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Low-fouling SPR detection of lysozyme and aggregates 

Iuliana Mihai,a AlisVezeanu,a Cristina Polonschii,a Sorin David,a 
Szilveszter Gaspar,a Bogdan Bucur,b Christophe Blaszykowski,c Sonia 
Sheikh,c 

 Michael Thompsonc and Alina Vasilescua  

Protein aggregates adsorb to material surfaces in a different manner than protein monomers 
and pose additional challenges for biosensor development with regards to non-specific 
adsorption (NSA). In this context, we describe herein the performance of a new antifouling 
thiol in a sensor coating resistant to NSA from lysozyme monomer and aggregates. Coatings 
were prepared as mixed self-assembling monolayers (SAM) using a long polyethylene glycol 
carboxyl-terminated thiol (“PEG-COOH”) for the first time in conjunction with a shorter 
monoethylene glycol hydroxyl-terminated diluent thiol (“MEG-OH”). SAMs and their 
antifouling properties were characterized with a variety of surface analysis techniques. A key 
result was that the cleaning procedure drastically affects the anti-fouling properties of resulting 
MEG-OH based SAMs. Mixed PEG-COOH/MEG-OH SAMs formed on borohydride cleaned 
interfaces are able to reduce lysozyme NSA by > 90% compared to bare gold, a remarkable 
performance also displayed for oligomers regardless of their stage of aggregation. 
Gratifyingly, subsequent SAM functionalization with an anchoring layer of neutravidin for the 
preparation of a lysozyme sensor did not significantly alter the antifouling properties of the 
resulting assembly. The limit of detection for monomeric lysozyme by surface plasmon 
resonance was 0.3 µg/mL with a dynamic range of 3-50 µg/mL (R2 = 0.9993). The sensitivity 
of the technique for aggregated lysozyme was almost two times higher than that for protein 
monomer. 
 

 

 

 

 

 

 

 

Introduction 
Amyloid fibrils, which are a hallmark of neural diseases such as 

Alzheimer’s, can be studied in vitro using model proteins such as 
lysozyme. Current research encompasses two main directions, 
firstly, characterization of the formation of amyloid deposits together 
with associated toxic intermediary species1,2 and, secondly, the 
screening of small molecules able to disrupt or prevent protein 
fibrillation3,4. These studies require techniques which are capable of 
the detection of relevant aggregated species, a difficult task 
considering the stochastic nature of the aggregation process. 

 Biosensors have emerged as an alternative to classic ELISA 
tests, in particular those based on EIS or SPR offering the advantage 
of label-free, real time monitoring of the aggregation process5. The 
architecture of typical biosensor is composed of a sensitive and 
specific biorecognition element (i), immobilized on a surface coating 
showing resistance to non specific adsorption of oligomers and 
fibrils (ii) and an interface that ensures  sensitive detection and can 
be easily functionalised (iii). One key issue in these analytical 

devices is the availability of probes that are able to specifically bind 
oligomers/aggregates6. A popular strategy employed for the 
fabrication of SPR biosensors that both incorporate a probe for 
detection and an anti-fouling interface is self-assembling monolayer 
(SAM) chemistry7-11. With regard to the basic structure of the 
biosensor, although the traditionally used gold interfaces can be 
easily coated with SAMs of thiols, surface preparation critically 
influences the properties displayed by the resulting coatings. 
Consequently, designing a successful biosensor should consider all 
three aspects mentioned above. 

One process that has been extensively employed as a model 
associated with the formation of amyloid fibrils12-14 is  the in vitro 
aggregation of hen egg lysozyme. Lysozyme is a small protein of 
14.4 kDa that can be found in biological fluids such as blood, urine, 
saliva and tears, with the human version being associated with 
hereditary amyloidosis leading to liver and kidney diseases15. With 
regard to detection science and biorecognition elements, several 
aptamer sequences have been selected so far for this protein16-18, 
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which have allowed the development of new analytical methods 
based on biosensor technology19-21. However, as is the case for many 
biosensors, a major challenge for application of the protein is the 
non-specific adsorption problem. (Interestingly, lysozyme, which 
has a high isoelectric point (pI=11) and is positively charged over a 
wide pH range, has been used widely as a model protein in terms of 
the characterization of materials capable of the resistance of 
fouling7,22.  

