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Early diagnosis 

of cancer with 

ULTRAPLACAD 

project 

Chapter 1 

 

General Introduction 

DNA is the key of life and evolution for all living systems. The DNA and the order of its 

building blocks - namely the nucleotides adenine, cytosine, thymine and guanine - determine 

the taxonomic differences, from large Domains up to single Species. As any type of language, 

the combinations of specific nucleotides, which constitute the sequence of DNA molecules, 

genetically encode “words” with precise “meanings” and information. Understanding this 

encoded information as well as its variability is the ongoing work of genomics and genetics.1  

Just a single mutation in a DNA sequence may affect the biological processes linked to 

the genetic information and other biomolecules, altering both the biorecognition processes 

and the vital functions of the organism, often leading to defective genome syndromes.2 The 

treatment and follow-up of genetic disorders, such as diabetes or a malignant tumor, could 

benefit from a better detection of DNA molecules with defined target sequences and their 

single mutations. 

Nowadays, DNA biosensors have globally gained in importance due to their extended 

applicability ranging from biotechnology and biomedical applications3,4 to food safety and 

forensics.5-7 More recently, DNA biosensors, owing to their selectivity and sensitivity, have 

become the gold standard for the diagnosis and monitoring of several types of gene-related 

diseases, such as Crohn’s disease, multiple sclerosis, cystic fibrosis and cancer.8-11 The 

possibility to specifically detect target DNA biomarkers and their point mutations has 

increased the probability of performing reliable diagnostics at the very early stages, even 

before the appearance of symptoms. As reported by the World Health Organization (WHO), 

an “early detection of cancer greatly increases the chances for successful treatment”.12 

Towards this direction, large-scale projects have been funded by the European Union with 

the perspective of developing methodologies and biosensing devices for reliable and efficient 

DNA biomarkers detection/screening, such as ULTRAPLACAD,13 Liqbiopsens14 and 

BeyondSeq.15  

Among all types of DNA biosensors, surface-based ones have several advantages, such 

as fast purification steps, high sensitivity and reduced interferences.16,17 The translation of a 

biological binding event happening at the interface into an electrical/optical signal is dictated 
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by the transducer device. A variety of materials can be used to make an efficient and cost-

effective transducer. The choice for a material mainly depends on the physicochemical 

quantity that is detected (e.g., optical: refractive index change, color, fluorescence intensity; 

electrical: current, potential; gravimetric: mass change). At the same time, the chemical layer 

providing the biorecognition element at the transducer needs to work in concert with these 

materials, while at the same time preventing non-specific adsorption. Thus, the anchoring of 

an analyte-specific receptor at the transducer interface represents a critical step for the 

creation of the final biosensing surface.18 Hence, the control of the functionalization and 

physico-chemical nature of the biorecognition-transducing interface determines the outcome 

of the whole biosensing device.19  

Common strategies for probe immobilization at the biorecognition interface strongly 

depend on the type of substrate, mostly a single component or mixed thiol self-assembled 

monolayer (SAM) on gold,20-22 silanization on SiO2,23,24 and direct/mediated π-π stacking on 

graphene-like surfaces.25,26 Furthermore, the strategy to control the density of surface-

displayed probes is of utmost importance to acquire better sensitivity. The probe density 

provides binding sites for the analyte but at the same time affects the accessibility of the 

analyte towards the probe surface, due to electrostatic interactions and steric hindrance.27,28 

Especially in DNA sensing, electrostatic repulsion between the charged backbones of the 

probe and the analyte can decrease the hybridization efficiency.29,30 

The aim of this dissertation is to develop a universal, customizable and orthogonal surface 

functionalization strategy to engineer interfaces for DNA biosensing, potentially expandable 

to other biomolecules, while concomitantly assuring control over the probe density and its 

effect on the detected signal. The approach is based on the synthesis and adsorption of the 

functionalized polyelectrolyte poly-L-lysine (PLL) with appended reactive groups, which 

allows the simultaneous control of surface properties upon self-assembly. The first part of 

the work is focused on the applicability of the approach (Chapters 3 and 4), showing how 

PLL monolayers carrying a defined grafting density of multiple secondary functionalities can 

form an effective DNA biosensing interface at various substrate materials. Signal 

enhancement by extension of the sensing surface into the 3rd dimension is studied in the 

second part (Chapters 5 and 6) by the use of micropillared electrode surface and 

polyelectrolyte multilayers. A step towards ultra-high sensitivity is approached in the last 

part (Chapter 7) attempting to reach single molecule detection in concert with multiplexed 

analysis. 

Chapter 2 presents an overview of the literature regarding the examples of functionalized 

polyelectrolytes (PEs) and their use in engineering surfaces for biorecognition and 



Chapter 1 

3 

1 

biomedical applications. Special emphasis is given to the type of appended groups for 

orthogonal and specific functionalization and their application in biosensing. 

Chapter 3 shows the control over the probe density at DNA biorecognition surfaces using 

modified PLL. In a synthetic step preceding surface adsorption, various ratios of maleimide 

(Mal) and oligo(ethylene glycol) (OEG) are grafted to the PLL backbone, then quantified by 

a simple 1H-NMR procedure. The Mal group is used for reacting thiol-peptide nucleic acid 

(PNA) probe, which provide an enhanced sensitivity and selectivity towards complementary 

DNA (cDNA) compared to DNA probes, while the OEG groups are used to minimize fouling. 

In order to study the probe density control, the relationship between the amount of Mal groups 

linked to the self-assembled PLL and the binding of cDNA detected is investigated by 

gravimetric and electrochemical methods. 

In Chapter 4, the patterning and adhesion of modified PLL on plastic materials is 

presented. The potential biorecognition capacity of the interface is investigated exploiting 

DNA detection as a test case. In addition to gold and silicon oxide (Chapter 3), three model 

polymeric materials (i.e. cyclic olefin polymer, COP; Ormostamp; polydimethylsiloxane, 

PDMS) widely used in biomedical devices, are used as biosensing substrates. In combination 

with soft-lithography techniques, two modified PLLs bearing biotin or Mal functionalities 

are micro-patterned to form the DNA detection layers. As a proof of principle, the orthogonal 

immobilization of streptavidin (SAv), compatible with many biomolecule adhesion 

strategies, and the hybridization of cDNA is investigated by fluorescence microscopy. 

Finally, multiplexed DNA detection is studied by printing PNA probe microarrays and 

evaluating the specific binding of their cDNA sequences from a solution mixture.  

In Chapter 5, PLL grafted with dibenzocyclooctyne (DBCO) groups is adsorbed on a 

micropillar-structured substrate to investigate the signal enhancement for electrochemical 

DNA detection by extension of the sensing substrate into the 3rd dimension. Azido-PNA 

probe are click-reacted to the DBCO moieties to form the final DNA-detecting, micropillar-

structured electrode. Selective cDNA detection is performed by an electrochemical sandwich 

assay, using a reporter probe with an electroactive ferrocene (Fc) moiety. By varying the 

center-to-center distance (pitch) of multiple micropillar-structured electrodes, a relationship 

between the amount of cDNA detected and the pillar density is presented, and the resulting 

signal amplification is assessed.  

A PE multilayer architecture is exploited in Chapter 6 to study the potential for increased 

probe loading and DNA detection. The alternating deposition of PLL bearing OEG and 

DBCO moieties (PLL-OEG-DBCO) and polystyrene sulfonate (PSS) provides well-defined 

PE multilayers (PEM). By varying the grafting density of OEG, different growth regions are 
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investigated using quartz crystal microbalance (QCM) detection. The quantities of DNA-

azide probe incorporated in the PLL and the measured cDNA are plotted against the number 

of PE layers to study the signal enhancement effect of different multilayer regimes.  

In Chapter 7, a double fluorescence sandwich assay with micro and nanoparticles is 

introduced to perform single-molecule detection by flow cytometry (FC). Two PLL-OEG-

DBCO-covered and fluorescent dye-loaded beads with different sizes and fluorescence 

emission wavelengths, are click-reacted with two DNA-azide probes complementary to the 

ends of the target cDNA molecule. The sandwich complex formed by the double 

hybridization between the target cDNA and the PLL-modified beads is investigated by FC. 

The simultaneous fluorescence emissions from the complexed beads is evaluated for defining 

regions of complementary or non-specific DNA binding, while counting the number of 

events detected.  
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Chapter 2 

 

Functionalized Polyelectrolytes for Bioengineered  

Interfaces and Biosensing Applications  

Much alike the famous LEGO®, where the number and shape of the bricks define the final 

architecture, the possibility of tuning the chemical moieties and their density plays a 

fundamental role in targeting surface-confined molecular structures and their functionalities 

at the macro and nanoscale. Such interfacial control is crucial for engineered coating 

formation and biorecognition purposes, where the type and density of ligands/receptors at 

the surface affects the overall binding affinities and the device performance. Together with 

the well-established self-assembled monolayers (SAMs), a surface modification approach 

based on polyelectrolytes (PEs) has gained in importance to provide desired characteristics 

at the substrate interface. This chapter presents the innovations of functional PEs, modified 

in a preceding synthetic step, and their wide applicability at functional (a)biotic substrates. 

Examples of 2D and 3D architectures made by modified PEs are reviewed in relation with 

the reactive groups grafted to the PE backbones. The main focus lies on the strategy to use 

modified PEs to form bioengineered coatings for orthogonally anchoring biological entities, 

manufacturing biocidal/antifouling films and their combinations in functional biosensing 

applications. 
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2.1. Introduction 

The process of engineering different types of interfaces while controlling their physico-

chemical properties is a multidisciplinary challenge with boundless applications, ranging 

from the macro to the nanoscale.1,2 Coating surfaces with functional moieties is a widely used 

approach in mechanical industries and tribology to reduce friction and increase lubrication 

(Figure 2.1a),2 in manufacturing to prevent rust and degradation,3 as well as in food 

packaging to prevent bacteria growth.4 Similar properties are frequently required in 

nano(bio)technology. Homogeneous electrodeposition of metals for photovoltaic cells,5 

passivation of implantable devices to avoid inflammatory responses,6 antifouling coatings for 

biosensing/point-of-care devices (Figure 2.1b),7,8 and hydrogel layers to increase the 

hydration of biochips9 are a few examples of the plethora of features addressed by functional 

interfaces.  

Figure 2.1. Examples of engineered coatings. a) Illustration showing tribological properties in sensitive 

parts of a general gearwheel connection. Adapted from ref. 2. b) Schematic representation of a blood 

drop sliding on a repellent surface formed by binding a flexible tethered perfluorocarbon layer and then 

coating it with a mobile layer of perfluorodecalin. Reprinted with permission from ref. 7. © (2014) 

Springer Nature. 

 

The establishment and regulation of desired characteristics onto virtually any substrate 

has been the ultimate aim for surface chemistry. At the nanoscale level, especially in 

materials science and biomedical applications, the study and development of tunable and 

universal surface engineering methods have become of utmost importance. Love et al. 

described this as: “[unlike bulk materials] a high percentage of the constituent atoms are 

located at the surface. Therefore, the properties of nanostructured materials depend to a much 

greater extent on their surface and interfacial environment than do bulk materials”.10 

However, in concert with the characteristics of the formed layer, the introduction of 

secondary functionalities at the interface in a controlled and (bio)orthogonal fashion has been 

a) b)
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a crucial point for developing efficient surface modification strategies.11 For instance, while 

designing scaffolds for drug/gene delivery or imaging applications, the layout of the 

outermost layer needs to be carefully taken into account since it will affect the 

pharmacokinetic profile and the interactions with the biological system.12,13 Typically, such 

scaffolds require a camouflaging shield to reduce immunogenicity and rapid clearance, which 

is usually accomplished by the addition of zwitterionic groups,14,15 poly(ethylene glycol) 

(PEG)16,17 or polyoxazoline chains.18,19 Moreover, specific receptors for active targeting can 

also be included.20,21  

The same antifouling moieties have been exploited in biosensing and point-of-care 

devices to minimize non-specific interactions at the interface of the transducer device,22-25 

where the translation of a biological binding event into an electrical/optical signal occurs. 

Yet, the integration of the receptor at the transducing surface remains the pivotal step in order 

to achieve excellent selectivity and sensitivity.26,27 Not only the density, but also the 

conformation and orientation of the receptor can affect the final outcome of the sensing 

device.28,29 For example, the denaturation of antibody and protein probes,30,31 as well as the 

electrostatic and steric hindrance of nucleotide receptors,32,33 can result in lower signals. 

Therefore, the controlled thin film formation and binding of (bio)molecules at the interface 

is a key aspect toward effective modification strategies for biorecognition and bioresponsive 

surfaces. In addition, the type of transducing substrate deserves particular focus for its crucial 

role to achieve the highest possible sensitivity. Depending on the variation of the physical 

property affected by the biomolecolar recognition event (e.g., refractive index, electrical 

resistance, fluorescence/light intensity and mass change), different materials are selected for 

the transducing substrate. Consequently, the surface functionalization method is often 

dictated by the material type of the transducer.34,35  

Surface modification strategies have been prevalently based on chemisorption methods.36 

Due to the necessity of forming strong, surface-specific bonds, as well as to fulfill the 

aforementioned requirements for the transducing process, biosensing substrates have been 

made of metals (mostly Au and Ag),37-40 silicon-based materials (mainly SiO2),41-43 

graphene,44,45 and metal oxides including TiO2,46,47 Al2O3
48,49 and indium tin oxide (ITO).50,51 

In the 1980s, the first elegant solution for controlling film formation and molecule 

distribution at a surface was created through self-assembled monolayers (SAMs) based on 

thiol-gold52,53 and thiol-silver54,55 interactions, as well as silanization protocols on SiO2 

substrates.56,57 Since then, engineered SAM approaches have been exploited to form 

responsive biosensor interfaces. Highly packed, mixed SAMs assure control over both 

accessibility and molecular orientation for selective biomolecule immobilization,58,59 in 

concert with antifouling properties required from the film.60 In addition, the easy monolayer 
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formation and the tunable probe density provide valuable features, which have contributed 

to make the SAM approach the most used surface modification strategy.61 A comprehensive 

variety of functional SAMs has been documented for anchoring or detecting target DNA 

molecules,62,63 proteins,64,65 entire cells,66,67 peptides,68,69 aptamers70,71 and other biologically 

relevant molecules for biosensing purposes. Full coverage of SAM approaches at transducer 

interfaces, their tunable properties and multifunctional architectures for biosensing purposes 

goes beyond the scope of this chapter. 

Polyelectrolyte (PE) physisorption has emerged as a general and cost-effective surface 

functionalization method to homogeneously form chemical architectures on different 

substrates.72,73 Polyelectrolytes belong to a subfamily of polymers, where the monomers (or 

subunits) carry an electrolyte functionality, typically a charged organic moiety. Therefore, 

various (bio)molecules can be identified as PEs and multiple classifications can be used (i.e., 

based on synthesis, biological/artificial origin, type of monomers, resulting charges, etc.). 

Those classifications and the synthesis/production of PEs will not be discussed in this 

chapter. Yet, PEs are differentiated categorized into two groups: strong PEs, when the 

(de)protonatable groups dissociate completely in solution across a wide pH range, and weak 

PEs if deprotonation only occurs to a certain extent. Thus, strong PEs have permanent 

charges, while weak PEs are partially charged at intermediate pH (~2-10) and the charged 

fraction can be tuned by varying the pH or ionic strength. 

PEs represent a significant innovation for the creation of functional biorecognition 

interfaces. Upon dissolution in aqueous media, PEs can spontaneously and almost 

irreversibility adsorb onto substrates with the opposite charge.74,75 Moreover, the process 

does not require organic solvents. The possibility of using aqueous solution and biological 

buffers, with defined pH, has the double benefit of controlling the amount of ionized groups 

at the PE sidechains and assuring biocompatibility for the immobilization of biological 

macromolecules.76-78 Despite their “weak” electrostatic bond formation, in comparison to 

Au-thiol SAM formation, the multivalent nature of the PE backbones ensures strong adhesion 

on oppositely charged surfaces.36 Modified PEs can be adsorbed virtually on any type of 

substrate, such as metals, metal oxides and polymeric materials,79,80 resulting in a general and 

customizable surface functionalization method for engineered coatings and for a broad range 

of biosensing applications. However, the introduction of specific functionalities on PE-based 

films needs to be performed orthogonally and in a reliable way.  

Biorecognition interfaces require selectivity and sensitivity. Only the target analyte 

should be detected while at the same time giving the highest possible, detectable change upon 

binding. The design of the biorecognition surface is critical to reach these standards. In 

particular, the type, orientation and density of active molecules have to be tailored in concert 
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with the surrounding environment.81-83 Therefore, the controlled display of such entities at 

the interface is essential to avoid possible interfering complexations or the occurrence of 

steric and electrostatic repulsion towards the analyte, which hamper the performance of the 

sensor. An approach based on introduction of functional moieties after the PE film formation 

in a covalent or non-covalent way (post-functionalized PEs) requires further film 

characterization. In order to quantify the receptor density and the hybridization efficiency 

(for nucleotide-based sensors) after the sample preparation, additional, and sometimes 

invasive, surface-analytical techniques are needed.84-87 However, as will be explained in 

Chapter 3, the covalent binding of such moieties in a synthetic step preceding the PE 

assembly process can assure control of the biomolecule density that will be displayed at the 

interface. Quantification of the grafted groups can be easily achieved by solution analysis 

techniques, after which the PE surface self-assembly is performed and further 

(macro)molecules can be anchored subsequently.88,89 Through the control of the molecule 

immobilization and their density, high reproducibility and consistency can be achieved, 

which is of utmost importance for biosensing applications.  

In this Chapter, an overview is presented of surface modification strategies based on 

modified PEs, with an emphasis on PEs that are functionalized in a synthetic step preceding 

the surface assembly. A particular focus is put on the use of PEs for functional engineered 

interfaces and biosensing purposes. The general applicability of the PE method is described 

together with the variety of materials that can be used, including the features to promote the 

molecular self-assembly. Different layer architectures are described together with the type of 

substrate, including micro and nano-structured interfaces, hydrogels, patterning techniques 

and nanoparticles (NPs). Specifically, in the first part, combinations of multiple grafted 

functionalities are presented, while the second part aims at providing an overview of various 

functional engineering coatings and biosensing applications. Block co-polyelectrolytes, post-

functionalized PEs (functionalized after their surface assembly), conjugated PEs, PE brushes, 

and PE complexes for drug delivery are not included in this overview.  

 

2.2. Polyelectrolyte adsorption 

The intimate relationship between the deposited molecules and the substrate is a key 

factor in determining the characteristics of the functional interface. Several papers have 

discerned, both experimentally and theoretically, the adsorption behavior of strong and weak 

PEs on a variety of substrates.90-93 The densities of the charges present on both the surface 

and the PE backbone, together with the salt concentration, were found to be the main driving 

force for the adsorption process.94,95 Hoogeveen et al. investigated the adsorption of strong, 
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quaternized polyvinylpyridine (PVP+) on untreated TiO2 and SiO2 and that of quaternized 

dimethylaminoethyl methacrylate (AMA+) and its parent, weak AMA, on TiO2.95 With this 

combination of substrates and PEs, the effect of the strong/weak nature (that is the persistence 

of charges at the PE backbones after dissolution) was studied in relation to the surface charges 

and ionic strength. The strong polyelectrolytes PVP+ and AMA+ showed fast adsorption 

kinetics on TiO2 with almost complete coverage within 5 min. The absence of adsorption for 

the strong PEs at high ionic strength confirmed the predominant electrostatic effect, as shown 

for other systems.96,97 However, while the adsorption of all three PEs was electrostatic on 

TiO2, PVP+ still presented some adsorption at high ionic strength for SiO2, suggesting an 

additional contribution of non-electrostatic forces, due to the pyridinyl ring. The effect of 

surface charge was investigated by varying the pH during the adsorption of PVP+ and AMA+ 

on TiO2. Because of the isoelectric point of TiO2 (around pH 4), the adsorbed amount of 

AMA+ increased linearly with the pH (Figure 2.2a, triangles), suggesting a strong 

dependence on the surface charge density. On the other hand, deposition of AMA was 

affected strongly by the pH, due to its weak nature (Figure 2.2a, open and filled circles for 

different ionic strengths). By increasing the pH from 3 to 9, more PE molecules (with fewer 

charges per PE) were needed to compensate the surface charge, resulting in more material 

deposited. The continued depletion of positive charges on AMA started to hinder the 

adsorption above pH 9. These combined effects create a binding maximum that is typical for 

the combination of substrate and weak PE. A similar adsorption profile has been observed 

by Böhmer et al. for poly(acrylic acid) (PAA) on polystyrene (PS) and confirmed with a 

model, demonstrating the main role of pH in controlling the degree of ionization for weak 

PEs, as well as the independence from the substrate.98,99 

Figure 2.2. Adsorbed dry mass of PE versus pH determined by reflectometry measurements for a) 

strong AMA+ (triangles) and weak AMA (open circles) at ionic strength 0.005 M and weak AMA at 

ionic strength 0.1 M (filled circle) on inactivated TiO2 substrates (PE concentration 0.01 mg/ml). 

Reproduced with permission from ref. 95. © (1996) Academic Press. b) Dry mass adsorbed versus 

electrolyte concentration in solution for weak PAH and PLL on SiO2 pre-treated with oxidative 

treatment by UV-ozone (PE concentration 0.005 mg/ml). Readapted with permission from ref. 76. © 

(2012) American Chemical Society. 

a) b)
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The pH dependence of the surface charges for a specific substrate can be mitigated by 

working at relatively high salt concentrations74 or by introducing charges on top of the surface 

by means of activation or pre-functionalization methods, such as the use of a charged SAM. 

