the 3MPA:11MUA biotinylated
SAM (Figure 6, open squares). In this case, at high
concentrations, the responses to both the target analyte and
the interferent are very similar indicating the signiﬁcant
contribution of nonspeciﬁc binding. An estimation on the
surface coverage gained for BSA exposure was calculated to be
89 ± 1 ng/cm2 and 74 ± 8 ng/cm2 for biotinylated
3MPA:11MUA and NMPA:11MUA, respectively. Again,
reduced absorption of BSA is demonstrated for the latter
over the former. Comparable coverage (60−100 ng/cm2) has
been reported in similar assays in which BSA was used for
nonspeciﬁc binding tests.56,57 This is a good starting point for
tests in real ﬂuids considering that albumin represents a major
component in sera.58 Therefore, the diﬀerent compositions of
the two biotinylated surfaces seem to aﬀect drastically the
nonspeciﬁc binding as better selectivity is found for the SAM
holding the hydroxyl terminal functionality on short chains
(NMPA:11MUA-based sample), which could protect the
surface from spurious physisorption.19 The main ﬁgures of
merit relevant to the two biotinylated surfaces for SA sensing
are reported in Table 2 for direct comparison. It should also be
highlighted that similar biotinylated SAMs employed in SPR
sensors for SA detection achieve comparable36 or even higher
LODs in the order of 5−20 nM.59,60 Lower detection limits
could be reached by signal ampliﬁcation with gold nanoparticles.61
In order to provide a molecular explanation of the observed
diﬀerent performance levels, we performed MD simulations on
a system reproducing a SAM resulting from a NMPA:11MUA
functionalization strategy (SAM-1) and four systems mimicking a 3MPA:11MUA functionalization strategy (SAM-2, SAM3, SAM-4, and SAM-5). Notice that the number of biotinconjugated 3MPA (B-3MPA) increases in going from SAM-1
(number equal to 0) to SAM-5 (number equal to 654, Table

Figure 5. SPR angle shift vs analyte concentration for the biotinylated
SAM (NMPA:11MUA) exposed to the aﬃnity ligand, streptavidin
(black open circles), and an interferent, BSA (blue open squares).

was calculated, corresponding to (2.5 ± 0.1) × 10 12
molecules/cm2. The latter value is closer to a theoretical
density of approximately 3.2 × 1012 molecules/cm2 of highly
packed streptavidin molecules of a size of 5.4 × 5.8 × 4.8
nm.37,55 Moreover, saturation is reached at approximately 100
nM, which corresponds to ca. 1012 SA in a 100 μL volume of
the SPR cell. This shows that almost all the SA molecules in
the available volume are attached to the surface. This is a
rather important piece of evidence that shows how the
diﬀusion of SA in the relatively large volume plays a very
negligible role.
The biotinylated surfaces were tested also against a possible
interferent, bovine serum albumin (BSA), to evaluate the
selectivity of the system. In Figure 5, the SPR response Δθ to
increasing BSA concentrations is reported for the biotinylated
NMPA:11MUA SAM (blue squares) and it is compared with
16767
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Table 2. Analytical Figures of Merit of the Two Diﬀerent Biotinylated SAMs (3MPA:11MUA and NMPA:11MUA) for SA
Detectiona
sample

RSD%, n = 3

LOD (nM)

sensitivity (°/M)

selectivity (ΔθBSA/ΔθSA)

3MPA:11MUA SAM
NMPA:11MUA SAM

±2
±1

6±1
2.6 ± 0.8

(4.9 ± 0.2) × 106
(5.8 ± 0.1) × 106

0.75
0.29

a

The percentage relative standard deviation (RSD%) was estimated over n = 3 (n = number of independent experiments on three diﬀerent
biotinylated SPR chips). The limit of detection (LOD) and sensitivity (slope) were calculated from the linear ﬁttings as reported in the Supporting
Information (Figure S8). The selectivity was expressed as a ratio between the angle shift (Δθ) observed for the interferent (BSA) over that for the
analyte, taking both at the highest concentration (1.6 μM).

short-chain dilution thiol. In this way, biotin immobilization
was speciﬁcally driven only on the long-chain alkyl thiol. The
protocol eﬃciency was demonstrated by both ATR-IR and
SPR characterizations by comparison with a very similar
biotinylated SAM prepared from commercial sources. Using
the SA/biotin pair as a model system, the importance of proper
tuning of surface moieties was proven on the sensing ﬁgures of
merit. Finally, MD computations suggest a link between the
observed performance and the occurrence of interchain
interactions within the investigated mixed SAMs. It was
demonstrated that ex situ synthesis of NMPA limits
considerably the occurrence of nonspeciﬁc binding, thus
improving the biosensing platform selectivity. This strategy,
based on the harmonic use of experimental and theoretical
approaches, could pave the way for the design and development of more robust and reliable interfaces for the further
assembly of more sophisticated biorecognition elements of
application in ultrasensitive devices. Further studies based on
scanning probe microscopies combined with surface spectroscopic techniques will be performed to shed light on the
modiﬁed surface architectures and biomolecule immobilization.

1). An in-depth analysis of the obtained trajectories was
performed focusing the attention on biotinylated 11MUAs
(hereinafter referred to as B-11MUAs), namely, the chains
likely playing the major role in the biorecognition process.62,63
More speciﬁcally, we computed for each system (i) the average
number of stable H bonds (occupancy of >10%) that a B11MUA establishes with the neighboring chains, (ii) the
average value of root main square ﬂuctuations (RMSF)
computed for all the B-11MUAs belonging to the investigated
system. The obtained data depict a trend illustrated in Figure
7: the higher the number of B-3MPAs in the system, the higher
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Figure 7. Dependence of the average number of stable H-bonds
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the average number of H bonds established by B-11MUA.
More speciﬁcally, an in-depth visual inspection of the
trajectories revealed that long (B-11MUA) and short (B3MPA) biotinylated chains can strongly interact via H bonds
involving their biotin portion. In other words, increasing the
number of B-3MPAs in the system increases the risk that B11MUAs is involved in strong H-bond interactions before SA
anchoring takes place. As evident in comparing the computed
RMSF values for all the investigated systems (Figure 7), such
interchain interactions are responsible for signiﬁcant reduction
of the B-11MUA conformational freedom and hence
availability to bind SA. Building on these data, it is possible
to speculate that, by avoiding the interactions between B11MUA and B-3MPA, the NMPA:11MUA functionalization
strategy allows for the development of a mixed SAM whose B11MUAs are much more accessible for the SA binding.
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