Among the many different types of such surface modifiers 
reported over the years to form antifouling coatings, long-chain 
PEG-based constructs constitute historically the gold standard to 
prepare so-called bio-inert surfaces23-27, although the mechanism that 
lies behind the efficacy of such chemistry is still the subject of 
debate. More recently, it has been demonstrated that significantly 
shorter chain monoethylene glycol (MEG-OH) surface modifiers can 
be employed successfully in order to reduce fouling9,28. 

In the present paper, we report the development of a new 
sensor coating based on a SAM formed from a binary mixture 
of thiolated MEG-OH and a long carboxyl-terminated thiol, 
incorporating six ethylene glycol groups, the latter being used 
to attach an aptamer.  Coatings were characterized by a variety 
of surface analysis techniques including contact angle 
goniometry, cyclic voltammetry, electrochemical impedance 
spectroscopy and atomic force microscopy. The antifouling 
properties of the MEG-OH SAM with respect to the adsorption 
of lysozyme monomer and aggregates was measured using 
surface plasmon resonance (SPR). An application for the 
detection of lysozyme aggregates based on specific recognition 
using an aptamer is also included. 

 

 

Experimental 
 

Reagents 

Lysozyme (from chicken egg white) was purchased from 
Sigma-Aldrich. The thiol 32-mercapto-3,6,9,12,15,18,21-oxa-
dotriacontanoic acid (HS(CH2)11(OCH2CH2)6OCH2COOH, “PEG-
COOH”) was purchased from Prochimia Surfaces – Poland. 5-
mercapto-3-oxa-pentanol HS(CH2)2O(CH2)2OH (“MEG-OH”) was 
synthesized at the University of Toronto, Department of Chemistry 
(Toronto, Ontario, Canada) and characterized elsewhere [27]. 
Hydrogen peroxide was purchased from Carl Roth, potassium 
hexacyanoferrate (III) from Merck, aluminum oxide powder (0.35-
0.49 µm particle size) from Alfa Aesar and neutravidin from Pierce. 
The lysozyme aptamer – with the 5’-GGG AAT GGA TCC ACA 
TCT ACG AAT TCA TCA GGG CTA AAG AG-3’ sequence 
including a 24 base polythymine linker and biotinylated at the 5’ end 
– was obtained from Integrated DNA Technologies. All other 
reagents were from Sigma-Aldrich and used as received unless 
otherwise noted. Lysozyme oligomers were produced from a 10 
mg/mL solution of lysozyme subjected to forced aggregation 
according to a previously described protocol29. Aliquots taken at 
several time intervals from this solution corresponded to different 
stages of aggregation. 
 
SAM preparation 

Gold electrodes for electrochemistry experiments (Metrohm, 3 
mm in diameter) were polished with aluminum oxide powder, 
ultrasonicated in ethanol for 20 s and then immersed in hydrogen 
peroxide for 15 min. An electrochemical cleaning was next carried 
out by cyclic voltammetry in 0.5 M H2SO4 (from -0.4 to +1.6 V with 
a scan rate of 100 mV/s) for at least 15 cycles – until the typical 
voltammogram of clean gold was observed. 

Gold chips for SPR analysis were cleaned using two different 
procedures. In the first protocol, chips were kept for 24 h in a 1:10 
hypochlorite aqueous solution, then for 10 min in a 0.5 M NaBH4 
solution (prepared in a 1:1 mixture of water and ethanol). In the 
second protocol, chips were also initially kept for 24 h in a diluted 
hypochlorite solution (1:10), followed by 10 min in a 1:1 NaOH: 
H2O2 mixture, then 10 min in acetone.  

After rinsing several times with copious amounts of water and 
ethanol, gold electrodes and chips were dried under a gentle stream 
of nitrogen then immersed immediately in one of the following thiol 
solutions prepared in ethanol: 1) 1 mM MEG-OH for 30 min, 2 h or 
2 days; 2) 50 µM PEG-COOH for 2 days; or 3) PEG-COOH/MEG-
OH (1:20) for 2 days. 

 
Instrumental characterization 

Static contact angles (CA) were measured with a CAM 100 
goniometer (KSV Instruments) and water as the test liquid. CA 
values were generated using the CAM 100 software. 