Lappan and coworkers showed that oxygen plasma treatment creates stable, negative zeta 

potential values for poly(tetrafluoroethylene) (PTFE) substrates in a wide range of pH.100 

Strong poly(diallyldimethylammonium chloride) (PDADMAC) could then been adsorbed 

electrostatically. Porus and collaborators investigated the structure of three adsorbed 

monolayers of poly(styrene sulfonate) (PSS), poly(allylamine hydrochloride) (PAH) and 

poly-L-lysine (PLL) by means of reflectometry and quartz crystal microbalance equipped 

with dissipation (QCM-D).76,101 Interestingly, the amount of PE adsorbed at various pH for 

the weak PAH (pKa = ~9)102 and PLL (pKa = ~10)103 on SiO2 (pre-activated by UV-ozone) 

did not show the “bell” shape found by Hoogeveen for AMA (Figure 2.2a, open and filled 

circles) and Böhmer for the polyanion PAA,99 but kept on increasing at higher pH (Figure 

2.2b). PAH and PLL adsorption profiles showed a relationship more similar to strong PEs 

such as AMA+ (Figure 2.2a, triangles) or PDADMAC.92 This was ascribed to the density of 

charges present at the surface, previously formed by oxidative treatment. Jae-Hyeok Choi et 

al. compared the adsorption of PLL expressing strong and weak behavior when varying the 

pH from 2 to 12 on plasma-activated SiO2 and gold substrates, pre-coated with either amino 

or carboxylic acid-terminated SAMs.104 The highest adsorbed mass was observed for the 

COOH-terminated SAM, while the smoothest and most uniform PE monolayer was detected 

by atomic force microscopy on silica, suggesting that the amount and homogeneous 

distribution of charges on the surface results in highly homogeneous, thin PE monolayers.  

The universality of the PE approach has been supported by studies on many other 

combinations of PEs and activated substrates, such as polyethylenimine (PEI) on 

polyethylene,105 ITO,106 poly(dimethylsiloxane) (PDMS),107 cyclic olefin polymer (COP) and 

glass;108 PLL on gold109 and PDMS;110 and PAH on PDMS111 and PTFE,112 where the 

materials have been previously treated with plasma cleaning or UV-ozone. Even harsher 

procedure, such as acidic or basic piranha solutions, were used, for example, to anchor PEI113 

or PAA114 on silicon, PVP+ on gold115 and PAH on glass.116  

PEs can also adsorb on surfaces that naturally present a certain density of charges such as 

SiO2,117 TiO2,118 stainless steel119 as well as Fe and Al oxide/hydroxides,120 even without 

activation methods or the pre-formation of a charged SAM on the substrate. As explained by 

Szilagyi et al. in their review, not only the predominant electrostatic interactions but also 

additional Van der Waals, hydrophobic and depletion forces determine the layer formation.121 

They described the adsorption on both planar and curved substrates, with a clear focus on the 

layer morphology and saturation. They observed film saturation points, at which PEs did not 
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adsorb anymore, which were not caused by the surface charges, but rather by the local 

environment of the adsorbing PE chains. Apparently, at appropriate concentrations of PE and 

salt, the PE will eventually occupy an empty spot, forming uniform films regardless the total 

density of charges at the surface. Consequently, NPs and morphologically complex 

nanostructures could be coated homogeneously with PEs. Some examples include NPs made 

of gold,122 alumina,123 ZnO,124 and charged PS beads;125 as well as nanoporous anodized Al 

oxide,126 gold nanoflowers,127 nanodendrites128 and even hydrogels.129 

The polyelectrolyte surface functionalization strategy has established new forms of 

control for molecular self-assembly with direct consequences for the substrate applicability. 

In the rest of this section, the introduction of functional moieties at the PE backbone in a 

preceding synthetic step, the quantification of the grafting density, and its role in tuning the 

density of groups upon surface adsorption will be presented. A particular focus is put on the 

use of specific chemical moieties and their combinations to create uniform structured 2D 

(monolayer, Section 2.2.1), 3D (multilayer, Section 2.2.2), and patterned (Section 2.2.3) 

functional interfaces. 

 

2.2.1. Monolayers of modified PEs 

As explained above, grafting functional molecules to PEs during a synthetic step 

preceding the adsorption can offer an appealing solution for the design of biosensing surfaces. 

Appropriate spectroscopic techniques, such as NMR, are then required for the quantification 

of appended groups, after which the PE molecular self-assembly on the desired substrate can 

take place. Their assembly leads to the controlled display of chemical moieties on the film. 

One of the first examples of biosensing with a modified PE, in order to form an 

electrochemical sensor for glucose and lactate, has been presented by the group of 

Battaglini.130 Following the pioneering work of Forster and Vos,131 Battaglini and coworkers 

coupled a redox osmium complex to PAH and applied it on a glassy carbon electrode. By 

reacting (Os(bpy)2Cl(pyCHO))Cl to the amine groups of PAH, they formed an Os-PAH 

derivative, which was characterized by spectrophotometry, giving a ratio of amino groups:Os 

of 8:1. The tunable amount of active Os species was essential to form an electrically stable 

interface. Yang et al. developed a biocompatible redox polymer by coupling 

ferrocencarboxaldehyde to chitosan .132 The degree of functionalization was quantified by 

1H-NMR and FT-IR. Chitosan with appended ferrocene (Fc) groups (Figure 2.3a) was 

employed to form an enzyme-based glucose biosensor. Moreover, the intrinsic sensitivity 

was amplified by increasing the fraction of Fc during the synthetic step. In this and other 

successful examples based on the same modified PEs,133,134 the enzymes were physisorbed, 

while subsequent assembly of the PE provided a stabilizing environment. 
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Figure 2.3. a) Chitosan-Fc polyelectrolyte used to stabilize the enzyme glucose oxidase and to amplify 

the electrochemical response. b) PAH and PAA functionalized with anchoring disulfide units and a 

ssDNA probe for direct detection after surface assembly. c) PVAm-Gal for galactose-specific lectin 

recognition. d) PLL-GRGDS (containing the RGD sequence) to monitor the receptor-mediated cell 

interaction at the surface. e) Fluorescently labelled PAH for fingerprint staining. Adapted respectively 

from refs. 132, 135, 137, 138 and 140. 

 

Another way of controlling the receptor density was achieved by tailoring the number of 

receptors grafted to the PE backbone in a preceding synthetic step, which directly influences 

the accessibility of the analyte towards the interface. This approach allows to perform the 

measurement right after the assembly and it improved the reproducibility of the assay. Taira 

and coworkers grafted single stranded DNA (ssDNA) to either PAH or PAA (Figure 2.3b) 

with a maximum grafting percentage of 0.5.135,136 In order to assist the PE anchoring onto 

gold, two different disulfide units were attached to the backbones. Mokhtari et al. varied the 

amount of lactobionic acid, which contains the galactose (Gal) moiety, during the anchoring 

step to the amino group of poly(vinyl amine) (PVAm).137 A small library of PVAm-Gal 

polymers (Figure 2.3c) with grafting densities ranging from 6% to 23% were synthesized and 

characterized by both 1H-NMR spectroscopy and conductometric titrations, aimed at 

selectively detecting galactose-binding lectins. Another example of the controlled display of 

bioactive molecules was showed by Quirk et al. for the formation of tissue-like cell binding 

on poly(lactic acid) films.138 By varying the density of Arg-Gly-Asp oligopeptides (known 

as the RGD sequence, which reportedly binds to cell integrin receptors promoting growth 

and differentiation)139 on the PLL backbone (Figure 2.3d), the receptor-mediated response of 

cells was tuned. Modified PEs have been used to control the deposition of chromophores on 

surfaces. Van der Mee and coworkers grafted PAH with 7-amino quinolinium (Figure 2.3e) 

to efficiently stain fingerprints.140 However, non-specific interactions were reported for all 

the previous examples. 

a) b)

c) e)d)
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In order to promote only the specific interactions to occur at the biorecognition interface, 

antifouling moieties are often required. It is of utmost importance that the surface density of 

probes or active biomolecules is controlled together with the antifouling behavior of the film 

to maximize the sensitivity and selectivity. The capability of minimizing non-specific 

interactions at the interface without affecting the analyte detection has presented a major 

challenge for biosensors and bio-responsive coatings.141,142 Already in the 1990s, PEI was 

used to produce non-fouling films by the addition of PEG or ethyl hydroxyethyl cellulose 

(EHEC). These PEI films were shown to more efficiently repel proteins than grafting PEG 

chains post-assembly.143 In the same years, Sawheny and Hubbel showed the first example 

of PEG grafted PLL (PLL-PEG) to improve the biocompatibility of alginate microcapsules 

and reduce non-specific interactions.144 With an average of 1 PEG chain every 10 Lys units 

(quantified by 1H-NMR), they showed reduced adsorption of bovine serum albumin (BSA) 

and fibrinogen (Fg) on a glass slip when coated with PLL-PEG when compared with 

unmodified alginate and unfunctionalized PLL. Thereafter, the groups of Hubbell, Vörös, 

Spencer and Textor, published several studies on protein-resistant PLL-PEG interfaces, 

investigating the stability under different conditions and on multiple substrates, varying the 

grafted molfractions and molecular weights of both components.145-149 All in all, the use of 

PEG-grafted PLL established the most used and cost-effective way of passivating surfaces to 

uniformly display antifouling behavior. 

Other moieties have been appended to the PLL backbone to increase the protein resistance 

of the interface after self-assembly. For example, Pidhatika et al. and Konradi et al. 

introduced poly(2-methyl-2-oxazoline) (PMOXA) as side chains to a PLL backbone as new 

non-fouling coating materials.150,151 Morgese and coworkers compared the efficacy of coated 

SiO2 surfaces at resisting non-specific protein adsorption using four different moieties grafted 

to the PLL backbone.152 Next to the well-known PEG, hydrophilic variants of poly(2-alkyl-

2-oxazoline)s (PAOXAs) such as PMOXA, poly(2-ethyl-2-oxazoline) (PEOXA) and poly(2-

methyl-2-ozazine) (PMOZI), were reacted with PLL to functionalize approximately 30% of 

the lysine monomers (Figure 2.4a). The combination of flexibility and hydration of the chains 

served as an explanation for the excellent resistance to protein adsorption from human and 

fetal bovine serum (Figure 2.4b).  

Biomimetic alternatives to PEG and poly-oxazoline were recently reported. After the 

pioneer work of Löfås on dextran-coated surfaces,153 Holland and coworkers grafted dextran 

oligomers to PVAm together with hexanoyl or lauroyl units to mimic the external region of 

a cell membrane, known as the glycocalyx, on graphite surfaces.154 The group of Spencer 

synthesized a PLL-dextran copolymer to reduce the protein adsorption also on silica-titania 

substrates.155 
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Figure 2.4. a) PLL grafted with PEG, PMOXA, PEOXA, PMOZI antifouling moieties and b) the 

residual adsorbed dry thickness from human serum. Reprinted and readapted with permission from ref. 

152. © (2018) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

Besides non-fouling properties, it is necessary to avoid any repulsive effect on the desired 

target analyte.156,157 Therefore, a biorecognition interface requires the presence and the 

availability of a specific receptor (or bioactive molecule) to perform the binding process. An 

elegant strategy for the formation of such a layer is the use of a spacer to assure the 

accessibility and directionality of the receptor (e.g., RGD peptide, nitrilotriacetic acid) or 

reactive linker (e.g., biotin, maleimide) after the PE self-assembly at the interface. In the 

former case, the measurement can be performed right after the PE self-assembly at the 

interface,157,158 while in the latter case, additional step(s) are required to anchor the receptor 

(e.g., streptavidin-biotinylated probe, thiolated probe).78,159,160 Although the first example is 

the more straightforward, the second one is preferred for bulky probes or charged 

macromolecules in order to avoid PE-probe complexes or co-adsorption at the surface. Such 

processes can result in a decrease of the receptor activity as well as precluding uniform film 

formation. For both examples, the density of grafted molecules (of receptor/reactive linker 

and antifouling groups) is known before the PE adsorption. The distribution of bioactive 

entities at the interface is directly related to the density of the previously grafted end-

functionalized spacer.161,162 Therefore, the proper design of modified PEs with appended 

antifouling spacers, which are end-functionalized with a receptor or orthogonal reactive 

linker, results in an assembled film having non-fouling and functional moieties positioned on 

top of the film.157 The nature of the interactions between the surface and the individual 

anchoring units of PE’s backbone is the reason for such a bilayered functional group/PE 

structure.36 

Reimhult and Höök discussed that the key aspect of (modified) PEs as coating materials 

is the uniform layer formation owing to the reversibility of the charged monomers 

a) b)
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physisorbed to the surface.36 This property allows multiple rearrangements at the interface to 

create more packed, homogeneous coatings and fewer surface defects than chains (or single 

molecules) with chemisorbed anchoring units.163 Notably, when grafting an increasing 

number of moieties to a PE (especially when using a weak PE), the number of charges present 

at the backbone is depleted. Therefore, the adsorption step on an oppositely charged surface 

is influenced by both the type of grafted unit and the number of charges remaining on the PE 

chain, determining the coating uniformity and stability.164  

Both antifouling and receptors/reactive linkers can sometimes have higher affinities for 

the surface than the PE itself. This can alter the layer conformation, especially at high grafted 

percentages, possibly resulting in exposure of the backbone and lower surface probe densities 

than expected. However, for small appended moieties, this kinetic meta-state will be reversed 

by the entropic and energetic contributions of the electrostatic nature between the charged 

PE backbone and the surface.36 Theoretical work presented by Feuz et al. has described the 

adsorption mechanism and the stratified display of PLL-PEG on a charged surface164 in 

agreement with previous experimental results.147,165,166 By using a Scheutjens-Fleer self-

consistent field (SF-SCF) model, they found that the adsorption process was dictated by the 

molecular architecture. In detail, the grafting ratio (g), the extension of the PEG chains (D) 

and the ionic strength or Debye length (rD) determined the electrostatic and steric 

contributions to form the film. Figure 2.5a presents the possible scenarios as a function of 

these parameters. There was no adsorption for densely grafted PLL with long PEG chains 

(around 110 ethylene glycol units) due to the steric repulsive effect intrinsic to PEG (last 

row). Steric effects were present also in the case of shorter PEG chains (approximately 44 

ethylene glycol units), and an energy barrier occurred in proximity of the surface, forming a 

planar diffusive layer (Figure 2.5a, second row). At lower grafting ratios, more lysine 

monomers were available, and the positive electrostatic effect was dominant again (Figure 

2.5a, first and third rows). However, stable adsorption was shown only for short PEG chains 

(Figure 2.5a, first row), where a balance between charged monomers and steric effects 

allowed the electrostatic driving force to adsorb the PLL-PEG at the interface. An energetic 

contribution was also required from the surface charge density. In case of uncharged 

substrates, the PLL-PEG could not readily adsorb and thus did not form uniform coatings. 

The formation of the layered structure is schematically illustrated in Figure 2.5b. Going from 

left to right, the SF-SCF model predicted the rearrangement of the PEG chains parallel to the 

normal of the surface. Once the backbone approached the charged surface, the affinity for 

the charged lysine units was higher than that for the neutral ethylene glycol moieties. Thus 

the PEG chains were forced to point outward, forming a layered structure, with the PLL 

backbone strongly physisorbed at the interface and the PEG chains above it. 
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Figure 2.5. a) Possible scenarios of the PLL-PEG film formation as a function of g, D and rD, with the 

dominant driving force, the total potential energy profile and the following interpretation. b) Schematic 

adsorption process of PLL-PEG and the rearrangement of the PEG chains while approaching the 

surface. Reprinted and readapted with permission from ref. 164. © (2008) American Chemical Society. 

c) Drawing of the envisaged layer structure formed at the interface after adsorption of the modified 

polyelectrolyte PLL-PEG/PEG-NTA, followed by the loading of Ni2+ ions and the recognition of His-

tagged GFP. Reproduced from ref. 167 with permission of © Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim (2005). 

 

Grafting small molecules at the end of the PEG spacer likely does not alter the film 

formation and its perpendicular directionality. Consequently, the layered architecture will 

still be formed and maintained under the right conditions (g, D, rD). This 3D structure could 

be conceptually visualized in Figure 2.5c where PLL grafted with PEG and PEG end-

functionalized with nitrilotriacetic acid (NTA) was adsorbed over a niobium oxide 

substrate.167 The histidine (His) recognition NTA moiety is thought to be on top of the 

antifouling film, allowing the detection of His-tagged macromolecules. In this work, Zhen et 

al. monitored, by optical waveguide lightmode spectroscopy (OWLS), the full process of 

PLL-PEG/PEG-NTA adsorption followed by Ni2+ capture and the detection of green 

fluorescent protein (GFP) tagged with His6. The retention of the NTA biosensing capability 

at the interface was shown while at the same time preserving the antifouling behavior of the 

ethylene glycol chains underneath. Such a layered architecture has been applied also with 

other PE vectors. In a study of Fernandez-Megia and coworkers, a library of chitosan-based 

polymers for anti-adhesive purposes is described.168 Specific bioactive moieties such as 

a) b)

c)
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biotin, coumarin, cholesterol and α-D-mannose were linked at the end of the PEG chain to 

promote specific binding while maintaining the antifouling behavior.  

In case of receptors that are more difficult to attach (i.e., charged or with competitive 

sizes to the grafted units), the orthogonal coupling to a reactive moiety at the end of a spacer 

displayed on the self-assembled coating seems to be an optimal strategy, reducing the 

occurrence of pre-formed molecular complexes or inhomogeneous films. This strategy was 

used by Huang et al. to form a biorecognition surface based on a mixture of PLL-PEG and 

PLL-PEG-biotin to detect rabbit immunoglobulin (IgG) and anti-bovine serum albumin 

(αBSA).161 After deposition of the biotin modified PLL, streptavidin (SAv) units were 

anchored until saturation, followed by the binding of the bulky biotinylated receptors, which 

were either goat anti-rabbit immunoglobulin (αIgG-biotin, ~ 150 kDa) or bovine serum 

albumin (BSA-biotin, ~ 66 kDa), to form the biosensing layer. The same approach was 

adopted by Städler et al. to develop a biorecognition platform to anchor DNA-tagged vesicles 

at the interface.169 Self-assembled polyplexes based on PLL and DNA molecules have been 

reported to form in solution for use in gene and drug delivery.170 Therefore, Städler et al. 

orthogonally anchored the DNA probe after the functionalized PLL adsorption at the surface. 

In summary, both approaches based on self-organized architectures with appended receptors 

or reactive molecules at the end of functional spacers have been widely exploited for 

biosensing applications and bioengineered coatings depending on the probe size and charge. 

Other layered architectures have been described to have biorecognition capabilities on 

different substrates while at the same time retaining antifouling properties. Duan et al. 

reduced the length of the ethylene glycol units to four, synthetizing a PLL scaffold grafted 

with unfunctionalized oligo(ethylene glycol) (OEG) or OEG end-terminated with biotin 

moieties, forming a silicon-based field effect transistor (FET) for biosensing.88 PLL grafted 

with OEG and OEG end-functionalized maleimide (Mal) groups (PLL-OEG-Mal) was 

synthesized by us to study multivalent interactions at the interface. After binding a thiolated 

methyl viologen to the maleimide, the heteroternary complex was formed upon consecutive 

anchoring of cucurbituril and dye-labelled multivalent azopyridines (Figure 2.6a).159 Jeong 

and coworkers developed a gold surface plasmon resonance (SPR) biosensor for SAv using 

poly(aspartic acid) (PAsp) bearing a spacer with three ethylene glycol groups and a biotin at 

the end.171 In this case, the PAsp-biotin layer was adsorbed on a bare PLL film, pre-coated 

with a thiol SAM. Chen et al. prepared a platform to recognize and anchor cancer cells with 

expressed folate receptor (FR) on a glass surface.172 Folic acid (FA) was grafted at the end to 

the antifouling PMOXA moiety to form PLL-PMOXA-FA that self-assembled at the surface, 

displaying FA receptors available for the multivalent binding of the specific HeLa and JEG-

3 cell lines (Figure 2.6b).  
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Figure 2.6. a) Spatial confinement of the multivalent heteroternary complex of cucurbituril and dye-

labelled azopyridine promoted by the anchoring of thiolated methyl viologen on PLL-OEG-Mal 

passivated SiO2 substrates. Adapted from ref. 159. b) Biorecognition platform to anchor cancer cells 

expressing FR. The monolayer of PLL-PMOXA-FA was self-assembled at the interface, expressing 

FA on top of the antifouling layer. After 1 h of incubation, FR-negative cells could be remove because 

of a lack of anchoring sites. Reprinted with permission from ref. 172. © (2015) American Chemical 

Society. 

 

2.2.2. Multilayer architectures with modified PEs 

Electrostatic interactions provide the main driving force for creating uniform PE coatings. 