Gold surfaces, bare or modified with either a PEG-COOH or a 
PEG-COOH/MEG-OH mixed SAM were studied by atomic force 
microscopy subsequent SPR detection of lysozyme aggregates. This 
protocol allowed a direct comparison of SPR response with actual 
physical NSA. AFM scans were obtained in air using a Nanowizard 
II AFM instrument (JPK) operating in tapping mode with an Arrow 
NC cantilever (NanoWorld AG, ~285 kHz resonant frequency, ~ 42 
N/m constant forces). 

 
Electrochemical detection 

All experiments were performed using a VSP 
potentiostat/galvanostat from Bio-Logic S.A (France) equipped with 
EC-Lab software. A classic 3 electrode setup was employed that 
included an Au working electrode, a Pt counter electrode and a 
Ag/AgCl, KCl (3 M) reference. 

Cyclic voltammetry (CV) was performed in a cell containing 1 
mM K3[Fe(CN)6] in phosphate buffered saline (PBS) pH 7.4 from -
0.2 to +0.6 V with a scan rate of 100 mV/s. Electrochemical 
impedance spectroscopy (EIS) was performed in PBS pH 7.4 
containing 1 mM K3[Fe(CN)6] and 1 mM K4[Fe(CN)6], at the formal 
potential of this redox couple on a clean gold electrode (~ 0.220 V 
vs. Ag/AgCl, 3 M KCl) over which was applied a sinusoidal signal 
with an amplitude of 10 mV and frequency range from 9.5 kHz to 1 
Hz. Data were fitted with a Randles equivalent circuit using the Z Fit 
software included in the EC-Lab package. Electrodes for EIS 
analysis were exposed for 15 min to a 1 mg/ml lysozyme solution in 
PBS pH 7.4, then rinsed with distilled water for 5 min under 
magnetic stirring. EIS measurements were also performed before 
incubation. 
 
Surface plasmon resonance detection 

SPR measurements were performed on a modified Spreeta 
TSPR2K23 sensor (Texas Instruments). The system was equipped 
with a two-channel polydimethylsiloxane flow cell, which allows for 
delivery of the analyte solution to the sensing surface. Details and 
fabrication of the SPR chips are described elsewhere30. Two buffer 
solutions were used for testing the NSA of lysozyme and oligomers: 
(1) PBS pH 7.4 and (2) 20 mM Tris–HCl pH 7.4 with 100 mM NaCl 
and 5 mM MgCl2. SAM-coated gold chips were first allowed to 
equilibrate with running buffer for 20-30 min at 100 µL/min. NSA 
measurements were then carried out in two different ways. First, a 
fresh solution of 1 mg/mL lysozyme in PBS was injected for 15 min 
at a rate of 30 µL/min. Next, the SPR cell was rinsed for 10 min with 
PBS buffer (100 µL/min). The difference in baseline before injection 
of lysozyme and after rinsing with buffer (∆RU) was considered as 
an indicator of NSA. Second, solutions of lysozyme and oligomers 
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(30 µg/mL in TRIS buffer pH 7.4) were injected for 5 min at 100 
µL/min. The SPR cell was next rinsed with running buffer for 
another 5 min at the same flow rate. The difference in baseline 
before protein injection and after rinsing (∆RU) was considered as 
an indicator of NSA. For experiments involving successive sample 
injections, sensing surfaces were regenerated on-line with short 
pulses of 50 mM NaOH and 0.1 M glycine pH 2, until the SPR 
signal returned to its original baseline. In order to obtain lysozyme 
oligomers, a 10 mg/mL solution of lysozyme was subjected to forced 
aggregation according to a previously described protocol29. Aliquots 
taken at different time intervals corresponded to different stages of 
aggregation. For calibration with various concentrations of lysozyme 
(0.1 to 200 µg/mL), measurements were performed for 5 min at a 
flow rate of 100 µL/min. 

 

Results and discussion 

 

 Non-specific adsorption of monomeric lysozyme  

Prior to investigation of lysozyme adsorption, the chemistry of 
the thiol species on gold was examined. The changes in 
electrochemical properties of gold upon modification with both short 
and long-chain thiol SAMs measured by CV and EIS are illustrated 
in Figs. 1 a  and b.  
 