Over-compensation of the charge at the substrate upon adsorption of the PE is responsible 

for the formation of the so-called polyelectrolyte multilayers (PEMs).173 By alternate 

deposition of PEs bearing opposite charges, multilayer architectures with nano- and 

micrometer-scale control can be obtained with special characteristics depending on the PEs 

and their combination.174 This layer-by-layer (LbL) assembly procedure was first described 

in three studies of Gero Decher at the beginning of the 1990s.175-177 Thereafter, thousands of 

studies were published on the LbL topic, contributing to develop a facile and customizable 

method for universal surface functionalization,112,178 with applications for optical, biomedical 

and bioresponsive materials.77,179 The most accepted explanation for the PEM buildup 

mechanism consists of a continued surface charge inversion by means of overcompensation 

of charges when adsorbing an oppositely charged PE, which promotes the further adsorption 

of other PEs.97,180,181 A comprehensive description of the LbL properties, applications and 

formation mechanism is beyond the scope of this review; the reader is referred to the many 

existing overviews.112,182-185 Here, we focus on the formation of LbL architectures based on 

at least one PE with appended functional moieties grafted in a preceding synthetic step, with 

particular interest in their use for making biosensing and engineered interfaces. 

a) b)



Functionalized Polyelectrolytes for Engineered Interfaces and Biosensing Applications 

22 

2 

Both small and relatively bulky functional groups (e.g., Fc, PEG) appended to the PE 

have been shown to form various LbL architectures186,187 and the structural and mechanical 

properties depend on the final assembled PEM. Mariani and collaborators formed a bilayer 

for SAv detection in spiked human saliva samples (Figure 2.7a).188 The biointerface was 

made of PAH and biotinylated poly(methacrylic acid) (PMAA-biotin) on a porous silicon 

interferometer (PSi), which showed a 300-fold signal enhancement compared to conventional 

apparatus such as SPR, normal interferometer and optical fiber. Lower amounts of deposited 

PE material and thickness were recorded for multilayers of PSS and PAH grafted with 

guanidinium (Gu) units (PAA-Gu), compared to native PSS/PAA films.189 The PSS/PAH-

Gu architecture was more rigid and stable at alkaline pH, producing a suitable interface for 

sensing and water treatment of relevant ions (i.e., Cl-, SO4
2- and H2PO4

-). Wijeratne et al. 

fabricated functional films based on PAH and poly(2,2-(5-acrylamido-1-

carboxypentylazanediyl) diacetic acid) for efficient capture of His-tagged proteins on gold 

and hydroxylated nylon membranes.190 The functionalized multilayers had different 

thicknesses and swelling capabilities depending on the density of NTA units and the type of 

metal adsorbed (Cu2+ or Ni2+), with the application of cost-effective modification of porous 

membranes for protein purification. The LbL technology can also be used for coating 

complex 3D ordered structures. Following the pioneering principle of mesoscale self-

assembly introduced by Whitesides et al.,191 the group of Shi functionalized and oriented 

PDMS-coated scaffolds with targeted modification.192 By exploiting 

poly(diallyldimethylammonium chloride) (PDDA) and PAA grafted with either β-

cyclodextrin (β-CD) or azobenzene moieties, the PDMS building blocks could be modified 

at the interface through supramolecular interactions. Introducing another polycation bearing 

biotin groups (PAH-biotin), they demonstrated the guided formation of ordered 3D 

architectures with bioactive sites for further loading of bio-relevant molecules and potential 

cell/tissue culture applications. 
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Figure 2.7. a) Bilayer formation on a porous silicon interferometer substrate for the nanomolar 

detection of spiked SAv (yellow) in body fluid (saliva). The green and red line indicate PAH and 

PMAA-biotin, respectively. Non-specifically adsorbed SAv (blue) was desorbed after an 

acetate/HEPES buffer cycle. Reproduced with permission from ref. 188. © (2018) Springer Nature. b) 

Schematic illustration of the surface functionalization strategy adopted by Cao and coworkers based on 

the combination of an LbL procedure and supramolecular host-guest interactions. Au, Si, silicon oxide 

(glass) and polymers (PDMS and polyurethane) were used as substrates for the multilayer formation 

and the specific subsequent supramolecular modification for biological and biosensing purposes. 

Reproduced from ref. 201 with permission of © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 

(2016). 

a)

b)
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Recently, PEMs have been reported to express antifouling properties. Regardless of the 

use of intrinsically antifouling PEs (i.e., chitosan, alginate or dextran),193,194 as well as the 

incorporation of non-fouling moieties (e.g., ethylene glycol units),195 PEMs have shown to 

mostly repel protein adsorption. This effect arises from a combination of factors, including 

the type of PEs, the interactions between the chains inside the multilayer, and the properties 

of the last layer exposed at the interface.196-199 The concept of stoichiometric PEMs 

introduced by Schlenoff suggests that multifilms have stoichiometric amounts of paired 

charged groups in the correct spatial proximity200 to act as bulk zwitterions or 

“zwittersolids”.22 Cao and coworkers designed a versatile approach for surface modification 

using a combination of LbL and supramolecular host-guest interactions, which retained 

antifouling properties.201 By alternating depositions of PAA modified with adamantane (Ada) 

groups (PAA-Ada) and PAH, several bilayers were formed on metal and polymeric substrates 

with the density of the Ada moieties being controlled by changing number of layers in the 

LbL process. Fluorescently labelled β-CD and BSA were exploited to check the availability 

of Ada groups, confirming the “open” structure within the multilayer, and to find the optimal 

antifouling response. Consequently, β-CDs grafted with functional units such as biotin, 

mannose, lysine or quaternary ammonium salt were used showing potential applications for 

biosensing and biological purposes (Figure 2.7b). Antifouling/bio-engineered coatings were 

developed also by Picart et al., investigating the osteoblast adhesion on PEMs composed of 

PLL and polyanions such as poly-L-glutamic acid (PGA), poly(alginic acid) (PAlg) and 

poly(galacturonic acid) (PGal).160 The antifouling behavior of native architectures 

(PLL/PGA)6, (PLL/PAlg)6 and (PLL/PGal)6 was compared with the same PEMs either cross-

linked or with PGA-RGD as the last layer. Interestingly, the native unmodified PEM 

structures showed almost zero adhesion even after 8 days, while the rigid (cross-linked) 

architecture and the ones having RGD moieties provided optimal platforms for cell growth. 

 

2.2.3. Surface patterning of modified PEs 

Nano and micro-patterned surfaces have attracted increasing interest for biomedical and 

biosensing applications. The spatial control of such surfaces is critical for studying cell 

growth and differentiation,202 basic neuronal functions (neuronal networks)203 and for 

forming arrays for protein204 or DNA205 anchoring/detection. The combination of modified 

PEs with appended functional moieties and patterning techniques has represented a valuable 

tool to form cost-effective interfaces with functional micro/nano features.  

Among others, modified PLL has been the subject of several studies due to its abilities to 

be easily functionalized in a preceding synthetic step and to form densely packed, 

homogeneous layers.206 Csucs et al. have used PLL-PEG end-functionalized with fluorescein 
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(Fl) or RGD (PLL-PEG-Fl and PLL-PEG-RGD) to provide fluorescent microarrays for 

visualization and detection of cell cultures.202 By using microcontact printing (µCP), the 

adhesion and motility of cells were investigated. Due to the combined effect of functional 

structures backfilled with antifouling PLL-PEG, the motility of epidermal keratocyte was 

controlled. The distance between the patterned lines affected the lamellipodium protrusion, 

resulting in the directionality of the movement being parallel to the patterned features. µCP 

stamps with varying structured features were used to pattern laminin-grafted PLL (PLL-

laminin) for locally controlling the axonal outgrowth of hippocampal neurons.203 In another 

example, inverted µCP printing was exploited in a two-step replication process to form 3D 

microstructures covered with PLL-PEG-biotin or just Fg to investigate the relationship 

between shape and functions of single cells.207  

The group of Textor developed photolithography-based selective molecular assembly 

patterning (SMAP),208 the molecular assembly patterning by lift-off (MAPL),209 and the 

locally addressable electrochemical patterning technique (LAEPT),210 to selectively confine 

modified PLL and other functional molecules on various substrates. Patterned architectures 

were formed at the micro and nanoscale on the surface to study the anchoring of cells, 

particles or biomolecules and their response in 2D and 3D confined spaces. Figure 2.8a shows 

an example of SMAP-formed TiO2 squares within a SiO2 matrix to anchor human foreskin 

fibroblast cells (HFF) on 60 × 60 µm2 (top) or 5 × 5 µm2 (bottom) features. The formed arrays 

were functionalized by self-assembled dodecyl phosphate on TiO2, backfilled with PLL-PEG 

on SiO2, creating a pattern of protein-adhesive regions, surrounded by a protein-resistant 

background. Thus, immunostained HFF could be locally deposited to better investigate 

functional mechanisms such as spreading and adhesion (Figure 2.8a, inset) as a function of 

the geometry of the array.208 The MAPL approach was used to guide the self-organization of 

larger entities like NPs by using PLL-PEG-biotin on both Nb2O5-patterned substrates and 

silica NPs using SAv as linker, with potential application in microarray biosensors (Figure 

2.8b).211 
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Figure 2.8. a) Fluorescent images of immunostained HFF cells on (sub)cellular featured arrays formed 

by the SMAP technique to study the cell behavior in confined spaces. Reprinted with permission from 

ref. 208. © (2002) American Chemical Society. b) Scanning electron microscopy image and 

magnifications of self-assembled PLL-PEG-biotin-coated silica NPs within a PLL-PEG-biotin 

microarray formed by MAPL, linked together by a SAv layer. Reproduced from ref. 211 with 

permission of © IOP Publishing, Ltd (2005). 

 

Besides PLL, other types of modified PEs and patterning techniques have been used for 

biosensing applications and engineered coatings. PAH with appended perfluorophenylazide 

groups was used by Kubo and coworkers to photo-couple, among others, 2-O-α-D-

mannopyranosyl-D-mannopyranose (Man2) at the interface. The Man2 arrays, backfilled 

with PEOXA, were used to recognize fluorescently labelled lectins such as concavalin A 

(Con A).212 Patterned structures were formed in combination with LbL architectures. For 

example, Chien et al. have alternatingly deposited PAA coupled with 4-azidoaniline (Az) 

units (PAA-Az), polyacrylamide and PAH-PEG (with cyanuric chloride as linker) to form 

photo-crosslinked cellular patterns.213 

 

2.3. Modified PEs for functional engineering coatings and biosensing  

The deposition of modified PEs gains in importance as a customizable and universal 

surface modification strategy for different types of substrate materials and 

micro/nanostructures. Multiple functionalities can be grafted before the surface adsorption, 

b)a)
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ensuring control over the density and the local surrounding of the appended groups upon 

assembly at the interface. Tuning both type and density of the receptors/reactive groups at 

the surface, which respectively affect the selectivity and the sensitivity of the biorecognition 

event, has opened the possibility of bestowing key features for bioengineering coatings and 

biosensing applications. Such applications are reviewed in this section, showing the various 

possibilities offered by the choice of specific components, structures, substrates and 

combinations thereof. Particular emphasis is given to the strategies for making 

antifouling/antibacterial coatings, as well as films for the selective anchoring of cells and 

other (bio)materials, with an overview of biosensing applications. 

 

2.3.1. Antifouling and antimicrobial coatings 

The synthesis of biofunctional modified PEs has been fueled initially by the need for 

efficient strategies for antifouling coatings. Inspired by nature, Holland and coworkers 

developed a modified PVAm grafted with dextran units to mimic the external region of a cell 

membrane, also called the glycocalyx.154 By varying the ratio between the dextran and 

alkanoyl chains, the self-organization on graphite and polyethylene substrates led to highly 

ordered monolayers with a thickness comparable to the geometry of the PVAm backbone 

constrained to the surface and with the dextran moieties pointing outward. The highly 

hydrated dextran suppressed non-specific interactions after incubation in fresh human 

plasma. In another study, PVAm-dextran was compared to PVAm-PEG to suppress bacterial 

adhesion (Staphylococcus epidermidis) on the same substrate.214 The PEG-based PE 

presented less adhesion, probably due to the better shielding of the polyethylene substrate by 

the PVAm-PEG. The compactness and hydration of PEG chains have been identified as the 

main properties to fulfill optimal protein repellency.24 Owing to the fast and cost-effective 

coupling of PEG to PEs, PEG-grafted PEs have been synthesized extensively, thus becoming 

the state-of-the-art for the creation of antifouling interfaces.  

Among others, PLL equipped with PEG chains presents the most studied system for both 

charged and uncharged substrates. As discussed above, PLL-PEG adopts a specific 

conformation upon surface assembly, with the hydrated ethylene glycol chains perpendicular 

to the substrate (Figure 2.5b). Such directional and homogeneous layers have excellent 

antifouling characteristics. The resistance toward the adhesion of cells and proteins has been 

demonstrated for fibroblast,146,165 osteoblast,215 Staphylococcus aureus,216 serum,217 

lysozyme and α-lactalbumin,147 myoglobin, albumin and fibrinogen.148,218 PLL-PEG 

spontaneously self-organizes on smooth or rough flat surfaces,219 on 3D-structured 

substrates,207 on several polymeric materials,220 forming surface gradients,221 and even on 

single cells or tissues with222,223 or without187 added sugar recognition groups, offering 
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multiple ways to control the antifouling properties at the interface. In addition, the high 

versatility and stability under physiological conditions are the key advantages for exploiting 

PLL-PEG as a general backfilling strategy.224 Microarrays, patterned surfaces and complex 

3D substrates were selectively formed for studying cell spreading,225 directionality,226 

confinement,227,228 adhesion behavior229,230 strength,231 as well as for monitoring protein 

functionalities232 and dynamically controlled interactions.204 Other antifouling moieties have 

been grafted to PLL, for example biomimetic (dextran)155 or more efficient (PMOXA)152,233 

alternatives, contributing to the formation of a plethora of PLL-based strategies for making 

self-organized non-fouling interfaces.  

Despite the popularity of PLL with appended antifouling groups, more and more effort 

has been spent on designing approaches that provide antimicrobial functionalities. An 

original strategy was investigated by Cao and coworkers by addition of carboxybetaine (CB) 

to a dextran polymer.234 Formation of a biofilm causes a local reduction of pH in vitro and in 

vivo. By varying the molfraction of a synthetic pH-sensitive CB,235 hydrogel interfaces were 

created with switchable antifouling and antimicrobial characteristics. Brovko et al. described 

an efficient method for sanitation of food-processing surfaces.236 PVAm with tunable 

appended photoactive dyes, i.e., acriflavine neutral, rose bengal, phloxine B or malachite 

green, known for their photodynamic bactericidal effect, was deposited on paper as a proof-

of-concept. The antibacterial property was demonstrated for Gram-negative and Gram-

positive bacteria and for yeast microorganisms. Photo-induced cell death rates between 90-

99% were observed for paper treated with either PVAm-rose bengal or PVAm-phloxine B 

upon irradiation, with interesting high selectivity towards bacteria compared to yeast.  

Antimicrobial 3D structures were formed by LbL approaches using engineered PEs. Lee 

et al. exploited PEI and hyaluronic acid (HA) grafted with catechol units to introduce 

antibacterial properties to PEMs.178 In addition to the improved stabilizing effect, the catechol 

has latent redox activity that was used to locally nucleate Ag-NPs, thus bestowing 

bactericidal properties upon Escherichia Coli (E. coli). Varying the type of chemical moieties 

appended to the last polycation layer allowed Vaterrodt and coworkers to form 

multifunctional, multilayer structures with antifouling or antibacterial activity.237 A film 

exhibiting a combination of antifouling, antimicrobial and antibiocorrosion effects was 

developed by Xu et al. in a PEM formed by host-guest interactions between PEI-β-

cyclodextrin (PEI-CD) and ferrocene-modified chitosan (chitosan-Fc).186 The efficiency of 

antifouling and antimicrobial properties was investigated using Gram-positive/negative 

bacteria including the arthropod barnacle cyprid, while the antibiocorrosion was investigated 

by Tafel polarization analysis, showing retention of stability even after 30 days of exposure 

to seawater. 
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2.3.2. Platforms for cell adhesion, growth and expression 

Exerting multiple degrees of control on cell proliferation, including organization, 

migration and adhesion, are of utmost importance for tissue formation/regeneration and 

organ-on-a-chip development. The use of modified PEs allows the selective display of the 

type and density of chemical functionalities for engineering biomaterials, locally affecting 

cell (and culture) evolution.  

Modified PEs bearing selected moieties have been applied at the interface to regulate cell 

expression. Among several integrin binding domains, the RGD peptide has been exploited as 

a model sequence for cell-binding studies, due to its high affinity towards integrin 

receptors238 and its resistance to proteolysis.239 VandeVondele et al. showed the self-

assembly of a modified PE that not only gave protection against non-specific protein 

adsorption, but also selective cell adhesion and growth.157 The precise tuning of the appended 

groups (PEG and RGD) was the key aspect for achieving both effects. In conjunction with 

the high PEG mol fraction, required to maintain the antifouling behavior, the role of the RGD 

was investigated by monitoring the improved cell adhesion and proliferation on PLL-PEG-

RGD compared to PLL-PEG-RDG (non-binding control sequence). The effect of the RGD 

surface density was demonstrated by changing the grafted amount from 1 to 58%. Despite 

the doubled number of fibroblast cells detected for the higher density of RGD, the non-

specific adsorption of serum proteins was 35 times greater at 58 % RGD than 1% RGD, 

confirming the necessity of simultaneously tuning both appended groups. In another study, 

PLL with varying molfractions of PEG and RGD was used on Ti surfaces to study the surface 

physiology and microtopography of osteoblasts.219 Comparing the cell behavior on PLL-PEG 

and PLL-PEG-RGD interfaces, Tosatti et al. demonstrated the non-toxicity of PLL-PEG and 

the increased integrin binding due to the peptide sequence. Smooth substrates coated with 

PLL-PEG-RGD presented larger cell numbers than bare ones or substrates coated with PLL-

PEG or PLL-PEG-RDG. Rough substrates showed less cell binding than smooth ones, 

indicating the role of the surface morphology on the cell growth. In some cases, PLL-PEG 

seemed to have a more “osteogenic” effect than PLL-PEG-RGD. However, this was probably 

due to an inhomogeneous PEG layer, creating favorable space for serum protein, which 

subsequently promoted the cell proliferation. A reduced activity of PEG-RGD chains was 

recently demonstrated due to small molecule inclusion such as epigallocatechin-gallate 

(EGCg).240 By using a semi-empirical quantum-chemical method and experimental data, the 

EGCg was shown to bind to the ethylene glycol units, blocking the RGD motifs and inhibiting 

the cell adhesion (Figure 2.9a). On the other hand, several studies performed in Textor’s 

group,216,219,241-243 demonstrated the powerful bioselectivity of PLL-PEG-RGD coatings, 

allowing the anchoring of fibroblasts and osteoblasts, while preventing the adhesion of 
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bacteria (e.g., Staphylococcus epidermidis, Pseudomonas aeruginosa, Streptococcus mutans, 

and Staphylococcus aureus). In addition to fully covered substrates, PLL-PEG-RGD coatings 

were also assembled using soft lithography techniques,224 with the possibility of forming bio-

interactive patterns and investigating the local response of single cell confinement.244  

Figure 2.9. a) Schematic representation of HeLa cell adhesion and spreading on PLL-PEG-RGD (A) 

without and (B) with EGCg inclusion, which blocked the RGD motif. The real morphologies were 

observed by phase contrast microscopy on the same type of functionalized substrates (insets). Reprinted 

with permission from ref. 240. © (2017) Springer Nature. b) Phase contrast microscopy images of a 5-

days grown fibroblast culture on PLL-PEG-RGD-based PEM on an ITO substrate. From left to right: 

before applying external potential, after application and recovered cell sheet (scale bar 1 cm). Readapted 

with permission from ref. 253. © (2008) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

RGD and RDG sequences were also grafted to HA, forming a bio-alternative to PLL-

PEG. Pitt and coworkers described the anchoring of HA grafted with RGD or RDG onto 

stainless steel by epoxy adhesion and the effect on platelet anchoring and growth.245 The non-

specific cell deposition was already visible after 30 min incubation in human platelet-rich 

plasma on the bare surface, but was completely prevented on the HA-coated substrate. On 

the other hand, HA-RGD restored the spreading of platelets to some extent compared to the 

non-sense RDG, showing the capability of modulating the surface interactions on 

intrinsically antifouling interfaces 

The group of Marchant synthesized a biomimetic surfactant based on PVAm grafted with 

hexanal branches, RGD and maltose (PVAm-RGD-maltose) to mimic the extracellular 

matrix (ECM) in order to control the diffusion and growth of human microvascular 

a)
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endothelial cells (HMVEC).246 In the absence of RGD, no adhesion was observed, due to the 

antifouling properties of maltose. RGD-rich substrates supported high HMVEC proliferation, 

displaying a high density of surface-anchoring points compared to RGD-poor ones. However, 

the migration behavior was reversely affected resulting in fixation of HMVEC at their 

positions, while high mobility was observed for low densities of RGD. By using 

perfluorinated alkyl chains grafted to the amine groups, PVAm-RGD polymers were self-

assembled on expanded polytetrafluoroethylene (ePTFE) substrates as a model to reduce the 

occlusion and thrombosis after implantation of vascular graft materials.247 The 

biocompatibility of the material was enhanced by stable endothelial attachment, specifically 

achieved by the PVAm-RGD at the interface, with growth rates that were even greater than 

those seen for native ECM. 

Other anchoring sequences, architectures and functional groups of modified PEs were 

investigated for cell studies and engineering. For example, IKVAV sequences have been 

shown to promote spreading, growth and differentiation of neuronal cells, including adult 

hippocampal progenitor (AHP) cells.248 PLL-PEG grafted with the IKVAV peptide sequence 

(PLL-PEG-IKVAV), derived from ECM protein laminin, was used in combination with 

IKVAV-modified supported lipid bilayers to study the influence of ligand mobility on cell 

proliferation.249 Despite the larger anchoring area of AHP cells on PLL-PEG-IKVAV, the 

IKVAV mobility did not influence the cell adhesion and both systems showed a sigmoidal 

dependence to the IKVAV concentration with an approximate threshold of 8 nm distance (>3 

pmol/cm2) for efficient attachment. PAH with appended heparin-binding domains containing 

the LHRRVKI sequence (PAH-LHRRVKI) was deposited as the last layer on PAH/PAA 

multilayer structures and compared to similar PEMs having PAH-RGD.250 Osteoblast 

adhesion and functions were monitored by varying the LbL conditions of the PEM build-up. 