 
 

 
 

Figure 1. a) Cyclic voltammograms of a 1 mM potassium 
ferricyanide solution in PBS for cleaned, bare (blue), MEG-OH 
SAM-coated (red), PEG-COOH/MEG-OH mixed SAM-coated 
(green) and PEG-COOH SAM-coated gold electrodes (black). The 
immersion time for SAM formation was 48h. b) EIS Nyquist plots 
for cleaned, bare gold (solid blue), MEG-OH SAM before (solid red) 
and after (dashed red) exposure to lysozyme, as well as PEG-
COOH/MEG-OH mixed SAM before (solid green) and after (dashed 
green) exposure to lysozyme. Incubation conditions were 15 min in 
PBS pH 7.4 with a lysozyme concentration of 1 mg/mL. 

 

Compared to the expected fast electron transfer of ferricyanide 
on a bare gold electrode, the separation between oxidation and 
reduction peaks (∆Ep) increases for electrodes coated with MEG-OH 
and mixed PEG-COOH/MEG-OH SAMs from 72 (± 1) mV to 119 
(± 3) mV and 187 (± 67) mV, respectively. The higher resistance to 
electron transfer due to the presence of intercalated MEG-OH or 
PEG-COOH/MEG-OH SAMs was also reflected in evident changes 
in the EIS spectra (depicted in the Nyquist plot, Fig. 1b). Impedance 
data were fitted with a classic Randles equivalent circuit 
encompassing bulk solution resistance (RS), constant phase element 
(CPE – models the electrical double layer at the electrode-solution 
interface), Warburg impedance (W – accounts for the diffusion of 
active species to the electrode surface) and charge-transfer resistance 
(RCT) components.  

Upon SAM formation, the impedance alters (Fig. 1b), the RCT 
being the most sensitive parameter to interfacial changes. As 
expected, monomolecular MEG-OH coatings display significantly 
lower RCT compared to mixed coatings obtained by incorporation of 
the long PEG-COOH thiol (2089 ± 787 Ω and 4548 ± 842 
Ω respectively). Thus, the variation of RCT upon adsorption of 
lysozyme was taken as an indicator of non-specific adsorption. 
 
Table 1. Changes in optical (∆RU) and electrochemical (∆RCT) 
properties respectively measured with SPR and EIS for bare and 
various SAM-coated gold surfaces upon incubation with lysozyme. 
 

Coating 
SAM 

formation 
(h) 

SPR EIS 

∆RU ∆RCT (Ω) 

bare gold 0 757 ± 148 
39191 ± 
10999 

MEG-OH 0.5 307 ± 112 3928 ± 615 
MEG-OH 2 389 ± 193 3672 ± 202 
MEG-OH 48 286 ± 125 2785 ± 717 

PEG-
COOH/MEG-

OH 
48 486 ± 31 2375 ± 610 

PEG-COOH 48 191 ± 36 N/A* 
* The RCT value for the monomolecular PEG-COOH SAM was so 
large, already before incubation with lysozyme,that accurate faradaic 
EIS measurements could not be performed31.  

 

 Table 1 shows the increase in RCT upon adsorption of lysozyme 
on the thiol-coated surfaces is very small (< 10%) compared to bare 
gold. Together with SPR results, summarized in Table 1, the results 
show an obvious, efficient reduction of lysozyme NSA upon coating 
the gold interfaces with either monomolecular MEG-OH, PEG-
COOH or mixed PEG-COOH/MEG-OH SAMs. The adsorbed 
protein amount estimated by SPR32 (1RU corresponds to 1 pg 
protein/mm2.) is lowered by 36-75% (Table 1) compared to 
unmodified gold. The antifouling behaviour of the thiol containing a 
single ethylene glycol group is remarkable and consistent with 
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previous work33. This result stands in contrast with the prevailing 
view that the antifouling capacity of SAMs increases significantly 
with the number of ethylene glycol  groups34. 

With regard to the time of formation of SAM,  the data in Table 
1 reveal that the resistance to protein adsorption provided by the 
monomolecular MEG-OH SAMs produced after 48h, 2h or only 
0.5h is not significantly different, suggesting that MEG-OH SAM 
formation occurs rapidly. Additionally, analysis of EIS data by 
ANOVA shows that mixed PEG-COOH/MEG-OH SAMs have 
similar low-fouling properties as monomolecular MEG-OH SAMs 
as judged from the observed changes of the resistance to charge 
transfer at the interface. 