However, the LHRRVKI peptide did not show significant improvement compared to RGD. 

In a follow-up study, the growth and functionalities of osteoblast MG63 cells on a PAH-

RGD-terminated PEM were monitored, showing better proliferation at pH 6.5, but greater 

osteogenic abilities (e.g. calcium deposition) at pH 2, suggesting an active influence of the 

PEM architecture.251 Cui and coworkers developed a multifunctional, biodegradable PEM to 

regulate osteogenic activity upon electrical stimulation of pre-osteoblast MC3T3-E1 cells.252 

Inspired by the fact that electricity plays a crucial role in living organisms, they grafted 

tetraaniline, which has a short π-conjugated system, to PLL or PGA in order to locally 

stimulate cells by pulsed electrical signals. The electroconductive properties of the PEM 

enhanced the adhesion and proliferation of MC3T3-E1 cells, with improved differentiation 

into maturing osteoblasts upon electric stimulation, as confirmed by the analysis of 

ontogenesis-related gene expression. Cell cultures and external electric potential were also 

applied by Guillaume-Gentil et al. for cell sheet engineering.253 The use of PLL-PEG-RGD 
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in a LbL fashion, allowed the control of the amount of RGD together with the cell-substrate 

adhesion forces, forming uniform “tissue-like” coatings and preventing spontaneous 

detachment. By applying an external positive potential, the defect-less “tissue-like” sheet was 

recovered with the possibility of using it for further applications (Figure 2.9b).  

 

2.3.3. Modified PEs at curved surfaces for active targeting and cell mimicking 

The controlled synthesis of micro and nanostructures has caused a scientific revolution 

for bio and nanotechnology, paving the way to develop novel strategies for drug delivery, 

optical devices, photonics and biosensing applications. Orthogonally displaying 

biomolecules and responsive functionalities at the interface has been addressed as a crucial 

aspect for determining the holistic properties of such spherical objects, while at the same time 

improving their stability in solution. As for flat substrates, the use of modified PEs on 

particles has emerged as an appealing strategy due to the self-organization at the curved 

surface and the possibility to customize the colloidal properties. Proper design of the 

adsorbing PE could ensure control not only of the type and density of moieties expressed at 

the interface, but also of the outer layer architecture, affecting the interactions with cells and 

other biological entities.  

As well as the main role of forming camouflaging coatings around micro and 

nanoparticles to reduce the cytotoxicity upon cell/tissue uptake, PEG-grafted PEs have also 

been used to investigate cell functions, incorporation pathways and active targeting. Quantum 

dots (QDs) covered with hyperbranched PEI-PEG were used to study the internalization 

process in HeLa cells.254 The grafting density of PEG on the branched PEI had an influence 

on the uptake mechanism. At a ratio of four PEG moieties per PEI molecule, 

compartmentalization inside the organelles was observed, as indicated by the co-localization 

of light emission from the QDs and the stained organelles. On the other hand, at a ratio of 

two PEG chains per PEI molecule, fast endocytosis was observed in vesicles followed by 

slow endosomal escape into the cytoplasm.  

The type of modified PE can influence cellular recognition. PS microcapsules with PLL-

PEG as outer layer blocked the phagocytosis of dendritic cells and macrophages more 

efficiently than PGA-PEG, as reported by Wattendorf and coworkers.255 The PEG chain 

fraction and length affected the cellular recognition of PS beads.256 High PEG (2 kDa) density 

appended to PLL presented efficient protein resistance but low phagocytosis by dendritic 

cells and macrophages. Moreover, varying the molecular weight of the PEG chain (1 or 5 

kDa) was shown to maintain the protein resistance, but to impair the phagocytosis. The use 

of such a system for cell targeting was investigated by Faraasen et al. by adding the RGD 

peptide to the PLL-PEG polyelectrolyte.257 By exploiting both PS and poly(D,L-lactide-co-
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glycolic acid) (PLGA) beads in combination with binding and non-binding motifs (RGD and 

RDG, respectively), a receptor-mediated recognition for phagocytosis was identified for 

PLL-PEG-RGD-covered spheres, with possible applications for specific targeting.  

The formation of PLGA carriers for active targeting with specific chemical functionalities 

was described by Müller and coworkers.258 The spontaneous assembly of positively charged 

PLL-PEG-biotin on negatively charged PLGA spheres produced macroparticles resistant to 

non-specific protein adsorption. In addition, the biotin group allowed the localized 

immobilization of fluorescently labelled SAv at the interface, making it a feasible approach 

for engineering the coating of biodegradable carriers. Chitosan nanocapsules with appended 

groups showed a higher active targeting compared to the ones without.259 Studies exploiting 

antibodies directed against TMEFF-2 as a cancer target showed favorable results for 

chemotherapy260 and radiotherapy.261 The use of biotin moieties at the end of PEG chains 

grafted to chitosan allowed the formation of chitosan-PEG-antiTMEFF-2 nanocapsules by 

means of two-step coupling of avidin and a biotinylated antiTMEFF-2 monoclonal antibody. 

Despite the promising outcomes and efficient targeting in vitro, the results in vivo were 

reported to be not efficient.  

Empty capsules have been produced using the LbL approach upon dissolution of a 

sacrificial core, bestowing biotin moieties at the outer layer. The group of Vörös used these 

systems to study the adhesion energies of PLL-PEG-biotin capsules on SAv-coated surfaces 

as a model for mimicking biological cells.262 In a follow-up study, the morphology of such 

capsules was studied by varying the multilayer formation procedure, the core material, and 

the dissolution method, in order to produce stable and protein-resistant scaffolds.263 The 

presence of biotin as the last layer allowed specific recognition of SAv with tunable densities 

at the interface. 

Recently, PS microparticles coated with modified PEs have been proposed to probe and 

simultaneously analyze the multiplicity of interactions between bacteria and substrates. As a 

proof-of-principle, Xie et al. designed two coatings based on PLL grafted with (N-dodecyl-

N,N-dimethyl ammonium) butyrate,264 which is a bioactive quaternary ammonium 

compound (QAC) that has shown to disrupt the bacterial membrane.265 PLL-QAC and PLL-

PEG-QAC, with the QAC moieties at the end of the PEG chains, were self-assembled on 

negatively charged PS beads, which were subsequently incubated with E. coli. The mixture 

was then analyzed by flow cytometry, which demonstrated the bactericidal effect of the 

surface. PLL-PEG-QAC was found to be the most efficient coating in reducing the growth 

of bacteria at longer time scales. This method showed the potential applications of 

automatically probing and measuring the effect of different interactions between 

functionalized substrates and cells, such as bacteria. 
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2.3.4. Bioengineered coatings for arrays of DNA, proteins, and vesicles  

Localized positioning of biological materials on surfaces has propelled the advancement 

of genomics, diagnostics, and biosensing. The multiplexed detection by high-throughput, 

simultaneous analysis of thousands of parameters requires flexibility of the components in 

forming the biorecognition interface. Modified PEs have shown compatibility with creating 

architectures with defined properties, structure, type and density of receptors or anchoring 

groups by simple self-assembly. In particular, bio-orthogonal reactive groups have offered 

further control over the final recognition interface with the possibility of: i) choosing at will 

biorecognition elements to be anchored by chemical/biological engineering, ii) selectively 

defining recognition areas (often in combination with patterning techniques), iii) maintaining 

the properties (e.g. antifouling) and homogeneity of the pre-organized architecture, and iv) 

rationally improving the selectivity and sensitivity of the biosensing process, regardless the 

type of modified PE, substrate material, and detection system. Due to the facile synthesis and 

availability of the starting materials, the most reported example that employs all of these 

characteristics is the PLL-PEG-biotin approach. 

PLL-PEG-biotin has been exploited by Zhen et al. for anchoring biotinylated engineered 

β-lactamase enzymes on niobium oxide substrates.266 The architecture formation was 

monitored stepwise by OWLS, allowing the quantification of the adsorbed mass. The type of 

formed layer was investigated by adsorbing either neutravidin (NAv) followed by 

biotinylated β-lactamase or pre-forming a complex NAv-lactamase. Only in the latter case, a 

linear correlation was observed between the amount of surface biotin and the adsorbed mass 

of both NAv and β-lactamase (determined by a release process), demonstrating the 

uniformity of the layered architecture with lactamase on top of the NAv film. The 

orthogonality of this approach allowed the anchoring of four more variations of engineered 

β-lactamase enzymes, while retaining their activities.  

Microfluidic systems have been exploited to deliver PLL-PEG-biotin PEs for selectively 

localizing SAv220 or to bind and manipulate bacteriophage λ-DNA.267 After self-assembling 

the PLL-PEG-biotin layer, anchoring NAv and subsequently attaching a biotinylated DNA 

probe, λ-DNA (with an end complementary to the DNA probe) was immobilized in a PDMS 

microfluidic device for studying interactions with other proteins. In combination with the 

MAPL technique, a gradient of PLL-PEG-biotin could define patterns with varying densities 

of active molecules. Morgenthaler et al. showed this concept forming different microarrays 

of PLL-PEG-biotin with decreasing fluorescence intensities after incubation with SAv-Alexa 

Fluor 488, while at the same time blocking non-specific protein adsorption.268  

Due to the feasibility of forming arrays with modified PLLs, large efforts have been spent 

on similar analytical protocols that could provide the multiplexity of recognition, performing 
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parallel detection at high speed and accuracy of information. Anchoring of DNA-tagged 

vesicles was tested on PLL-PEG-biotin surfaces covered with NAv and biotin-DNA.169 

Microarrays were then formed, studying the co-localized detection of red fluorescent vesicles 

on biorecognition areas, determined by the patterned green fluorescent SAv. The controlled 

anchoring of vesicles was investigated for promising applications in high-throughput analysis 

for label-free and selective recognition/amplification processes,269 as well as the possibility 

of delivering micro and nano-compartmentalized environments, for example as a reservoir 

for growing nanotubes270 or hosting nanoreactors with internalized enzymes.271 In further 

studies, either a spotting technique272 or a crossed microfluidic device in concert with MAPL 

patterning273 were used to create selected arrays of anchored vesicles. SAv was anchored to 

a self-assembled PLL-PEG-biotin layer followed by different biotinylated-DNA probes. 

Functionalized or fluorescently labelled vesicles were selectively immobilized by tagging of 

the vesicles with complementary DNA (cDNA) sequences (Figure 2.10). Such approaches 

were the first steps for the patterning and analysis of membrane proteins, which cannot be 

usually analyzed in parallel and in cycles involving drying steps.  

Figure 2.10. Schematic representations and fluorescence microscopy images of different arrays made 

with customized vesicles by means of a) spotting and b) microfluidic/MAPL patterning techniques. 

Readapted with permissions respectively from ref. 272, © (2006) AIP Publishing, and from ref. 273, © 

(2005) Royal Society of Chemistry. 

 

Other types of patterns and modified PEs have been reported for achieving orthogonal 

anchoring at abiotic and biotic interfaces. Gold colloids grafted with thiol DNA 

complementary to the biotinylated probe were deposited on PLL-PEG-biotin-SAv-coated 

b)a)
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poly(methyl metacrylate) (PMMA) substrates with remarkable precision.274 Nanostripes 

were formed with different particle surface densities, from single colloid lines to fully 

connected nanowires, with possible applications in bioelectronics and optical based 

biosensing.275 PLL-PEG-NTA arrays were printed for the reversible and selective anchoring 

of His-tagged proteins, with direct applications in fields such as genomics and proteomics.167 

PAsp PEs grafted with three ethylene glycol units functionalized with biotin (PAsp-OEG-

biotin) were employed to form multilayers with PLL.276 Variations of the degree of 

functionalization and the number of PAsp-OEG-biotin layers in the PEM were tested, 

probing the medium distance between anchored SAv proteins and its potential use as an SPR 

sensing platform. With a similar approach, Harmsma and coworkers developed an optical 

microring resonator for potential biosensing use by exploiting a LbL approach, having PAH 

with customizable grafting densities of biotin as the last layer.277  

A small library of PLLs with short ethylene glycol units was developed, opening new 

opportunities in biocompatible, combinatorial surface functionalization for biosensing.278 

Three modified PLLs, namely PLL-OEG-biotin, PLL-OEG-azide and PLL-OEG-hydrazide, 

were exploited to orthogonally perform bioconjugations with SAv, copper-free click 

reactions with dibenzyl cyclooctyne moieties and reversible binding with alginate-aldehyde 

on isolated pancreatic islet cells. Coadsorption of PLL-OEG-biotin and PLL-OEG-hydrazide 

displayed a full surface fluorescence overlap when incubated with SAv and alginate-aldehyde 

with different fluorescent dyes. Another type of click reaction was exploited by us based on 

the maleimide-thiol reaction. PLL-OEG-maleimide deposited on gold substrates was used as 

adhesion layer to anchor zwitterionic-like peptides terminated with cysteine, bestowing 

optimal repellency to both high concentrations of BSA and human plasma samples.162 

 

2.3.5. Biosensing applications 

The type and the density of probes, as well as the layer architecture, determine the target 

analyte accessibility towards the recognition sites, thus affecting the selectivity and 

sensitivity of a biosensing surface. The use of modified PEs has shown the feasibility for 

establishing architectures with specific biorecognition characteristics by molecular design. 

Marie and coworkers created selected binding areas on the surfaces of PDMS, PMMA, SU-

8 and topas-5013 polymeric materials, by depositing PLL-PEG-biotin by means of 

microfluidic channels.220 Such materials have been abundantly used for fabrication of lab-

on-a-chip and microsystem devices based on optical readout. Upon injection of fluorescently 

labelled SAv, fluorescence emission was detected selectively at the PLL-PEG-biotin areas in 

less than 10 min, with high sensitivity in the pM region. Electrochemical avidin sensing was 

performed by Lepoitevin et al. using a single nanopore functionalized with PEM having and 
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PLL-PEG-biotin as the final layer,279 while Marmisollé et al. detected SAv by means of SPR 

using a monolayer formed by supramolecular interactions based on orthophosphate anions 

and PAH-biotin.79 PEM-coated Ag-NPs with fluorescently labelled PAH and PLL-PEG-

biotin as the outer layer have been reported to detect SAv, at concentrations as low as 30 fM, 

by surface-enhanced Raman scattering (SERS).280  

The use of SAv to link biotinylated receptors has been used for instance by Burg and 

coworkers in a nanomechanical resonator.281 Upon linking anti-goat IgG antibodies 

engineered with biotin linkers to a PLL-PEG-biotin-NAv-passivated resonant cantilever, 

goat anti-mouse IgGs were detected with a limit of detection (LOD) of 0.7 nM and optimal 

selectivity compared to the control (no IgG) or to human IgG samples (Figure 2.11a). The 

same surface chemistry was employed on synchronized QCM and localized SPR (LSPR) 

chips to detect IgG,282 as well as to anchor biotinylated protein A for investigating the 

immobilization for an enzyme-linked immunosorbent assay (ELISA) in a microfluidic 

chip.283 With this PLL-PEG-biotin-NAv surface functionalization method, a maximum of 

40% enhancement of the immunoactivity ELISA performance was determined compared to 

other surface immobilization protocols.  

Figure 2.11. a) Top: real-time resonance frequency shifts on an SiO2-based cantilever for the 

consecutive adsorption of PLL-PEG-biotin, NAv and biotinylated anti-goat IgG, with schematic 

drawings of the architecture formed at each step. Bottom: QCM frequency shifts for the biorecognition 

process of goat anti-mouse IgG at different concentrations from 0.7 nM to 0.7 µM (blue lines) and 

controls, in the absence of IgG (black) and in the presence of human IgG. Reprinted with permission 

from ref. 281. © (2007) Springer Nature. b) Top: illustration of NEMS resonator architecture and a 

fluorescence microscopy image of the microvortices that allowed the concentration of biomolecule at 

the center of the NEMS device. Bottom: time-lapse fluorescence images of concentrated fluorescently 

labelled SAv. Reproduced with permission from 286. © (2018) American Chemical Society. 

b)a)
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Among several factors, the sensitivity of the final binding assay is affected by the 

combination of the architecture and the detection technique. Duan et al. reported a PLL-

OEG-biotin-based FET with an LOD of about 500 fM for SAv.88 The use of short PEG 

chains, consisting of four ethylene glycol units per side-chain, was found to be favorable for 

nano-bioFET applications, as the receptors were kept closer to the transducer surface in 

comparison to long PEG molecules. In addition, the regeneration of the biorecognition 

substrate, by flushing with highly acidic buffer, was improved, which is incomplete for PLL-

PEG due to its resistance at lower pH.145 Davila and coworkers studied the immobilization 

of biotinylated anti-ovalbumin and the consecutive detection of ovalbumin on various 

functional PEMs.284 By varying both the grafting ratio and the length of the ethylene glycol 

spacer, a library of PAA-OEG-biotin polyelectrolytes was synthesized and employed as the 

last adsorbed layer in PEI/(PSS/PAH) multilayers. An optimized platform of PAA-OEG9-

biotin (25 mol% with respect to the PE monomer) was used to selectively detect ovalbumin 

by OWLS and QCM, while retaining optimal antifouling properties. Duan and coworkers 

exploited used PLL grafted with biotin spaced by four or twelve ethylene glycol units to 

sequentially anchor SAv and either biotin-anti-mouse IgG or biotin-anti human prostate 

specific antigen (PSA, associated with prostate cancer). Investigating the biosensing 

capability with QCM, interferometry and ELISA techniques, nM LODs were reported for 

PSA in serum and IgG in buffer for PLL-OEG-biotin with the longer OEG spacers.285 In a 

follow-up study, the detection of IgG in serum and PSA in buffer was enhanced by using an 

acoustic nano-electrochemical system (NEMS) resonator as biomolecular concentrator at the 

biorecognition spot (Figure 2.11b).286 A 10 and 200-fold decrease of the LOD was found for 

IgG and PSA, respectively, demonstrating the applicability of the NEMS resonator with 

different target molecules and surface-based biosensing techniques. 

The span of detected analytes by means of modified PEs expands beyond proteins and 

ranges from oligosaccharides to DNA and bigger entities such as cells. Two different types 

of responsive nanospheres were developed for glucose colorimetric biosensing. Boyer et al. 

used Au NPs covered with a PEM film and PAA grafted with glucose as the last layer to 

anchor the lectin Con A, which induced the formation of a precipitate.287 Upon addition of 

glucose followed by gentle shaking, the color of the solution changed from transparent to 

red. In another example, De Geest et al. showed the fast (within 5 min) decomposition of 

multilayer microcapsules formed from a fluorescently labelled polyanion and a 

phenylboronic acid-based polycation in presence of glucose.288  

PAA grafted with single stranded DNA was exploited by Taira and Yokoyama for DNA 

chip functionalization.289 A second DNA molecule, with the ends complementary to the DNA 

grafted to PAA and to the target DNA, was hybridized after surface deposition on gold. The 
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addition of this second probe was used to reduce the electrostatic non-specific interaction in 

proximity to the surface. The detection of target DNA and single nucleotide polymorphism 

was assessed by fluorescence spectroscopy, showing good selectivity even at 20 nM 

concentrations between fully complementary and other sequences. Short DNA segments 

were detected by use of a stratified architecture on noble/ferromagnetic metal particles, with 

the biotinylated DNA probe anchored to the surface by means of a PLL-PEG-biotin-SAv 

layer.290 Superior quality of the detected signal and the signal-to-noise ratio, were observed 

for magneto-optic SPR detection compared to conventional SPR systems. Gunnarsson et al. 

lowered the LOD for DNA recognition using short biotinylated DNA probes (15 nt) anchored 

to a substrate for total internal reflection microscopy by means of PLL-PEG-biotin and a SAv 

adhesion layer.291 A sandwich assay was performed allowing the consecutive hybridization 

of the target DNA molecule (30 nt) and the reporter DNA (complementary to the free end of 

the target sequence), which was attached to fluorescently labelled vesicles. A recognition 

signal was detected only in case of both successful hybridization events, due to the surface 

proximity of the anchored vesicles, while the vesicles in solution remained “silent”. With this 

approach, an LOD of 10 fM was achieved together with remarkable discrimination of single 

DNA mismatches by monitoring the vesicle residence time on the surface. 

A 3D platform for the capture, detection and release of specific tumor cells was developed 

by Hsiao and coworkers. Nanorod arrays were functionalized with PLL-PEG-biotin and SAv 

for linking the anti-human epithelial cellular adhesion molecule (anti-EpCAM) antibody, 

specifically used for rare cell isolation.292 Efficient immobilization of breast cancer cells 

MCF7, which express EpCAM, was demonstrated while simultaneously presenting non-

adherence to the EpCAM-negative cervical cancer HeLa cell line. Moreover, more than 90% 

of captured cells were released by an electrical trigger, without affecting their viability 

(Figure 2.12a). Sugai et al. developed a strategy to form one-component arrays for the 

discrimination of eight types of human cells (including cells with the same tissue origin, but 

different subtypes) with high accuracy, by surface adhesion of PLL grafted with dansyl 

groups, which emit a fluorescence signal in close proximity to hydrophobic regions.293 The 

assay was based on the non-specific adsorption of the modified PE on the cell surface. 