Finally, with regard to the NSA behaviour of SAMs on gold it 
is necessary to discuss experiments we conducted on the role played 
by cleaning procedures employed for the metal. Data regarding 
systematic investigations of cleaning procedures for SPR chips is 
scarce. The procedures typically used for cleaning gold electrodes 
are either too aggressive or difficult to implement with thin (50 nm) 
gold films35. A recent report found that cleaning in oxygen plasma 
lead to better SPR transducers than surface pre-treatment with 
organic solvents, piranha or KOH35. On the other hand, a “milder’ 
method has been described for the cleaning of Au nanoparticles36, 
which is  based on the use of sodium borohydride. We hereby 
investigated two different approaches for cleaning SPR interfaces: 
(1) a reducing treatment using sodium borohydride (NaBH4)

36,37 and 
(2) a basic, oxidative treatment using a mixture of sodium hydroxide 
and hydrogen peroxide38. Contact angle goniometry revealed that 
cleaned gold SPR chips displayed a rather pronounced hydrophobic 
character with contact angles of 87 ± 2º (n = 3) and 76 ± 2º (n = 3) 
upon NaBH4 and NaOH/H2O2 treatments, respectively. In 
comparison, the coatings – which present distal OH and/or COOH 
polar groups – were more hydrophilic with contact angles of 
respectively 27 ± 7º and 37 ± 1º for the monomolecular PEG-COOH 
and MEG-OH SAMs, and 42 ± 4º for the PEG-COOH/MEG-OH 
mixed SAMs.  

 

Figure 2. SPR signal due to adsorption of 1 mg/mL lysozyme at pH 
7.4 on gold surfaces cleaned with NaBH4 and coated with SAMs 
formed from MEG-OH, PEG-COOH and a mixture of 1: 20 PEG-
COOH/MEG-OH thiol. Inset: results for surfaces cleaned with 
NaOH: H2O2, prior to immersion in thiol.. Non-specific signal of 
lysozyme on clean gold was 750 ± 216 RU 

Importantly, the NaBH4 treatment proved very effective, as 
compared to the NaOH/H2O2 procedure (Fig. 2), for promoting the 
formation of MEG-OH-modified surfaces that reduce the level of 

lysozyme NSA.  This was not the case for PEG-COOH SAMs, a 
result which implies that the properties of oligoethylene glycol thiol 
SAMs with six ethylene glycol groups are not influenced by the 
surface density of the thiols, as contrasted with SAMs containing a 
lower number of EG groups.39 
 
3.2 Adsorption of lysozyme aggregates  

Protein aggregation is a complex dynamic process which 
represents a difficult challenge in terms of the detection of physical 
chemistry of species formation. In the present work, aggregation of 
lysozyme was induced in acidic conditions at high temperature as 
per a previously described protocol29. 

 
Figure 3. Progress of lysozyme aggregation monitored by 
Thioflavin T fluorescence. 

 
 Fluorescence spectroscopy performed with thioflavin T (Fig. 3) 

showed that the signal increases upon formation of fibrils due to the 
binding of the dye to the grooves of the beta-sheets in amyloid 
fibrils40. Using AFM, we show that solutions aggregated for 48 h 
contain protofibrils that adsorb significantly to both bare gold and 
PEG-COOH SAMs (a surface chemistry that satisfactorily resisted to 
NSA from protein monomers). This behavior is in stark contrast to 
the one observed for the PEG-COOH/MEG-OH mixed SAM for 
which protofibrils have low affinity (Fig. 4).  
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Figure 4. AFM analysis showing protofibril adsorption on bare (A), 
PEG-COOH SAMs (B) and PEG-COOH/MEG-OH mixed SAM-
coated (C) gold surfaces, submitted to a solution of lysozyme 
aggregated for 48 h. 

 
Compared to the monomer, lysozyme aggregates appear to 

expose new amino acids to their environment and, thus, adsorb to the 
sensor surface through a different mix of interactions. These are 
counteracted by the PEG-COOH/MEG-OH mixed SAM but not by 
the PEG-COOH SAM. It has been shown that native and aggregated 
protein present different affinities towards polyanions. Indeed, 
polyanions can increase the aggregation rate, bind tightly to 
preformed fibrils, and stabilize the aggregated state of proteins 
(through compensation of electrostatic repulsion41. On the other 
hand, the pKa of ω-carboxyl alkane thiols increases when such thiols 
are self-assembled into monolayers42,43 and carboxylic acid-ended  
SAM display multiple bridged/unbridged structures at a water 
interface44.  
 