Distinct fluorescent signals were detected for different combinations of cell type and 

adsorbed PE upon pH and ionic strength variation, creating a specific fingerprint for each 

cell line (Figure 2.12b). Unlike other systems, where the structure of the analyte needs to be 

known in order to use a correspondent receptor, the use of non-specific interactions does not 

require in-depth knowledge of the analyte prior to detection. This innovation could open the 

door to a new breadths of biosensing. Exploiting the same PLL with appended dansyl moiety, 

the group expanded this fingerprinting approach to the detection of other molecules such as 

proteins,294,295 with the possible extension to other biologically relevant entities. 
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Figure 2.12. a) Schematic representation of the stepwise formation of the MCF7 tumor cell-selective 

nanorod array and the subsequent cell release by an electric stimulus, with a diagram showing the 

capture yield for EpCAM-positive (MCF7) and EpCAM-negative (HeLa) cell lines. Reprinted with 

permission from ref. 292. © (2015) Royal Society of Chemistry. b) Conceptual figure showing the 

structure of PLL modified with dansyl functionalities and the one-component assay for discriminating 

human cells presenting “fingerprint” fluorescence emission due to characteristic interactions between 

the modified PE and the cell surface, upon changing pH and ionic strength. Reprinted with permission 

from ref. 293. © (2019) American Chemical Society. 

 

2.4. Conclusions 

The engineered display of (bio)molecules at the interface plays a crucial role in defining 

the characteristics of (a)biotic substrates at the nanoscale level. Among several surface 

functionalization strategies, the strategy of adsorbing modified PEs establishes control not 

only of the type and density of reactive groups but also of the local surroundings, thus 

defining the physico-chemical properties at the interface. Due to the chemical design 

implemented during a preceding synthetic step, target 2D and 3D architectures can be 

achieved by self-assembly processes. In combination with patterning techniques, specific 

functionalities can be introduced at the adsorbed coatings. An overview of the strategies 

based on modified PEs for regulating surface properties has been presented, as well as their 

applications for bioengineered films and biosensing interfaces. The chapter builds on the 

concept of PE as functionalization strategy, focusing on the significant innovations the PEs 

a)

b)
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offer to surface modification methodologies. The use of modified PEs has introduced the 

advantage of covalently binding chemical functionalities in a preceding synthetic step to tune 

the displayed biomolecules at the interface, regardless of the substrate material. 

The PE adsorption mechanism has been discussed to describe the variety of chemical 

moieties that can be grafted to PE backbones. PE adsorption processes yield mono, multi and 

patterned layer assemblies at interfaces. Augmented characteristics of the formed structures, 

stemming from the combination of functionalities and the type of architecture used, have 

been reviewed. Examples of the use of modified PEs for the development of functional 

engineering coatings and biosensing purposes have been extensively analyzed. The 

antifouling and antimicrobial characteristics, which are fundamental aspects in material 

sciences and surface chemistry, have been discussed. In addition to these features, modified 

PE-functionalized platforms to promote orthogonal anchoring of probes and biological 

entities have been investigated. Reactive/affinity groups (e.g., peptides, proteins, and 

nucleotides) displayed on flat and curved surfaces have been presented to selectively 

immobilize, pattern and detect, among others, antibodies, proteins, DNA, vesicles and cells, 

showing the applicability for cell studies, active targeting and biosensing. 

The modified PE strategy for addressing specific, holistic functionalities at interfaces has 

played a pivotal role in developing surface functionalization approaches, affecting 

multidisciplinary aspects in material sciences at macro and nanoscale levels. Due to the ease 

of synthesis, the variety of appended groups and the wide substrate applicability, modified 

PEs can be exploited to further expand the range of (bio)applications. The programmed 

functionalities expressed by the combination of synthetic design and surface architecture give 

additional degrees of control for producing platforms tailored for studying biological 

processes and genetic expressions, testing new drugs and probing interactions between 

selected biomolecules. Moreover, the versatility of the modified-PE approach could 

potentially enhance the state-of-the-art of biosensing equipment. The possibility of choosing 

the grafted components, interfacial architecture and detection system could be exploited to 

improve patient-personalized, multiplexed and ultrasensitive biosensor devices, as well as 

advancing other technologies such as self-healing sensors, artificial nose/tongue devices and 

information storage/reading of bio-based digital data. 

 

2.5. Abbreviations  

Ada  adamantane 

AHP  hippocampal progenitor 

AMA  aminoethyl methacrylate 

Az  4-azidoaniline 
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BSA  bovine serum albumin 

CB  carboxybetaine 

CD  cyclodextrin  

Con A concavalin A 

COP  cyclic olefin polymer 

ECM  extracellular matrix 

EGCg epigallocatechin-gallate 

EHEC ethyl hydroxyethyl cellulose 

ELISA enzyme-linked immunosorbent assay 

EpCAM epithelial cellular adhesion molecule 

ePTFE expanded polytetrafluoroethylene 

FA  folic acid 

Fc  ferrocene 

FET  field effect transistor  

Fg  fibrinogen 

Fl  fluorescein 

FR  folate receptor 

GFP  green fluorescent protein 

HA  hyaluronic acid 

HFF  human foreskin fibroblast 

HMVEC human microvascular endothelial cells 

IgG  immunoglobulin 

ITO  indium tin oxide 

LAEPT locally addressable electrochemical patterning technique 

LbL  layer-by-layer 

LOD  limit of detection 

LSPR localized SPR 

Mal  maleimide 

Man2  2-O-α-D-mannopyranosyl-D-mannopyranose 

MAPL molecular assembly patterning by lift-off 

NAv  neutravidin 

NEMS nano-electrochemical system 

NP  nanoparticle 

NTA  nitrilotriacetic acid 

OEG  oligo(ethylene glycol) 

OWLS optical waveguide lightmode spectroscopy 

PAA  poly(acrylic acid) 
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PAAm poly(allylamine) 

PAH  poly(allylamine hydrochloride) 

PAlg  poly(alginic acid) 

PAOXA poly(2-alkyl-2-oxazoline) 

PAsp  poly(aspartic acid) 

PDADMAC poly(diallyldimethylammonium chloride) 

PDDA poly(diallyldimethylammonium chloride) 

PDMS poly(dimethylsiloxane) 

PE  polyelectrolyte 

PEG  poly(ethylene glycol) 

PEI  poly(ethylene imine) 

PEM  polyelectrolyte multilayer 

PEOXA poly(2-ethyl-2-oxazoline) 

PGA  poly-L-glutamic acid 

PGal  poly(galacturonic acid) 

PLGA poly(D,L-lactide-co-glycolic acid) 

PLL   poly-L-lysine 

PMAA poly(methacrylic acid) 

PMMA poly(methyl methacrylate) 

PMOXA poly(2-methyl-2-oxazoline) 

PMOZI poly(2-methyl-2-ozazine) 

PS  polystyrene 

PSA  prostate specific antigen 

PSi  porous silicon interferometer 

PSS  poly(sodium 4-styrenesulfonate) 

PTFE  poly(tetrafluoroethylene) 

PVAm poly(vinyl amine) 

PVP  poly(2-vinylpyridine) 

QAC  quaternary ammonium compound 

QCM-D quartz crystal microbalance with dissipation monitoring 

QD  quantum dot 

SAM  self-assembled monolayer 

SAv  streptavidin 

SERS surface-enhanced Raman scattering 

SF-SCF Scheutjens-Fleer self-consistent field 

SMAP selective molecular assembly patterning 

SPR  surface plasmon resonance 
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ssDNA single stranded DNA 

µCP  microcontact printing 
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Chapter 3 

 

Poly-L-Lysine with Appended Reactive Groups for  

Probe Density Control at Biosensor Surfaces* 

Biosensors and materials for biomedical applications generally require chemical 

functionalization to bestow their surfaces with desired properties, such as specific molecular 

recognition and anti-fouling properties. The use of modified poly-L-lysine (PLL) polymers 

with appended oligo(ethylene glycol) (OEG) and thiol-reactive maleimide (Mal) moieties 

(PLL-OEG-Mal) offers control over the presentation of functional groups. These reactive 

groups can be conjugated readily to, for example, probes for DNA detection. Here we 

demonstrate the reliable conjugation of thiol-functionalized peptide nucleic acid (PNA) 

probes onto pre-deposited layers of PLL-OEG-Mal and the control over their surface density 

in the preceding synthetic step of the PLL modification with Mal groups. By monitoring the 

quartz crystal microbalance (QCM) frequency shifts of the binding of complementary DNA 

versus the density of Mal moieties grafted to the PLL, a linear relationship between probe 

density and PLL grafting density was found. Cyclic voltammetry experiments using 

Methylene Blue-functionalized DNA were performed to establish the absolute probe density 

values at the biosensor surfaces. These data provided a density of  

1.2 × 1012 probes per cm2 per % of grafted Mal, thus confirming the validity of the density 

control in the synthetic PLL modification step without the need of further surface 

characterization. 

 

 

 

 

 

 

*This chapter has been published as: J. Movilli, A. Rozzi, R. Ricciardi, R. Corradini, J. 

Huskens, Bioconjug. Chem. 2018, 29, 4110-4118.  
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3.1. Introduction 

DNA biosensors have become ubiquitous over the last few decades.1 As discussed in 

Chapter 1, the applicability of DNA biosensors includes biotechnology and biomedicine,2,3 

as well as food control and forensics.4-6 Owing to their selectivity and sensitivity, DNA 

biosensors have become the primary tools to diagnose and monitor several types of human 

syndromes with defective genome maintenance.7-9 

Surface-based DNA biosensors are the most used for practical reasons, and can provide 

excellent sensitivity and minimized interferences.10,11 The integration of a biorecognition 

element at the transducer interface, while minimizing fouling, is essential for building a high-

performance sensor surface.1 Controlling the chemical and physical nature of the interface 

determines the outcome of the biosensing device.12 Several strategies for probe 

immobilization on the sensor surface have been used depending on the substrate composition 

(mostly Au, SiO2 or metal oxides): adsorption of DNA probes on positively charged 

surfaces,13,14 attachment of thiolated DNA probes as self-assembled monolayers (SAMs) on 

gold substrates15 or modified probes on chemically functionalized surfaces,16,17 silanization 

on SiO2,18 adsorption by non-covalent interactions (e.g., biotin-SAv),19 and layer-by-layer 

(LbL) polyelectrolyte assembly.20 Although many procedures have been standardized, these 

approaches can present problems, such as reduced stability or affinity during hybridization, 

long functionalization times, and solvent incompatibility.  

One of the main objectives of this dissertation is the control over the probe density, which 

still remains an important challenge for optimal performance of a biosensing device.21,22 The 

probe density (𝛤) is a crucial parameter in biosensing because it affects the probe’s 

orientation and the uniformity of the sensing layer. Moreover, the probe density does not only 

provide possible binding sites for the analyte, but it also affects the accessibility of the analyte 

towards the probe surface by the occurrence of steric and electrostatic effects. In particular, 

in DNA sensing, the density of probes, which usually consist of complementary single strand 

DNA (ssDNA), is affected by electrostatic repulsion leading to decreased hybridization 

efficiency at increased probe densities.21,23,24 

The type of immobilization technique (for example, by SAM formation of thiolated 

probes on gold or by silanization) affects the density and distribution of the probes on a 

sensing surface. In the case of direct probe adsorption on both unfunctionalized and pre-

treated surfaces, the following two are the most used approaches to vary the probe density. 

Firstly, by increasing the deposition time (while keeping the concentration constant), Herne 

et al. were able to vary the probe density by over an order of magnitude by using HS-ssDNA 

on gold,25 and the same order of magnitude was calculated for the probes on an impedance-

based silicon transducer by Macanovic and coworkers.26 Secondly, by increasing the 
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concentration of the probe solution for a fixed amount of time, Ricci et al. varied 𝛤 in their 

E-DNA sensor between 1010 and 1012 molecules/cm2.27 A conceptually different strategy is 

to employ variation of the molar ratio of two components in the depositing solution: Kjallman 

and coworkers varied the amounts of thiolated poly(ethylene glycol) (PEG) and thiol-

modified hairpin probes during the self-assembly process on a gold surface.28 Yao et al. chose 

a 1:9 ratio for a biotinylated and an OH-terminated thiol in a mixed self-assembled 

monolayer, again on a gold substrate.29 Peterson and coworkers varied the ionic strength and 

applied an electric field to assist the immobilization of negatively charged ssDNA-SH, thus 

obtaining a high surface density.24 

All methods presented above aim to control the probe density at the surface modification 

step, requiring characterization of the probe density and the hybridization efficiency after 

sample preparation using difficult surface-analytical techniques. A method is therefore 

desired that allows control over 𝛤 in a preceding synthetic step, upon which analysis is 

conveniently achieved using solution-analytical techniques and which is followed by a 

straightforward surface immobilization step of a single compound that provides a 

reproducible density upon adsorption. 

The chemi-/physisorption of modified polyelectrolytes provides advantages for the 

immobilization of biomolecules and for biosensing applications.30 At physiological pH, poly-

L-lysine (PLL) polymers readily and strongly adsorb onto a variety of metal oxide surfaces 

through multivalent electrostatic interactions between the positively charged lysine side-

chains and a negatively charged surface.31,32 Consequently, modified PLL polymers easily 

allow the accommodation of the grafted functional groups over the substrate, maintaining 

their adsorption properties. This approach has been used, for example, in bestowing 

antifouling properties on surfaces. Owing to the simple functionalization and characterization 

in solution, PLL-g-PEG polymers were made with different grafting densities to study the 

influence of interfacial architecture on the resistance to protein adsorption.31,33,34 

VandeVondele and Hubbel varied the grafting density of RGD peptide to form PLL-g-PEG-

RGD polymers that promote cell adhesion, blocking the non-specific protein interactions at 

the same time,35 while Huang et al. formed a bioaffinity sensor to detect rabbit 

immunoglobulin (RIgG), changing the graft ratio of biotin in PLL-g-PEG-biotin polymers.36 

The long PEG type (MWPEG > 2000 Da) used in the previous examples can affect the final 

output of the detector by positioning the receptors away from the interface and the 

polydispersity of the PEG chain can prevent the uniform formation of the biorecognition 

layer. Therefore, Duan et al. grafted short oligo(ethylene glycol) (OEG4)32 in combination 

with OEG4-biotin to PLL backbones on silicon nano-BioFETs, forming a biosensing surface 

with uniform layers, maintaining the strong surface stability and anti-fouling properties.37 
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Here we show the formation of DNA biorecognition surfaces prepared by the deposition 

of modified poly-L-lysine polymers with various ratios of OEG and maleimide (Mal) 

moieties (PLL-OEG-Mal) on surfaces, so that the probe density control is achieved during a 

preceding and simple synthetic step, where the degree of functionalization is readily analyzed 

and quantified by 1H-NMR. Afterwards, by means of a predictable and straightforward, 

single-step surface assembly process over gold and silicon oxide, the PLL-OEG-Mal 

polymers are adsorbed on the sensing surface and coupled subsequently with thiol-modified 

peptide nucleic acid (PNA) probes, able to detect KRAS sequences of DNA (involved in the 

early formation of several types of cancer).38,39 We used PNA sequences as probes to achieve 

a better affinity for cDNA sequences, compared to DNA probes.40 It has been shown that 

PNA can distinguish single point mutations in nucleotide sequences,41 a property that was 

used in PCR protocols for detection of cancer-related mutations,42 and their properties can be 

used for increasing the sensitivity and the selectivity of the biosensing devices.43 The 

detection of cDNA is evaluated as a function of the degree of Mal grafted to the different 

PLL-OEG-Mal polymers by quartz crystal microbalance with dissipation (QCM-D), in order 

to establish the relationship between the probe density and the PLL grafting density with Mal 

groups. Cyclic voltammetry (CV) experiments have been used to support these findings and 

to provide absolute density values. 

 

3.2. Results and discussion 

3.2.1. Probe density control by grafting density of maleimide groups at PLL  

Figure 3.1a shows the concept of the control over probe density during the preceding 

synthesis phase of modified PLL, after which the PLL with the desired degree of 

functionalization is placed on the sensor surface in one step. Increasing amounts of maleimide 

(Mal) reactive moieties in the synthetic step result in a higher content of Mal grafted to the 

PLL backbone and to a concomitantly higher density at the substrate upon immobilization of 

the modified PLL. The density of PNA probes that is displayed on the surface is set during 

the thiol-ene reaction, as has been demonstrated in earlier studies on other maleimide-

functionalized recognition surfaces carrying antifouling PEG moieties.44,45 Consequently, the 

cDNA hybridization step can, in the envisaged application, be carried out without previous 

quantification of the total probe density. Aim of this work was to observe the relationship 

between the Mal grafting density on the PLL and the response of the sensing layer to cDNA 

after its modification with PNA, and thus to establish the relationship between polymer 

grafting density and surface probe density. 
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Figure 3.1. a) Scheme showing the control of the probe density, during the synthesis of PLL-OEG-Mal 

polymers, which provides the targeted probe density and cDNA binding at the substrate upon 

immobilization of the modified PLL. x and y indicate the percentages of oligo(ethylene glycol) and 

maleimide grafted to the PLL side chains, respectively. b) Synthesis of PLL-OEG-Mal. PLL is reacted 

with desired relative ratios of Mal-OEG4-NHS (y =0-9.1%) and methyl-OEG4-NHS ester (x =15.9-

29.1%) to give the final modified PLL with the desired degrees of functionalization. 

 

In order to investigate the surface density control, PLL polymers with various fractions 

of oligomeric ethylene glycol and maleimide moieties were synthesized (Figure 3.1b). 

Specifically, the structure of the functionalized polymers in this work was based on PLL 

(MW 15-30 kDa) functionalized with side-groups with an OEG spacer with four units. The 

end of the spacer was either a methoxy (OEG) or a maleimide (Mal) group to have mono- or 

bi-functionalized polymers (PLL-OEG or PLL-OEG-Mal). The name PLL-OEG(x) is used 

here to refer to PLL-g-OEG4(x%) polymers where x corresponds to the, experimentally 

assessed, molfraction of OEG per lysine monomer unit grafted to the PLL backbone. In case 

of maleimide derivatives, PLL-OEG(x)-Mal(y) stands for PLL-g-OEG4(x%)-g-OEG4-

Mal(y%) where y is the percentage of maleimide grafted to the PLL, as shown in Figure 3.1b.  

Following a reported procedure,37 OEG and Mal groups were covalently grafted to the 

PLL backbone in a one-step, one-pot synthesis by NHS ester coupling, as depicted in Figure 

3.1b, using a mixture of NHS-OEG4 and NHS-OEG4-Mal. The grafted OEG/Mal ratio 

attached to PLL was calculated taking the proper 1H NMR integrals, after normalization by 

the peak at 4.29 ppm (1H, Lys backbone, NH‐CH‐C(O)‐), see Figure 3.9 below. The fraction 

of Mal was varied between 0 and 9%, while the OEG one was kept at 15-30% (Table 3.1). 

a)

b)
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This degree of OEG was found to be sufficient to prevent non-specific interactions from both 

uncharged molecules as PNA and between positively charged PLL and negatively charged 

DNA, as will be explained below. As suggested by Duan’s work, the total functionalization 

of PLL polymer was intentionally kept below 35% to have a sufficiently strong surface 

adhesion as well as enough OEG moieties to avoid non-specific interactions.37,46  

The results presented in Table 3.1 indicate a small discrepancy between the maximum 

theoretical amounts, based on full conversion of the supplied NHS esters of OEG and Mal, 

and the measured grafting densities observed for both the OEG and Mal groups. Typically, 

about 80-90% of the Mal-NHS derivative was coupled successfully to the PLL. The small 

discrepancy is probably due to the limited stability of the NHS ester in PBS at pH 7.0 leading 

to competing hydrolysis.47 

 

3.2.2. PLL-based DNA sensing layer formation 

Figure 3.2 shows all the QCM-D time traces of the full process of PLL adsorption, PNA 

probe binding and cDNA binding (frequency shifts Δf, in blue) as conceptually outlined in 

Figure 3.1a. The gold QCM substrates ware activated by oxygen plasma, mounted in the 

QCM chamber and flushed with 0.3 mg/ml PLL-OEG-Mal solutions in PBS buffer at pH 7.2. 

The initial decrease in Δf reflects the self-assembly of the PLL onto the substrate, which was 

homogeneously distributed with a thickness of 0.52 nm (± 0.14 nm) as confirmed by 

ellipsometry. The chips were then washed with PBS followed by injection of a 1 µM solution 

of PNA-thiol (KRAS-WT, protected sequence SPDP-dPEG4-CTA CGC CAC CAG CT-Gly-

NH2, 14 nt, synthesized according to a reported procedure,39 deprotected from the 3-(2-

pyridyldithio)propionyl (SPDP) protecting group using TCEP gel directly before use) in the 

same buffer, which provided the final sensing layer, as confirmed by the decrease in 

Table 3.1 The PLL-OEG-Mal polymers used in this work. The Mal grafting density was varied 

systematically during the synthesis. The quantification of the grafted percentages of OEG and 

Mal functionalities was done by 1H NMR (see the Experimental section). 

Target composition Experimental composition 

 OEG (%) Mal (%) 

PLL-OEG(25)-Mal(1) 20.3 0.9 

PLL-OEG(30)-Mal(2) 30.3 1.8 

PLL-OEG(30)-Mal(3) 28.1 3.1 

PLL-OEG(30)-Mal(4) 23.0 4.1 

PLL-OEG(30)-Mal(6) 29.1 5.5 

PLL-OEG(25)-Mal(8) 15.9 7.9 

PLL-OEG(25)-Mal(10) 19.4 9.1 

PLL-OEG(25) 24.9 / 
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frequency. The same response was obtained in the last step of all measurements, where a 1 

µM solution of cDNA fully complementary to the PNA KRAS-WT (also with 14 nt) in PBS 

buffer (pH 7.2) was used. The same conditions were used for all the surface density 

experiments (Figure 3.2), varying the type of modified PLL and consequently the density of 

maleimide groups presented on the biorecognition layer. 