SPR-aptamer based selective detection of lysozyme and 

aggregates 

    Prior to selective detection experiments using SPR a measure of 
quality assessment of commercial SPR chips, based on calculation of 

a quality parameter Qp45, was conducted involving quantification of 
changes in SPR signals over time (Fig. 5).  
 

 
  
Figure 5. Evolution of the SPR curves (A) from which the quality 
parameter Qp was calculated45, with repetitive measurements during 
4 days (B). 
 

This evaluation leads us to conclude that only very small 
changes occur in the SPR curve (and by consequence in the 
properties of the interface) after the first day of use. The sensor 
interface could be used for 3 days without significant loss in 
performance. 

 The design employed for the development of an SPR aptamer-
based detection system for the protein and aggregates is depicted 
schematically in Fig. 6 and was described in detail elsewhere29. In 
summary, this involves using a base of a mixed SAM followed by 
on-line attachment of the coupling agent for the probe, in this case, 
neutravidin. (The latter is bound to the SAM via well-established  
carbodiimide coupling chemistry46.) Further on, the attachment of 
lysozyme aptamer is also done in flow, exploiting the strong affinity 
interaction between the biotinilated aptamer and the neutravidin 
surface. The SPR system comprises two channels, only one being 
modified with aptamer while the other was kept unmodified as 
reference, for the evaluation of NSA and of any variations in the 

analytical system. 
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Figure 6. Schematic representation of SPR-aptamer device 
construction: (1) Au interfaces coated with mixed SAM; (2) 
functionalization with Neutravidin; (3) immobilization of 
biotinilated aptamer; (4) analysis of lysozyme and aggregates 
 
  
Neutravidin is very useful agent for the attachment of biotinylated 
probes to device surfaces. While some reports found that 
neutravidin-functionalised interfaces display high resistance to 
cellular NSA47, others observed that such functionalization may 
cause NSA to significantly increase48. Consequently, we found its 
necessary to assess the nature of interaction of a neutravidin-
modified SPR chip with both lysozyme oligomers and monomeric 
lysozyme (Fig. 7). It is noteworthy that NSA of aggregated 
lysozyme solutions was remarkably low even for samples aggregated 
for 3 days, as opposed to previous results with a monomolecular 
PEG-COOH SAM29. In that study, although the thiol proved 
successful in terms of repelling monomeric lysozyme and other 
proteins, the non-specific adsorption displayed by aggregated 
solutions was at a significant level. This discrepancy was confirmed 
by AFM as described in section 3.2. 

 
Figure 7. Variation of the SPR signal due to NSA of lysozyme and 
oligomers on unmodified PEG-COOH/MEG-OH mixed SAMs 
(green)  or functionalized with neutravidin (red) as a function of 
forced aggregation time (t = 0 corresponds to monomeric lysozyme). 
 

      With respect to selective binding onto aptamer-
functionalized surfaces, a calibration curve with a limit of detection 
of 0.3 µg/mL (21 nM), a dynamic range of 3-50 µg/mL (R2 = 
0.9993) and a sensitivity (slope of the calibration curve) of 17.01 (± 
0.32) RU·mL/µg could be constructed for non-aggregated lysozyme. 

Selectivity was assessed by challenging the aptasensor with 
several relevant proteins: cytochrome C (similar size and isolelectric 
points as lysozyme), myoglobin, bovine serum albumin and with the 
peptide calcitonin (Supplementary material Table S2 and Figure S1). 
The response for these proteins was less than 5 % of the signal for 
the same concentration of lysozyme (30 µg/mL). Interestingly, these 
proteins have been shown to form amyloid fibrils in vitro49-52, the 
MEG-OH surface might therefore be appropriate for such studies 
too, in conjunction with an adequate biorecognition element. 

The aptasensor provides fast response (10 minutes), can be used 
for repetitive determinations and is simpler compared to ELISA-a 
classic method based also on biorecognition, which requires several 
steps and incubation time up to 2 hours with the antibodies53. 

Moreover, the detection limit reported above is better than 
that of for an impedimetric aptasensor 20 , identical to that of a 
MIP-based SPR sensor54 and more than 3 times better than 
that of previous aptasensor developed by our group29. 
It should be noted that several sensors with significantly 
higher sensitivity (even with a limit of detection as low as 
2x10-14M), have been developed based on various detection 
principles, including EIS and SPR19-21,29, 54-60 (Supplementary 
material Table S1). Such sensitivity is generally achieved by a 
more sophisticated design, use of nanomaterials or signal 
amplification strategies. 

For example, for SPR sensors, a 10 pM detection limit 
was achieved in a competitive test using as a probe a 
polyclonal antibody with a low dissociation constant (14 
pM)55. For comparison, dissociation constants in the 2.8 -31 
nM range were reported for various lysozyme aptamers in 
solution16,18, while in the present study we calculated, by the 
kinetic titration method61 a dissociation constant of the 
immobilized lysozyme aptamer (Kd) of =837 nM. In another 
SPR sensor, recently described, sensitivity was achieved by 
modification of SPR interfaces with graphene21. Due to the 
very high surface- to- volume ratio of graphene, and the  high 
capacity displayed by  graphene for aptamer imobilization by 
simple π-stacking interaction, a detection limit of 0.5 nM was 
reached . 

Improving  the detection limit of our aptasensor will be 
the subject of future work. The aptasensor described here is 
based on a simple design with the main goal of illustrating 
one of the possible applications of gold interfaces coated with 
MEG-OH based SAMs.and proving the possibility of 
following the aggregation process of lysozyme in a specific 
manner with an aptasensor.  
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Figure 8. Typical SPR aptasensor response for (top) fresh 
monomeric lysozyme and (bottom) lysozyme aggregated for 48 h. 
For each graph, the continuous line corresponds to the measurement 
of specific binding performed with an aptamer-functionalized 
surface. The dashed line corresponds to the measurement of NSA on 
a neutravidin-only control platform. 
 
    The SPR response of the aptamer-modified sensor to both 
lysozyme  monomer and oligomers formed after 48 hours of 
aggregation is shown in Fig. 8 a and b. Notably NSA on neutravidin-
only control platforms represented only 5 to 12% of the signal 
obtained for specific binding on aptamer-modified surfaces. As to be 
expected, given the alteration in optical mass of an oligomer 
compared with a monomer, the signal is greater with aggregated 
species. The slope of the calibration curve in the range 3-50 µg/mL 
obtained with six solutions of different concentrations of 48 h-
aggregated lysozyme was 30 RU·mL/µg,  compared to 17 
RU·mL/µg for non-aggregated lysozyme. One reason for such 
behavior is related to the use of mixed thiol matrix, which offers a 
low–fouling interface. Since the signal obtained with the aptamer is 
corrected by the non-specific signal, the new coating allows higher 
absolute responses for aggregate solutions of lysozyme than the 
previous coating tested, the monomolecular PEG-COOH29.  
 

Conclusions 

SAMs prepared with a recently described monoethylene glycol 
thiol molecule are shown to be very effective at suppressing the 
non-specific adsorption of not only lysozyme but also its 
aggregates, whether the coating was of the monomolecular 
nature or incorporated a longer, carboxyl-terminated 
polyethylene glycol thiol cross-linker. It has also been 
confirmed that the gold substrate cleaning procedure plays a 
critical role on the resulting SAM protein repelling properties, 
sodium borohydride being particularly effective to this end. 
Importantly, low fouling by lysozyme was also displayed by 
mixed coatings functionalized with neutravidin that were used 
for the subsequent immobilization of a biotinylated lysozyme 
aptamer. The SPR-based aptamer sensor thus constructed 
allowed the detection of lysozyme with a limit of detection of 
0.3 µg/mL and a dynamic range of 3-50 µg/mL (R2 = 0.9993). 
The mixed PEG-COOH/MEG-OH SAM allowed for low 
fouling by lysozyme oligomers and fibrils and twice more 
sensitive specific detection of aggregates as compared to a 

previous system based on monomolecular PEG-COOH. While 
the detection limit could be further improved, the high specific 
SPR signal observed for aggregated lysozyme solutions opens 
the possibility for a future, more comprehensive study of 
lysozyme aggregation to be conducted. Additionally, MEG-OH 
based interfaces could be employed also for other proteins 
prone to aggregation, with an adequate pair of analyte-
biorecognition element.  
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