Figure 3.2. a-h) QCM-D measurements of the full process of different PLL-OEG-Mal polymers 

adsorption, followed by PNA coupling and cDNA binding on a gold substrate. The grafted percentages 

of OEG/Mal for each modified-PLL were: a) 24.9/0.0, b) 20.3/0.9, c) 30.3/1.8, d) 28.1/3.1, e) 23.0/4.1, 

f) 29.1/5.5, g) 16.6/7.9 and h) 19.4/9.1. Both the main frequency (Δf, blue) and the dissipation (ΔD, 

red) are displayed. Example of five normalized Δf for the i) PNA-thiol probe and j) cDNA absorption 

steps using different PLL polymers with increasing maleimide densities (Mal = 0.0-9.1%). The dashed 

lines refer to the positions used to calculate the Δf of the corresponding step. In all the multistep 

adsorption experiments the concentrations were 0.3 mg/ml for the modified PLL solutions, and 1 µM 

for both the PNA-thiol and cDNA solutions. PBS washing steps at pH 7.2 (gray bars) were placed 

between each adsorption step. The 5th overtone was used for both the frequency and the dissipation. 
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In Figure 3.2i, an example of five normalized QCM experiments of the PNA probe 

binding step onto gold substrates is presented, where several PLLs with different maleimide 

fractions (Mal = 0.0-9.1%, OEG = 15.9-24.8%) were used. Apparently, the change in 

frequency of the PNA coupling step is proportional to the fraction of maleimide in the PLL 

that was pre-adsorbed at the substrate. A similar trend was observed for the following cDNA 

binding step (Figure 3.2j), where a maximum Δf of 5.4 Hz was obtained for the substrate 

functionalized with the PLL with the higher Mal molfraction (green), while no frequency 

shift was observed for the PLL without Mal (black). 

In Figure 3.2, several aspects can be noted. First of all, all steps associated with PLL, 

PNA and cDNA attachment were generally clearly visible. Moreover, larger degrees of Mal 

functionalization of the PLL lead, qualitatively, to larger amounts of both coupled PNA and 

adsorbed cDNA as indicated by the increasing frequency shifts. The selectivity of the 

biorecognition layer was tested by flushing 1 µM of fully non-complementary DNA 

(ncDNA) over a substrate functionalized with modified PLL and PNA-thiol (Figure 3.3a). 

No frequency shift was observed for the ncDNA. Moreover, the biorecognition layer was still 

active after the passage of ncDNA as shown by the Δf when 1 µM cDNA solution was 

subsequently flushed over the substrate. In addition, Figures 3.2a and 3.3b show that, for 

samples with only OEG functionalization, the insertion of PNA-thiol through the modified 

PLL monolayer is blocked, preventing cDNA binding even at low content of OEG groups. 

Figure 3.3c shows a control experiment on a substrate with only PLL, thus in the absence of 

PNA-thiol, performed to evaluate the influence of DNA interaction with a PLL-coated 

substrate. In this case, the absence of a frequency shift confirms that the cDNA adsorbs only 

when complementary PNA is present, and the antifouling behavior is maintained regardless 

the presence of PNA as well as maleimide moieties (Figure 3.3b).  

The selectivity of the modified PLL polymers was further tested flushing 35 mg/ml 

(common concentration of human serum albumin, HSA, in blood)48 of bovine serum albumin 

(BSA) solution in PBS (pH 7.4) over a substrate coated with PLL-OEG(29.1)-Mal(5.5). A 

Δf of ~30 Hz was observed, accompanied by a large ΔD (Figure 3.3d). Yet, the baseline 

recovered almost completely (< 1 Hz) upon flushing with PBS and in an equally fast manner. 

Therefore, we attribute the observed Δf to a change of the solution viscosity, and conclude 

that no physisorption of BSA occurred. Likewise, the selectivity was tested for a PNA-

modified chip (Figure 3.3e), where the gold substrate was functionalized by PLL-OEG(19.4)-

Mal(9.1) and PNA-thiol, followed by flow of BSA solution (35 mg/ml) at PBS 7.2. 

Subsequently, solutions of 1µM of ncDNA and cDNA, in the presence of the same BSA 

concentration, were flushed over the PNA-modified chip. A Δf (of 5.5 Hz) was visible only 

for the cDNA, which confirms the intrinsic DNA binding selectivity of the PNA interface.  
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Figure 3.3. QCM time traces for the evaluation of the selectivity of the biorecognition layer consisting 

of PLL on a gold substrate. a) Selectivity experiment using PLL-OEG(30.3)-Mal(1.8), and flushing 

ncDNA and cDNA, after anchoring the PNA probes. Control experiments to test the absence of non-

specific interactions using b) PLL-OEG with low content of OEG groups (19.9%) including the PNA 

step and c) PLL-OEG(28.1)-Mal(3.1) without PNA step. d) Antifouling experiments flushing a highly 

concentrated BSA solution (35 mg/ml in PBS 7.2) over a substrate coated with PLL-OEG(29.1)-

Mal(5.5). The gold substrate was functionalized outside the QCM chamber by immersion of the 

substrate, after oxygen plasma activation, in the solution (0.3 mg/ml) of modified PLL. e) Control 

experiments to test the selectivity of the binding of DNA at a PNA-modified chip in the presence of 

BSA. PLL-OEG(19.4)-Mal(9.1) and PNA solutions were flushed over the activated gold substrate. 

BSA solution (35 mg/ml, in PBS pH 7.2) was injected to equilibrate the surface; then ncDNA and 

cDNA (in the presence of 35 mg/ml of BSA in PBS pH 7.2) were flushed consecutively. In all the 

multistep adsorption experiments, the concentrations were 0.3 mg/ml for all modified PLL solutions, 1 

µM for PNA-thiol, ncDNA and cDNA solutions. Light gray bars and dark grey bars stand for just PBS 

and PBS + BSA 35 mg/ml washing steps (pH 7.2). The 5th overtone was used for both Δf and ΔD. 

 

Other QCM-D experiments were done using SiO2 chips (instead of Au) to demonstrate 

the versatility of the system with different substrate materials, and different DNA lengths 

were also used (Figure 3.4). After the self-assembly of the modified PLL and the anchoring 

of PNA-thiol probes, 1 µM of longer ncDNA and cDNA were flushed over the QCM 

substrate. Even with the longer ncDNA (44 nt), which has possibly stronger electrostatic 

interactions, no frequency shift was recorded. In contrast, as in the case of the Au substrates, 

the Δf was increasing linearly for cDNA (43 nt) with respect to the density of maleimide 

groups grafted to the PLL backbone. Notably, the frequency shifts of the cDNA steps shown 

in Figure 3.4 were roughly three time higher than the ones observed for the QCM experiments 

on the Au substrates, when the same modified PLL was used. This difference is caused by 

the longer cDNA (from 43 nt compared to 14 nt). 
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Figure 3.4. QCM measurements for ncDNA and cDNA binding step over SiO2 substrates using 

modified PLL with OEG/Mal grafted percentage of a)30.3/1.8, b) 29.1/5.5 and c) 19.4/9.1. After oxygen 

plasma treatment, the SiO2 chips were functionalized by dipping them in the corresponding PLL 

solution and, after a washing step with Milli-Q water, in PNA-thiol solution, respectively for 30 min 

and 1 h. The graphs show the selectivity of the systems by injection of 1 µM ncDNA (44 nt) in PBS 

solution and, after rinsing with PBS, 1 µM cDNA (43 nt) solution. Qualitative DNA quantification was 

done using the Sauerbrey equation (eq. 4). Concentration of modified-PLLs and PNA in PBS (pH 7.2) 

were 0.3 mg/ml and 1 µM, respectively. Only the 5th overtone is displayed for both Δf and ΔD. 

 

3.2.3. Assessment of surface probe density 

Relationships between the degree of functionalization and the adsorbed masses of PLL-

OEG-Mal, thiol-PNA and cDNA were quantified gravimetrically by means of QCM. In order 

to establish the response between adsorbed mass from QCM and the degree of PLL polymer 

functionalization, the Δf of adsorption steps for PLL, PNA and cDNA were plotted either 

versus the total degree of functionalization (OEG+Mal) or the Mal content (quantified by 1H 

NMR). Figure 3.5a shows the graph obtained plotting Δf of the PLL-OEG-Mal steps versus 

the total degree of functionalization for each modified PLL used. The linear relationship, 

with an intercept close to the origin, indicates that the Δf has a strong correlation with the 

grafting density of functionalized Lys, but the main PLL chain has little contribution. This 

effect is probably governed by the different degrees of hydration of the polymer segments, 

mostly due to the OEG content in the side chains, which are typically well hydrated. 

Figure 3.5. a) QCM-D Δf (5th overtone) of the PLL-OEG-Mal deposition step versus the total degree 

of functionalization of the modified PLL, quantified by 1H NMR. QCM-D Δf of the b) PNA-thiol and 

c) cDNA binding steps versus the fraction of Mal grafted to the PLL polymer. All experiments were 

performed using 0.3 mg/ml of modified PLL, 1 µM for PNA-thiol (activated by TCEP) and cDNA 

solutions in PBS at pH 7.2. PLL-OEG-Mal polymers with different functionalizations were used (Mal 

= 0.0-9.1%, OEG 15.9-29.1%). Data points represent individual measurements, lines are linear fits. 
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Subsequently, to prove the variation of Mal coverage at the interface, the PNA (Figure 

3.5b) and cDNA frequency shifts (Figure 3.5c) were plotted versus the amount of maleimide 

grafted to the modified PLL self-assembled on the gold substrates. Although the frequency 

shifts of both the PNA and cDNA steps show a linear dependence on the Mal fraction, the 

lower values for the PNA step gave a somewhat poorer correlation, so that we decided to use 

the cDNA dependence primarily. As shown in Figure 3.5c, the Δf for the cDNA step, which 

is related to the adsorbed mass of the cDNA, increases linearly with the fraction of Mal 

groups and passes through the origin, regardless the content of OEG. At low Mal coverage, 

the efficiency of PNA/DNA hybridization is assumed to be 100%. The PNA/DNA 

hybridization efficiency is higher than that of DNA/DNA duplex formation because of a 

higher affinity and the absence of repulsion between the probe molecules.40,49,50 

Consequently, due to the linear relationship, we estimated that this efficiency is maintained 

at higher Mal densities. This trend confirms the possibility to fine tune the relative surface 

probe density by controlling the fraction of Mal groups in the pre-adsorbed PLL. Therefore, 

using the linear response shown in Figure 3.5c as a calibration curve allows to predict the 

detected amount of cDNA by assessing the Mal fraction by NMR in the PLL synthesis step. 

In addition, the linearity of the fit, as well as the use of new substrates for each experiment, 

confirms indirectly the reproducibility of the method and the surface modification. 

All in all, these data confirm that the probe density at biosensor surfaces (here of PNA) - 

and consequently the amount of cDNA detected - can be controlled by simply varying the 

fraction of grafted Mal during the synthetic step. However, despite the possibility of relative 

predictions of the cDNA amount over the modified PLL substrate, the absolute density of the 

analyte (here cDNA), and thus of the PNA probe, adsorbed over QCM substrates cannot be 

accurately calculated, especially due to the high associated water content, which influences 

the observed Δf and usually leads to an overestimation of the mass of the adsorbed target.51,52 

In order to confirm the predictability of the surface density control and to assess the 

absolute density of DNA detected, cDNA modified with the redox probe Methylene Blue 

(cDNA-MB, 5’-MB-AG CTG GTG GCG TAG-3’) was used in cyclic voltammetry (CV) 

experiments. The electroactive cDNA-MB is used to correlate the peak current generated by 

the MB group to the density of hybridized cDNA at the detection layer. As a proof of concept, 

four modified PLLs were used: PLL-OEG(24.9), PLL-OEG(28.1)-Mal(3.1), PLL-

OEG(29.1)-Mal(5.5), and PLL-OEG(19.4)-Mal(9.1). Gold chips, pre-incubated with PLL 

and PNA-thiol, were covered by a 1 µM cDNA-MB solution in PBS for 1 h, and 0.1 M 

NaClO4 was used as electrolyte (Figure 3.6). The linear dependence of the anodic peak 

current (ip) versus the scan rate in the CV experiments indicated that the redox process 

occurred at the interface (Figure 3.7). 
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Figure 3.6. Cyclic voltammograms of (a-c) PLL-OEG and (d-m) PLL-OEG-Mal-functionalized Au 

substrates after anchoring of PNA and hybridization with cDNA-MB, obtained varying the scan rate. 

PLL-OEG(24.9)-functionalized chips were scanned with scan rates of a) 0.025, b) 0.05 and c) 0.1 V/s. 

PLL-OEG(28.1)-Mal(3.1) modified substrates were scanned at d) 0.025, e) 0.05 and f) 0.1 V/s; PLL-

OEG(29.1)-Mal(5.5) ones at g) 0.05, h) 0.1 and i) 0.2 V/s, and PLL-OEG(19.4)-Mal(9.1) at j) 0.025, k) 

0.05, l) 0.1 and m) 0.5 V/s. Gold substrates were previously activated by oxygen plasma and immersed 

for 1h in the corresponding modified PLL and PNA-thiol solutions. Before the CV experiments, the 

substrates were covered by a 1µM cDNA-MB solution in PBS at pH 7.2 for 1 h. Freshly prepared  

0.1 M NaClO4 solution was degassed for 5 min and used as the electrolyte for the all CV experiments. 

The concentrations of the modified-PLLs and PNA in PBS were 0.3 mg/ml and 1 µM, respectively. 
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Figure 3.7. Dependence of the anodic peak current densities on scan rate, derived from the experiments 

in Figure 3.6. The modified PLL used were: a) PLL-OEG(28.1)-Mal(3.1), b) PLL-OEG(29.1)-Mal(5.5), 

c) PLL-OEG(19.4)-Mal(9.1). Freshly prepared 0.1 M NaClO4 solution was degassed and used as the 

electrolyte. The concentrations of modified-PLLs in PBS were 0.3 mg/ml. The error of each data point 

was calculated from the average of peak current values in Figure 3.6 (10 cycles). 

 

Figure 3.8 shows the trend of the calculated surface charge density, translated into 

molecular surface density, obtained from the CV data as a function of the Mal grafting 

density. The data, obtained using four maleimide densities grafted to PLLs, shows DNA 

densities of (0 – 11) × 1012 molecules of cDNA-MB - corresponding to equal numbers of 

PNA probes - per cm2, in agreement with the probe density values presented in literature with 

other systems.25,26 These data confirm the quantitative assessment of surface probe densities 

by varying the modified PLL. Importantly, the linear relationship, with a slope of (1.24 ± 

0.02) × 1012 probes per cm2 per % of grafted Mal, provides a practical, empirical, but at the 

same time quantitative, prediction of the probe density that is obtained for a specific degree 

of Mal functionalization in the first, synthetic step. 

Figure 3.8. Surface density of cDNA-MB detected from CV experiments using PLL-OEG(24.9) PLL-

OEG(28.1)-Mal(3.1), PLL-OEG(29.1)-Mal(5.5) and PLL-OEG(19.4)-Mal(9.1) polymers. Calculations 

were done by means of eq. 5 (Experimental section). All gold substrates were prepared using 0.3 mg/ml 

of modified PLL, 1 µM PNA thiol solution (activated by TCEP), and 1 µM MB-modified cDNA 

solution in PBS at pH 7.2. Fresh solutions of 0.1 M NaClO4 were used as electrolyte. Data points and 

given single standard deviations are based on 3-4 measurements each; the red line is a linear fit through 

the origin. 
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3.3. Conclusions 

Summarizing, we have demonstrated control over the probe density at model biosensor 

surfaces, by the application of poly-L-lysine polymers with various ratios of OEG and Mal 

moieties (quantified by 1H-NMR) and the conjugation of thiol-functionalized PNA probes to 

the Mal groups. The QCM-D technique was used to monitor the self-assembly of different 

PLL-OEG-Mal polymers over negatively charged substrates and the thiol-PNA binding step, 

forming the biorecognition substrate. The selectivity was tested using both short and long 

cDNA/ncDNA sequences, as well as BSA solutions, showing that adsorption occurred only 

for cDNA and that the OEG content grafted to the PLL backbone prevents physisorption. 

The frequency shifts of the adsorption steps recorded for different PLL-OEG-Mal were 

plotted against the total density of grafted groups (OEG+Mal) to establish a (relative) linear 

relationship between the frequency shift from QCM and the degree of Mal functionalization. 

Quantification using CV allowed to derive absolute values for the surface densities. The PLL-

OEG-Mal surface modification presented here led to displayed probe densities in the range 

of (0 - 11) × 1012 molecules/cm2, which is in agreement with the surface density values 

reported in literature.24,26 All in all, these results underline the concept density control at the 

preceding synthetic step: with this relationship a desired probe density can now be translated 

into a target Mal density, which is engineered at the very first synthetic step of the PLL 

functionalization. 

The strategy to equip surfaces with suitably modified PLL is a promising approach 

because the material surface properties can be tailored by customizing first the PLL with 

desired functional groups, potentially with reactive, imaging, binding, and/or release 

properties, thus offering broad applicability in, amongst others, biosensing and responsive 

materials. Moreover, the direct solution coating from aqueous media presents a simple and 

reliable approach to form biorecognition surfaces or, for example, to anchor biomolecules 

(e.g. protein, enzymes) selectively at a substrate for biomedical applications. Owing to the 

electrostatic interactions, modified PLL polymers can be applied as 

passivation/functionalization layer at virtually any surface such as metals, metal oxides or 

polymers. This aspect underlines the versatility of the methodology and may assist in the 

development of applications in lab-on-a-chip, disposable ready-to-use biomedical sensors, 

wearable devices, or water treatment.  
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3.5. Experimental section 

3.5.1. Materials 

Poly-L-lysine hydrobromide (MW = 15-30 kDa by viscosity), EDC, NHS and PBS 

powder (BioPerformance Certified pH 7.4), NaCl, NaClO4, Na2SO4, were purchased from 

Sigma-Aldrich. Methyl-OEG4-NHS ester and Mal-OEG4-NHS ester, immobilized TCEP 

disulfide reducing gel (tris[2-carboxyethyl] phosphine hydrochloride immobilized onto 4% 

crosslinked beaded agarose) and Zeba™ spin desalting columns (7 kDa MWCO, 5 ml) were 

purchased from ThermoFischer Scientific. cDNA (complementary to  

KRAS WT sequence: short, 14 nucleotides (nt), 5’-AGCTGGTGGCGTAG-3’; long,  

43 nt, 5’-ATGACTGAATATAAACTTGTGGTAGTTGGAGCTGGTGGCGTAG-3’)  

and ncDNA (short, 14 nt, 5’-CTACGCCACCAGCT-3’; long, 44 nt,  

5’- TTGCCCTTCCTTCCCTCCTTCGTCCCCTCCTCACACCCCACCCC-3’) sequences 

were purchased from Eurofins Genomic. Methylene Blue-functionalized DNA (cDNA-MB 

15 nt, 5’-MB-TAGCTGGTGGCGTAG-3’) was obtained from Biosearch Technologies, 

USA. Chips for cyclic voltammetry (200 nm gold on glass) were obtained from Ssens BV 

(The Netherlands), while Au and SiO2 QCM chips (with fundamental frequency of 5 MHz) 

from Biolin Scientific. 

 

Synthetic procedures 

PLL-OEG(x)-Mal(y) synthesis 

All the PLL-OEG-Mal polymers with different degrees of functionalization of OEG and 

Mal were synthesized adapting the procedure of Duan et al.37 PLL HBr was dissolved in PBS 

buffer (pH 7.0) at a concentration of 10 mg/ml. The desired stoichiometric ratios (vs. lysine 

monomer) of methyl-OEG4-NHS ester and Mal-OEG4-NHS ester were added simultaneously 

to the mixture, under vigorous stirring (argon atmosphere), and reacted for 4 h at room 

temperature. Thereafter, the crude mixture was dialyzed by Zeba™ spin desalting columns 

(7 kDa MWCO, 5 ml, ThermoFischer Scientific). The filtered solution was immediately 

freeze-dried overnight. Final compounds were stored at -20 °C as powder or stock solutions 

of 1 mg/ml in PBS 7.2. 
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Figure 3.9. Example of 1H-NMR spectrum of a) PLL-OEG(15.9)-Mal(7.9) and b) PLL-OEG(24.9) 

after purification. 

a)

b)
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PLL-OEG(x)-Mal(y) quantification 

1H NMR of PLL-OEG(15.9)-Mal(7.9) (400 MHz D2O, pH 6.5) δ [ppm] = 1.26–1.55 

((lysine γ‐CH2), 1.63‐1.83 (lysine β,δ‐CH2), 2.50 (ethylene glycol CH2 from both OEG and 

Mal coupled, ‐CH2‐C(=O)‐NH), 3.00 (free lysine c, H2N‐CH2), 3.16 (ethylene glycol CH2 of 

coupled lysine from both OEG and Mal b, C(=O)‐NH‐CH2‐), 3.36 (OEG methoxy, ‐O‐CH3), 

3.65 (oligo ethylene glycol from both OEG and Mal, CH2‐O‐), 4.29 (lysine backbone a, NH‐

CH‐C(O)‐), 6.86 (maleimide from coupled Mal d, -C(=O)-CH-CH-C(=O)-). 

Quantification of the grafted percentages of compounds OEG and Mal were performed 

using the integral ratios of the characteristic signals in the 1H NMR spectra (see Figure 3.9a). 

All the integrals were normalized using the peak a at 4.29 ppm (lysine backbone, NH‐CH‐

C(O)‐). The integrals of interest are at 3.00 ppm (free lysine c, H2N‐CH2), 3.16 ppm 

(functionalized lysine of both Mal and OEG side groups b, for both OEG and Mal), and 6.86 

ppm (maleimide of Mal d, -C(=O)-CH-CH-C(=O)-).  

Since all the integrals correspond to two protons and the sum of b and c equals the total 

amount of Lys (functionalized and free) at the PLL backbone, eqs. 1 and 2 were used to 

calculate the molfraction of both OEG (x%) and Mal (y%) for each modified PLL polymer: 

Mal% = [𝒅/(𝒃 + 𝒄)] ∗ 100    eq.1 

OEG% = [𝒃/(𝒃 + 𝒄)] ∗ 100 − Mal%   eq.2 

 

PLL-OEG(x) quantification 

1H NMR (400 MHz D2O, pH 6.5) δ [ppm] = 1.26–1.55 ((lysine γ‐CH2), 1.63‐1.83 (lysine 

β,δ‐CH2), 2.50 (ethylene glycol CH2 from both OEG and Mal coupled, ‐CH2‐C(=O)‐NH), 

2.99 (free lysine c, H2N‐CH2), 3.16 (ethylene glycol CH2 of coupled lysine from both OEG 

and Mal b, C(=O)‐NH‐CH2‐), 3.36 (OEG methoxy, ‐O‐CH3), 3.65 (oligo ethylene glycol 

from both OEG and Mal, CH2‐O‐), 4.29 (lysine backbone a, NH‐CH‐C(O)‐). 

For PLL-OEG-Mal, integrals a, b, and c of Figure 3.9b were used in order to calculate 

the OEG content of the PLL-OEG, and eq.2 becomes (Mal% = 0): 

OEG% = [𝒃/(𝒃 + 𝒄)] ∗ 100    eq.3 

The calculated percentages of OEG and Mal are shown in Table 3.1. 

 

3.5.2. Methods 

Quartz crystal microbalance (QCM) 

Silica-coated (50 nm, QSX303) and gold-coated (50 nm, QSX301) QCM-D sensors from 

LOT-Quantum were washed with water and EtOH, sonicated in EtOH for 5 min, dried in a 
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stream of nitrogen and finally oxidized in oxygen plasma (Plasma Prep II, SPI Supplies; 200-

230 mTorr, 40 mA) for 5 min or 1 min, respectively. QCM-D measurements were performed 

using a Q-Sense E4 4-channel quartz crystal microbalance with a peristaltic pump (Biolin 

Scientific). All experiments were performed in PBS buffer (10 mM, pH 7.2) with a flow rate 

of 80 µl/min at 22°C.  

The Sauerbrey equation (eq. 4)53 establishes the relationship between the measured 

frequency change (Δf) and the adsorbed mass per unit area (Δm):  

∆𝑚 =  −𝐶∆𝑓     eq. 4 

where Δf is the frequency shift, Δm is the mass change, and C is the Sauerbrey constant 

(17.7 Hz/ng at f = 5 MHz).54 Frequency shifts of the nth harmonic ∆f(n) are normalized to 

yield ∆f = ∆f(n)/n where n is the number of the overtone (n = 1, 3, 5, etc…).55 

The frequency shift for each step was calculated by subtracting the plateau value of the 

frequency prior to the injection of the molecule (modified PLL, PNA probe, cDNA) to the 

plateau value after the following PBS washing step. Although eq. 4 generally overestimates 

the adsorbed mass for viscoelastic layers measured in liquid environment,56 the Sauerbrey 

equation is still applicable when the dissipation change is below 2.0 × 10-6, because the film 

can then be assumed rigid.57 This limit was respected in all the experiments shown here. 

 

Ellipsometry 

Silicon oxide substrates were activated in oxygen plasma for 1 min and functionalized by 

dipping them in a PLL-OEG(23.0)-Mal(4.1) solution (0.3 mg/ml in PBS 7.2) for 30 min. 

After rinsing with Milli-Q water, the layer thickness was measured by ellipsometry (Woollam 

M-2000UI) in the range of 245-1690 nm, with a spatial resolution of 1.6 nm (245-100 nm) 

and 3.2 (1000-1690 nm) and the beam diameter of 300 µm. The ellipsometry data (values 

given are averages over 25 spots on the surface) were obtained at an incident angle of 75° 

and fitted with a Cauchy layer with a refractive index of 1.46. 

 

Cyclic voltammetry  

Gold substrates were rinsed with Milli-Q water and ethanol and sonicated for 5 min in a 

mixture 1:1 of the same solvents. They were then dried and activated by oxygen plasma 

(Plasma Prep II, SPI Supplies; 200-230 mTorr, 40 mA, 5 min) and immersed in 0.3 mg/ml 

of the respective PLL-OEG-Mal solution for 1 h in PBS buffer (pH 7.0-7.2). Upon rinsing 

with Milli-Q water and drying, chips were immersed in 1 µM PNA-thiol (KRAS-WT) 

solution in PBS, pH 7.2 for 1 h. Afterwards, substrates were again rinsed with Milli-Q water 
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and dried, and were covered by a 1 µM cDNA-MB solution (5’-MB-AG CTG GTG GCG 

TAG-3’) in PBS at pH 7.2 for 1 h. 0.1 M NaClO4 freshly prepared solution was degassed for 

5 min and used as electrolyte. 

Electrochemical measurements were performed using PLL-modified Au substrates in a 

three-electrode setup (custom-built glass electrochemical cell) with a platinum disk as 

counter electrode, a reference electrode (Ag/AgCl, saturated KCl solution, Radiometer 

Analytical), and the functionalized gold substrates as working electrode (area = 0.44 cm2). 

Data analysis was done using CHI760D software (CH Instruments, Inc. Austin, USA) using 

eq. 5 to quantify the surface coverage 𝛤: 

𝑖𝑝 =
𝑛2𝐹2

4𝑅𝑇
𝑣𝐴𝛤    eq. 5 

where ip is the measured anodic peak current (A), F is the Faraday constant (96485.34 C/mol), 

n is the number of electrons involved in the redox process (n=2 for Methylene Blue), R is the 

gas constant (8.3145 J/(K·mol)), T the absolute temperature (K), v the scan rate (V/s), A the 

area of the working electrode (here 0.44 cm2) and 𝛤 is the surface coverage (mol/cm2). CV 

experiments were recorded at several scan rates between 25-500 mV/s and the respective 

current peaks ip were determined by the CHI760D software. The detailed analysis of data is 

discussed below. All measurements were carried out using aqueous 0.1 M NaClO4 as the 

electrolyte, upon degassing the electrolyte solution for 5 min. 

 

Electrochemical analysis  

To obtain the points of the anodic currents in Figure 3.7, the cyclic voltammograms in 

Figure 3.6 were treated as follows: the first derivative was applied to the anodic segment of 

interest to find the peak potential (Ep). A range of ± 0.2 V was defined from the Ep; the 

baseline was consequently established between these potentials and the peak intensity (ip) 

was recorded. All these passages were done by means of the CHI760D software. In order to 

obtain the surface coverages (𝛤), a linear regression was performed for each set of Au 

substrates, functionalized by the modified PLL with the same Mal%, from 0% to 9.1% 

(Figure 3.7). The linear fitting was forced through the origin and the surface coverages were 

calculated from each slope, exploiting eq. 5. The linear dependence of the ip on the scan rate, 

as well as the high value of all the R2, confirmed that the electrochemical reaction was 

surface-confined. Afterwards, each 𝛤 was converted in molecules per unit area (cm2), which 

means it was multiplied by Avogadro’s number (NA), and plotted versus the Mal% grafted to 

the modified PLL used in the CV experiments (Figure 3.8). A linear regression was performed 

(through the origin) to obtain the slope that empirically predict the probe density that was 

obtained for a specific degree of Mal functionalization during the previous synthetic step. 
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Chapter 4 

 

Surface Patterning with Reactive Group-Appended  

Poly-L-Lysine for Biomolecule Adhesion* 

The immobilization of biomolecules onto polymeric surfaces employed in the fabrication 

of biomedical and biosensing devices, is generally a challenging issue, as the absence of 

functional groups in such materials does not allow the use of common surface chemistries. 

Here we report the use of modified poly-L-lysine (PLL) as an effective method for the selective 

modification of polymeric materials with biomolecules. Cyclic olefin polymer (COP), 

Ormostamp and polydimethylsiloxane (PDMS) surfaces were patterned with modified PLLs 

displaying either biotin or maleimide functional groups. Different patterning techniques were 

found to provide faithful microscale pattern formation, including micromolding in capillaries 

(MIMIC) and a hydrogel-based stamping device with micropores. The surface modification 

and pattern stability were tested with fluorescence microscopy, contact angle and X-ray 

photoelectron spectroscopy (XPS), showing an effective functionalization of substrates stable 

for over 20 days. By exploiting the strong biotin-streptavidin interaction or the thiol-

maleimide coupling, DNA and PNA probes were displayed successfully on the surface of the 

materials, and these probes maintained the capability to specifically recognize 

complementary DNA sequences from solution. The printing of three different PNA-thiol 

probe molecules in a microarray fashion allowed selective DNA detection from a mixture of 

DNA analytes, demonstrating that the modified-PLL methodology can be used for the 

multiplexed recognition of DNA sequences. 

 

 

 

 

 

 

*This chapter has been published as: J. Movilli, D. Di Iorio, A. Rozzi, R. Corradini, J. 

Huskens, ACS Appl. Polym. Mater. 2019, 1, 3165-3173.   
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4.1. Introduction 

The interest in functional polymer materials for microfabrication and biomedical 

applications has rapidly increased owing to their moldability, optical clarity and high solvent 

resistance.1,2 Especially in biotechnology and biosensing applications, the use of plastic 

substrates has been intensively fueled by the need for reliable, cost-effective ways of 

producing simple-to-use devices, such as microfluidic and optical chips, lab-on-a-chip and 

disposable biosensing devices.3-5  

Multiple examples of polymeric materials have been described for biomedical and 

biosensing purposes. Polycarbonate (PC) substrates have been used for the detection of 

DNA3 and in microarrays, poly(dimethylsiloxane) (PDMS) in microfluidic chips for digital 

PCR6 and DNA detection in nanochannels,7 and cyclic olefin (co)polymer (COP/COC) 

platforms for sandwich immuno-assays for antibodies5 and micro-electromechanical systems 

(MEMS).8 In particular, COP substrates are gaining interest as material in biotechnology and 

biosensing owing to their ideal properties such as optical transparency, chemical resistance 

and low water absorption.9 Similarly, Ormostamp has been successfully investigated as 

material for biosensing applications owing to its excellent imprinting capabilities.10,11 

However, all plastic materials present in general the major drawback of lacking chemically 

reactive groups to allow stable, covalent surface functionalization. The absence of functional 

groups therefore prohibits the direct use of commonly applied surface functionalization 

protocols, such as thiol adsorption on gold12,13 or silanization on SiO2 substrates.14,15  

Alternative functionalization methods, comprising photografting,16,17 photochemical 

patterning,1 and silanization after oxidative treatment,5,18 have been exploited to anchor 

biomolecules to the initially unreactive polymeric substrates. Likewise, the use of positively 

charged polymers on negatively charged surfaces has been demonstrated to be an effective 

method to modify both metallic and metal oxide substrates, introducing at the same time 

specific functional moieties and antifouling properties.19-23 As mentioned in Chapters 2-3, 

particularly poly-L-lysine (PLL) and modified versions thereof, biocompatible and positively 

charged at physiological pH, have been proven to adsorb strongly onto negatively charged 

inorganic (SiO2,24 TiO2,25 Nb2O5
26) and polymeric (PDMS,27,28 poly(methyl methacrylate),28 

and polystyrene29) substrates. Stable electrostatic interactions are achieved upon activation 

of these surfaces, retaining high stability and reliability over time. 

Owing to the easy functionalization and fast self-assembly of PLL, grafted antifouling 

poly(ethylene glycol) (PEG) groups30,31 and binding moieties, such as biotin,32,28  

nitrilotriacetic acid (NTA),33,34 catechol,35 and functional RGD peptides36 or fluorescein37 

were anchored onto fully covered oxide or polymer substrates. At the same time, 

micropatterns and microarrays containing PLL-PEG or PLL-PEG bearing secondary 
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functionalities for selective immobilization were formed on multiple metal oxide surfaces in 

combination with stamping,37-40 molecular self-assembly41,42 and electrochemical43 

patterning techniques. An overview has been provided in Chapter 2. For instance, Saravia et 

al. used PLL grafted with PEG (PLL-g-PEG) without additional functional groups for the 

patterning of proteins on silicon oxide surfaces.38 Falconnet et al. exploited PLL-PEG end-

functionalized with biotin or RGD peptide (used to promote cell binding) to form microarrays 

for cell-surface interactions studies.41 Duan et al. reported silicon nano-BioFET biosensors 

covered by a uniform layer of PLL co-grafted with short oligo(ethylene glycol) (OEG4) and 

OEG4-biotin moieties, retaining the anti-fouling properties and strong surface adhesion.44 In 

Chapter 3, we have demonstrated that PLL polymers with customizable fractions of OEG 

and maleimide moieties can be adsorbed onto both Au and SiO2 surfaces, while controlling 

the type and the density of probe molecules at the interface in the preceding synthetic step.45  

In this Chapter, we report two approaches to functionalize different types of plastic 

surfaces commonly used in biosensing applications, such as COP, Ormostamp and PDMS, 

by exploiting the adsorption of PLL grafted with OEG4-biotin (PLL-OEG-biotin) or OEG4-

maleimide (PLL-OEG-Mal) for fast, efficient and selective immobilization of biomolecules. 

Aim of this work is to demonstrate the versatility and stability of modified PLL polymers for 

the binding of biomolecular sensing probes to polymeric surfaces, in combination with 

different patterning techniques to form microstructures at these surfaces. By exploiting the 

electrostatic interactions between the negatively charged polymer surface and the positively 

charged modified PLL, a self-assembled monolayer is formed on the surface, bestowing the 

possibility of bio-orthogonally anchoring a wide range of molecules of biological interest. In 

particular, COP and Ormostamp surfaces were patterned by micromolding in capillaries 

(MIMIC) with modified PLL, while microarrays were made on PDMS substrates employing 

a stamping device. Modified PLLs bearing biotin or maleimide reactive moieties were used 

as adhesion layers, to which biomolecules can be anchored specifically and selectively by 

different chemical coupling reactions. Engineered DNA and peptide nucleic acid (PNA) 

probes, for the detection of complementary DNA (cDNA) sequences in solution, were 

immobilized on the substrates as proof of concept of successful substrate functionalization. 

 

4.2. Results and discussion 

4.2.1. Soft lithography strategies based on PLL with appended biotin or maleimide groups 

Figure 4.1 shows a schematic overview of the two soft lithography strategies used to 

pattern the surface of polymer substrates (of COP, Ormostamp – as a thin layer on 

poly(ethylene terephthalate), PET –, and PDMS) with modified PLL, and their proof-of-

principle application to DNA detection. The formation of bioresponsive patterns was 
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achieved by MIMIC (Figure 4.1a/b). Upon oxygen plasma activation, COP and Ormostamp 

substrates were functionalized with biotin or maleimide-modified PLL.  

PLL polymers (15-30 kDa) were grafted with OEG spacers, and either biotin or 

maleimide moieties, as described in Chapter 3 and following reported procedures.44,45 All the 

modified PLLs synthesized, namely PLL-OEG, PLL-OEG-biotin and PLL-OEG-Mal, 

present both OEG functionalities to enhance the antifouling properties of the substrate, and 

concomitantly a secondary functional group for further selective bio-orthogonal 

modification, such as biotin or maleimide (Figure 4.1d). The total degree of functionalization 

of the PLL polymers has been determined by 1H-NMR using the method reported in Chapter 

3 for PLL-OEG-Mal/PLL-OEG and adapting for the correspondent peaks of PLL-OEG-

biotin (Table 4.4, see Experimental section). Based on our previous findings and examples 

already reported in literature, the total functionalization has been intentionally kept at 20%-

40% to maintain a balance between a stable surface adhesion and antifouling properties.44-46 

Figure 4.1. Soft lithography methods used to pattern polymeric substrates with PLL. After oxygen 

plasma treatment, MIMIC with either a) PLL-OEG-biotin or b) PLL-OEG-Mal defines modified PLL 

lines on COP or Ormostamp substrates, which are used to orthogonally anchor specific probes as a) 

biotinylated DNA or b) thiol-PNA for cDNA detection. Alternatively, c) a printing device loaded with 

three different thiol-PNA probes is exploited to form a microarray on an activated PDMS substrate, 

used to selectively detect the specific cDNA from a mixture of the three complementary sequences. d) 

PLL polymer structures, modified with OEG, OEG-biotin, OEG-Mal, employed for the surface 

functionalization. x and y indicate the relative fractions of the modified Lys subunits. Structures of the 

dyes with linkers and oligonucleotide sequences are shown in Figure 4.11 and Table 4.3, respectively. 

a)

c)
Microarrays
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cDNA-dye
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cDNA-dyebiotin-DNA
deposition
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deposition
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Subsequently, DNA probes were anchored on the surface in order to selectively recognize 

complementary DNA sequences in solution. PLL-OEG-biotin or PLL-OEG-Mal were used 

to either anchor streptavidin conjugated with fluorescein isothiocyanate (SAv-F) and 

biotinylated DNA (biotin-DNA1) by exploiting the non-covalent SAv-biotin interaction, or 

to covalently bind PNA-thiol probes on the substrate by using the specific Michael-type thiol-

ene reaction, respectively (structure of dyes and probe sequences are given in Figure 4.11 

and Table 4.3). Fluorescently labelled cDNA was used to visualize the resulting patterns 

using fluorescence microscopy. 

Alternatively, as shown in Figure 4.1c, modified PLL was exploited in a hydrogel-filled 

stamping device with micropores underneath each well.47 The device was loaded with three 

different thiol-PNA probes (PNA2, PNA3 and PNA4; Table 4.3), to print proof-of-concept 

PNA microarrays onto PLL-OEG-Mal-modified polymer substrates. The choice of these 

specific PNA molecules has been endorsed by their pivotal role in the early detection and 

monitoring of cancer (Table 4.3). PNA was used as a probe because of its higher affinity for 

cDNA sequences, leading to an improved specificity compared to DNA probes.48 Moreover, 

the higher stability of the PNA/DNA duplex, with respect to DNA/DNA,49 and the resistance 

of PNA towards enzymes such as nucleases and peptidases50 are properties widely used to 

increase the sensitivity of DNA biosensing devices.  

After binding the probes to the substrates using the stamping device, the DNA recognition 

and multiplexing capabilities of the patterned substrates were studied by fluorescence 

microscopy upon incubation of the microarrays with a solution mixture of three cDNA 

sequences (complementary to the PNA sequences used) labeled with a blue, green and red 

fluorescent dye.  

 

4.2.2. Surface patterning by MIMIC 

In order to investigate the applicability of modified PLLs on different polymeric 

materials, we used the thermoplastic COP and the thermosetting Ormostamp as substrates. 

After activation by oxygen plasma, a PDMS mold (containing channels 100 µm wide and 

spaced 100 µm) was used to pattern PLL-OEG-biotin (0.1 mg/ml in PBS, pH 7.4) by MIMIC. 

After removal of the stamp and rinsing the substrate, fluorescently labelled SAv-F (PBS, pH 

7.4) was adsorbed.  
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Figure 4.2. Fluorescence microscopy images of SAv-F on a,b) COP (1500 ms, ISO 200) and c,d) 

Ormostamp (2000 ms, ISO 400) surfaces, upon patterning a,c) PLL-OEG-biotin or b,d) PLL-OEG 

(antifouling) by MIMIC (scheme of Figure 4.1a). All experiments were performed using 0.1 mg/ml of 

modified PLL during MIMIC, and 0.1 mg/ml of SAv-F in PBS at pH 7.4 for the subsequent incubation.  

 

Figures 4.2a and 4.2c show clear fluorescent lines obtained after the functionalization of 

the substrates, owing to the successful adsorption of SAv-F onto both patterned surfaces. The 

empty areas in between the lines indicate that the SAv bound only to the areas where PLL-

biotin was deposited. The absence of clear fluorescent lines in the control experiments 

(Figures 4.2b and 4.2d), where patterns were made with only PLL-OEG, i.e., without biotin 

moieties prior to the SAv-F binding, confirms the absence of non-specific adsorption of SAv. 

Therefore, also the antifouling behavior of the locally self-assembled PLL on the plastic 

surface was proven. The line edge irregularities along the fluorescent lines on the Ormostamp 

surface (Figure 4.2c) are likely due to imperfections and roughness of the material itself. 

Overall, PLL can be successfully adsorbed on both materials owing to the electrostatic 

interactions between the positively charged amino groups at the lysine side chains at 

physiological pH25,51 and the negatively charged surfaces after oxygen plasma treatment. The 

subsequent molecular recognition is therefore specific. 

To further confirm the attachment of the PLL polymers to the substrates, contact angle 

goniometry was performed on COP and Ormostamp substrates fully covered with PLL-OEG. 

The measurements (Table 4.1) indicate for both substrates a similar value of approximately 

31.5°, proving the adsorption of the modified PLL. This value was measured homogeneously 

all over the surface.  
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In addition, X-ray photoelectron spectroscopy (XPS) was performed on fully 

functionalized COP surfaces. Figures 4.3a and 4.3b report the N1s and S2p spectra, 

respectively, for bare, PLL-OEG, and PLL-OEG-biotin-functionalized surfaces. Nitrogen 

peaks were visible on substrates covered with PLL (both PLL-OEG and PLL-OEG-biotin), 

while the presence of the S2p peak of the sulfur was observed only for the PLL-OEG-biotin 

modification, confirming the desired functionalization of the material. The carbon data 

(Table 4.2) show a decrease upon adsorption of PLL, due to the larger amount of heteroatoms 

in PLL compared to the polymer substrate. The highly comparable carbon decrease and 

concomitant N and O increase observed for PLL-OEG and PLL-OEG-biotin compared to the 

unmodified substrate, indicate adsorption of the PLL variants with comparable coverage. 

Figure 4.3. XPS element spectra of a) nitrogen and b) sulfur for COP surfaces: non-functionalized 

(black), functionalized with PLL-OEG (red) or with PLL-OEG-biotin (blue).  

 

Table 4.2. XPS values from bare and functionalized COP samples 

Sample 
Element 

C N O S 

Bare COP  86.19 0.21 13.53 0.07 

COP with PLL-OEG 78.41 5.19 16.37 0.03 

COP with PLL-OEG-biotin 77.63 5.65 16.52 0.20 

Table 4.1. Contact angle values of COP and Ormostamp substrate before and after activation, and 

after immersion in PLL-OEG solution in PBS 7.4 (controls dipped just in PBS solution). Thereafter, 

substrates were immersed in Milli-Q H2O and contact angle values monitored for 10 days. Standard 

deviations (in brackets) were calculated measuring three different spots of the same substrate. 
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The surface functionalization with modified PLL requires stability for a considerable 

period of time in order to be used in biomedical devices. Contact angle measurements showed 

only slightly increased contact angles for PLL-modified surfaces over 10 days when leaving 

such functionalized substrates in Milli-Q (Table 4.1), which confirmed long-term coverage 

of the substrates with PLL. Additionally, the stability of a MIMIC-patterned substrate in 

solution was tested both over time (Figure 4.4) and upon ultrasonication (Figure 4.5). Figure 

4.4k shows the normalized intensity of fluorescent SAv-F-patterned lines on PLL-biotin-

covered COP, monitored during 0, 1, 4, 8 and 20 days in PBS (pH 7.4) with 1.0 mg/ml bovine 

serum albumin (BSA) to mimic biological samples. The fluorescence intensity slowly 

decreased over time with a total loss of 40% after 20 days (Figure 4.4k). The same effect was 

observed by 10 min sonication with an intensity loss of around 7% (Figure 4.5). Some pattern 

inhomogeneities were observed as well, in particular after 20 days (Figure 4.4j). These results 

contrast to some extent the contact angle data described above. Possibly, the loss of 

fluorescence over time is caused by photobleaching of the dye as well as detachment of SAv 

(by denaturation), but some partial desorption of PLL cannot be excluded. 

Figure 4.4. Fluorescence microscopy images of a COP substrate patterned by MIMIC with PLL-OEG-

biotin followed by the adsorption of SAv-F (1500 ms, ISO 200) and stored in a solution of PBS (pH 

7.4) and BSA (1.0 mg/ml) for a) 0, b) 1, c) 4, d) 8, e) 20 days. 3D (f-j) and k) linear fluorescence 

intensity profile of a-e) pictures. The experiment was performed using 0.1 mg/ml solutions of PLL-

OEG-biotin and SAv-F in PBS at pH 7.4. 
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Figure 4.5. Fluorescence microscopy images of a COP substrate patterned by MIMIC with PLL-OEG-

biotin followed by the adsorption of SAv-F a) before and b) after 10 min of ultrasonication in MQ water 

(1500 ms, ISO 200). Linear (c,d) and 3D (e,f) fluorescence intensity profile. 0.1 mg/ml solutions in 

PBS (pH 7.4) of both PLL-OEG-biotin and SAv-F were employed for the experiment. 

 

4.2.3. DNA recognition at MIMIC-patterned substrates 

The ability of easily customizing patterned surfaces upon self-assembly of modified PLL 

is highly appealing for the detection of biomolecules such as proteins and DNA. Therefore, 

we tested capability of two differently modified PLL polymers, PLL-OEG-biotin and PLL-

OEG-Mal, to detect cDNA sequences from solution both on COP and Ormostamp biochip 

surfaces (Figure 4.6). As described above, we used MIMIC with either PLL-OEG-biotin or 

PLL-OEG-Mal followed by the anchoring of the probes (Figures 4.1a/b). In the case of PLL-

OEG-biotin, the consecutive immobilization of SAv-F (0.1 mg/ml) and biotin-DNA1 (1 µM) 

formed the biorecognition pattern on the surface of COP. In case of PLL-OEG-Mal 

polyelectrolyte, the thiolated probe PNA2 (activated by TCEP treatment just before 

coupling)45 was reacted onto the Ormostamp surface.  

As a proof-of-concept, upon immobilization of the probes (biotin-DNA1 or PNA2) onto 

the surfaces, solutions of corresponding fluorescent dye-functionalized cDNA-Rhodamine 

Red (RRED) sequences were put onto the substrates. Figures 4.6b and 4.6e show the 

fluorescence images of the COP and Ormostamp substrates after the cDNA-RRED additions. 

In case of the COP substrates, functionalized with PLL-OEG-biotin and fluorescent SAv, the 

presence of clear and bright red patterns shows that the hybridization of the cDNA with the 

DNA probe had occurred successfully. Moreover, the co-localization of the green lines 

(Figure 4.6a), indicating the presence of SAv, with the red ones (Figure 4.6b), due to the 

presence of cDNA1-RRED, confirms the selective hybridization of the cDNA to the areas 

covered with the biotin-DNA1 probe, indicating the absence of non-specific interactions. 
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When, in a similar experiment, the same type of biorecognition surface was treated with a 

non-complementary DNA grafted with the RRED dye (ncDNA1-RRED), the concomitant 

presence of green (Figure 4.6c) and the absence of red fluorescence (Figure 4.6d) confirmed 

the binding selectivity of cDNA. Moreover, the absence of fluorescence in the case of ncDNA 

confirmed the beneficial anti-fouling effect of OEG chains anchored to the PLL backbone, 

which prevented also the purely electrostatic, non-specific adsorption of negatively charged 

DNA strains onto the surface-adsorbed, positively charged PLL. 

Figure 4.6. Fluorescence microscopy images of COP (a-d) and Ormostamp (e-f) substrates. COP 

substrates were patterned (using MIMIC) with PLL-OEG-biotin, followed by the consecutive 

deposition of SAv-F and biotin-DNA1. Ormostamp substrates, instead, were functionalized with PLL-

OEG-Mal and reacted with thiol-PNA2. Subsequently, COP substrates were incubated with cDNA1-

RRED (a,b) or ncDNA1-RRED (c,d), while Ormostamp substrates were incubated with cDNA2-RRED 

(e) or ncDNA2-RRED (f). Samples were imaged in the green (a,c, SAv-F) and red (b,d-f, RRED) 

channels, where the image pairs a/b and c/d were measured at the same area of the samples. All 

experiments were performed using 0.1 mg/ml solutions of modified PLL polymers and SAv-F, and 1 

µM of DNA/PNA probes, cDNA and ncDNA in PBS at pH 7.4. Fluorescence parameters used: a,c) 

1500 ms, ISO 200, b,d) 2000 ms, ISO 200, e-f) 2500 ms, ISO 200. 

 

Analogously, the PNA2 molecule grafted to PLL-OEG-Mal polymer on Ormostamp 

exhibited a similarly selective and specific response as evidenced by the comparison between 

Figures 4.6e and 4.6f, employing the complementary and non-complementary DNA 

sequences, respectively. These results show not only the similar behavior and applicability 

for both types of materials surfaces, but also the possibility of using different engineered 

probes (DNA and PNA) on the polymer surface. Moreover, the use of PLL-OEG-Mal 

presents the additional advantage of functionalizing substrates with a probe in a single step, 

avoiding the extra SAv addition used for the functionalization with PLL-OEG-biotin.  
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In order, to test the stability of the PNA2/cDNA2-RRED-patterned Ormostamp, the 

substrate was sonicated for 10 min in MQ water. Despite a loss of fluorescence intensity of 

about 10% after the treatment (Figure 4.7), both the line width and homogeneity were 

maintained, indicating the strong, spatioselective adhesion of PLL on Ormostamp and the 

subsequent formation of the cDNA/PNA complex. 

Figure 4.7. Fluorescence microscopy images of an Ormostamp substrate patterned by MIMIC with 

PLL-OEG-Mal followed by the consecutive anchoring of deprotected thiol-PNA2 and incubation with 

cDNA2-RRED a) before and b) after 10 min of ultrasonication in MQ water (2500 ms, ISO 200). 

Correspondent linear (c,d) and 3D (e,f) fluorescent intensity profile. The experiment was performed 

using 0.1 mg/ml solutions of PLL-OEG-Mal and 1.0 µM of both PNA probe and cDNA2-RRED in PBS 

at pH 7.4. 

 

The DNA biorecognition of a probe-modified PLL-OEG-Mal layer on a polymer 

substrate was also tested in continuous flow by quartz crystal microbalance with dissipation 

(QCM-D). A SiO2 chip, spin-coated and cured with a thin film of Ormostamp, was activated 

by oxygen plasma, and then subjected to a solution of either PLL-OEG-Mal or PLL-OEG (as 

a control), followed by anchoring of the deprotected thiol-PNA2. Figure 4.8 shows the QCM-

D time traces (frequency shifts, Δf, in blue) of the binding process for cDNA2-RRED and 

ncDNA2-RRED sequences on the PLL-OEG-Mal and antifouling PLL-OEG layers. A 

detectable Δf was only observed for cDNA2 adsorbed on a PNA2-bound PLL-OEG-Mal 

layer, confirming the successful adhesion of PLL, the subsequent probe binding and specific 

hybridization, as well as its antifouling properties. 
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Figure 4.8. QCM time traces for the evaluation of the selectivity of the PNA2-functionalized PLL-

OEG-Mal layer. QCM chips (SiO2) spin-coated with a thin film of Ormostamp, activated by oxygen 

plasma, were functionalized with 0.1 mg/ml solution of a) PLL-OEG-Mal and b) PLL-OEG (control), 

followed by incubation with 1 µM of activated PNA2 solution (PBS, 7.4). After rinsing with Milli-Q 

water, both chips were mounted in the QCM chamber and flushed with 1 µM solutions of ncDNA2-

RRED and cDNA2-RRED, consecutively. A PBS (pH 7.4) washing step (white bars) was flushed 

between each step. The 5th overtone was used for both Δf and dissipation. 

 

4.2.4. Multiplex DNA detection 

Probe-modified PLL can be also exploited to create bioresponsive microarrays that allow 

multiplexed DNA detection. We used, as a proof of concept, a hydrogel-filled stamping 

device (Figure 4.12),47 with an array of 5x5 wells that were individually loaded with different 

PNA-thiol sequences to create the microarrays, yielding dot-patterned fields of 12x12 dots, 

each dot 5 µm wide. Each field was addressed by a single well of the stamp, and fields were 

separated by 350 µm. PDMS was chosen as the substrate material because of its conformal 

contact with the stamping device. After oxygen plasma activation, the PDMS surface was 

covered with PLL-OEG-Mal, and then the inked stamp was put in contact with the substrate 

for approx. 10 min to allow the probe attachment to occur (Figure 4.1c). Three different PNA 

thiol sequences were used, indicated here as PNA2, PNA3 and PNA4 (Table 4.3). 

Subsequently, the DNA recognition ability of the PNA array was tested by depositing a 

solution containing one or three complementary DNA probes, each equipped with a different 

fluorescent dye (cDNA2-DY415, cDNA3-F and cDNA4-RRED).  

Figure 4.9 shows the fluorescence microscopy images after incubation of a printed dot 

array with a mixture containing all three cDNA sequences, taken at the same substrate area 

using blue (Figure 4.9a), green (Figure 4.9b) and red (Figure 4.9c) filters, while Figure 4.9d 

shows the composite image. Several aspects can be noted from Figure 4.9. Each field of dots 

is visualized only with the proper filter, and each color occurs at a different position, 

confirming that the cDNA sequences were selectively and orthogonally assembled from the 

mixture. No cross contamination is observed on the array, demonstrating the excellent 
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selectivity of the PNA probes to recognize their corresponding cDNA sequences. In addition, 

the absence of fluorescence in the non-printed areas confirms the antifouling properties 

provided by the OEG groups bound to the PLL backbone.  

Figure 4.9. Fluorescence microscopy images, all of the same area of a PNA-functionalized microarray 

on PDMS, after incubation with a mixture of three complementary DNA sequences each functionalized 

with a different fluorescent dye, using a) blue (1500 ms ISO 400), b) green (2000 ms, ISO 400) and c) 

red (2000 ms, ISO 400) filters; d) shows the composite image. The PDMS substrate was first oxidized, 

then functionalized by 0.1 mg/ml PLL-OEG-Mal. The microarray stamping device was inked with 1 

µM solutions of the PNA-thiol sequences, and put in contact with the substrate for 30 s. After stamp 

removal, the substrate was rinsed and incubated with a mixture containing 0.33 µM of each of the 

corresponding cDNA sequences. 

 

The selectivity of the PNA microarrays for a specific cDNA sequence was further 

investigated by hybridization of the same PNA arrays with a solution containing only one 

fluorescently labelled cDNA molecules at a time. Figure 4.10 reveals the fluorescent dot 

arrays corresponding solely to the hybridized cDNA-dye used (1st, 2nd, 3rd column), retaining 

the antifouling behavior outside the printed areas. These results demonstrate that the 

modified-PLL methodology is compatible with microarray printing techniques and 

multiplexed DNA analysis. 

a)

c)

b)

d)

200 µm

200 µm

200 µm

200 µm



Surface Patterning with Reactive Group-Appended Poly-L-Lysine for Biomolecule Adhesion 

100 

4 

Figure 4.10. Control experiments showing fluorescence microscopy images of the same section of 

PNAs printed (PNA2, PNA3, PNA4) microarray on three different PLL-OEG-Mal-functionalized 

PDMS samples treated with a,d,g,j) cDNA2-DY415, b,e,h,k) cDNA3-F and c,f,i,l) cDNA4-RRED. The 

pictures were taken using a-c) blue (1500 ms ISO 400), d-f) green (2000 ms, ISO 400) and g-i) red 

(2000 ms, ISO 400) filters, j-l) show the composite images. The experiments were performed first 

oxidizing the substrate, then using solutions of 0.1 mg/ml of PLL-OEG-Mal, 1 µM of PNA-thiol 

molecules (PNA2, PNA3, PNA4), loaded inside the stamping device, and 0.33 µM of each correspondent 

cDNA-dye. Samples were rinsed with PBS (pH 7.4) after every step. 

 

4.3. Conclusions 

In summary, we have demonstrated the versatile formation of micro-patterns on three 

different polymeric materials (COP, Ormostamp, PDMS), by exploiting modified poly-L-

a)

c)

g)

d)

j)

200 µm

200 µm

200 µm

200 µm

200 µm

200 µm

200 µm

200 µm

200 µm

200 µm

200 µm

200 µm

b)

h)

e)

k)

c)

i)

f)

l)



Chapter 4 

101 

4 

lysine polymers for orthogonal adhesion and selective recognition of biomolecules. As a 

proof of concept, DNA and PNA probes were anchored onto the polymeric substrates, and 

the formed biorecognition surfaces showed excellent selectivity for complementary DNA 

sequences. We further extended the patterning and recognition to a multiplexed analysis by 

printing three different PNA-thiol molecules, demonstrating that the modified-PLL 

methodology is compatible with the delivery of engineered probes in microarray fashion.  

All in all, these results underline the versatility of modified PLL in combination with 

patterning techniques for biorecognition and future biosensing applications on a large variety 

of substrate materials. The strategy outlined here to attach modified PLL with customized 

appending groups is promising for the specific and stable anchoring of biomolecules onto 

virtually any polymeric substrate that presents negative charges. This work may contribute 

to the development of customized responsive (bio)interfaces in medical devices, 

environment-friendly biosensors and versatile coatings. 
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4.5. Experimental section 

4.5.1. Materials 

Poly-L-lysine hydrobromide (MW = 15-30 kDa by viscosity), EDC, NHS and tablets for 

10 mM PBS standard solution (pH 7.4), 3-trichlorosilylpropylmethacrylate,  

2-hydroxyethylmethacrylate (HEMA), ethylene glycol dimethacrylate (EGDMA), 

tridecafluoro-(1,1,2,2)-tetrahydrooctyl-trichlorosilane, bovine serum albumin, ammonium 

persulfate (APS) and NaCl were purchased from Sigma-Aldrich. Methyl-OEG4-NHS ester, 

Biotin-OEG4-NHS ester and Mal-OEG4-NHS ester, the Zeba™ spin desalting columns (7 

kDa MWCO, 5 mL), the immobilized TCEP disulfide reducing gel (tris[2-carboxyethyl] 

phospine hydrochloride immobilized onto 4% crosslinked beaded agarose) and the 

streptavidin-Fluorescein conjugate were obtained from ThermoFisher Scientific. 

Oligonucleotides were purchased from Eurofins Genomics and used as received. SiO2 QCM 

chips (with fundamental frequency of 5 MHz) were purchased from Biolin Scientific. 

Poly(dimethylsiloxane) Sylgard 184 and curing agent were used as received from Dow 

Corning. Ormostamp material and MA-T1050 were purchased from Microresist. PNA probes 

were synthesized using the materials and the procedure previously described for PNA2.52  
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Figure 4.11. Structures of: a) DY415, b) Fluorescein (F), c) Rhodamine Red (RRED) dyes linked to 

the ncDNA and cDNA molecules, d) biotin tetra(ethylene glycol) linker, and e) protected thiol 3-(2-

pyridyldithio)propionyl (SPDP)-tetra(ethylene glycol) linker at the PNA molecules (the full name and 

their role are listed in Table 4.3 below). 

 

Figure 4.12. SEM images of the printing device before hydrogel filling: a) top (reservoir) and b) bottom 

(printing side) view. Image of c) a well after formation of the hydrogel (top view) and d) zoom-in of 

the hydrogel itself (after drying at 60°C overnight).  
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Table 4.3. Sequences of functionalized DNA and PNA molecules used in this Chapter 

Oligo Sequence 5’ 3’(number of nucleotides) Role 

biotin-DNA1 
BITEG-ATG CGC AGC GCG TTG GCA CGC 

(21)  
DNA Probe 

PNA2 
SPDP-dPEG4-CTA CGC CAC CAG CT-Gly-NH2 

(14); ε (260 nm): 127900 M-1cm-1 

PNA probe  

WT KRAS 

PNA3 
SPDP-dPEG4-GCA GCG CGT TGG CAC-Gly-

NH2 (15); ε (260 nm): 147800 M-1cm-1 

PNA probe  

RASSF1 gene 

PNA4 
SPDP-dPEG4-CCA GCA GAC AAT GTA GCT-

Gly-NH2 (18); ε (260 nm): 187800 M-1cm-1 

PNA probe 

 microRNA 221 

   

cDNA1-RRED 
RRED-GCG TGC CAA CGC GCT GCG CAT 

(21) 

Complementary to 

biotin-DNA1 (MIMIC) 

ncDNA1-RRED 
RRED-ATG CGC AGC GCG TTG GCA CGC 

(21) 

Non-complementary to 

biotin-DNA1 (MIMIC) 

cDNA2-RRED RRED-AGC TGG TGG CGT AG (14) 
Complementary to 

PNA2 (MIMIC + QCM) 

ncDNA2-RRED RRED-CTA CGC CAC CAG CT (14) 
Non-complementary to 

PNA2 (MIMIC + QCM) 

cDNA2-DY415 DY415-AGC TGG TGG CGT AG (14) 
Complementary to 

PNA2 (printing) 

cDNA3-F F-GTG CCA ACG CGC TGC (15) 
Complementary to 

PNA3 (printing) 

cDNA4-RRED  RRED-AGC TAC ATT GTC TGC TGG (18) 
Complementary to 

PNA4 (printing) 

In particular, PNA2 is used in biosensing to detect point mutation in the KRAS gene present in several 

tumors,53,54 while PNA3 is specifically connected to the RASSF1 gene, silenced by methylation in 

different types of cancer55 including bladder cancer.52 Anti miR-221 PNA sequences, here named 

PNA4, bind micro RNA, which is involved in gene regulation, and is highly expressed in several type 

of tumors, e.g. hepatocacinoma,56 colorectal cancer,57 and gliomas.58  

 

Synthetic procedures  

PLL-OEG(x)-Mal(y) and PLL-OEG(x)-biotin(y) synthesis 

All modified PLLs were synthesized according to previously reported procedures (see 

also Chapter 3 for more details).44,45 The PLL-OEG was the same used in Chapter 3. 

 

1H NMR of PLL-OEG(26.1)-biotin(5.7) (400 MHz D2O) δ [ppm] = 1.26–1.58 (lysine γ‐

CH2), 1.63‐1.85 (lysine β,δ‐CH2), 2.25 (biotin linker, ‐CH2‐C(=O)‐NH-), 2.49 (ethylene 

glycol CH2 from both OEG and biotin coupled, ‐CH2‐C(=O)‐NH), 2.75 (biotin, -S-CH2-), 



Surface Patterning with Reactive Group-Appended Poly-L-Lysine for Biomolecule Adhesion 

104 

4 

2.98 (free lysine, H2N‐CH2-), 3.15 (ethylene glycol CH2 of coupled lysine from both OEG 

and biotin, C(=O)‐NH‐CH2‐), 3.35 (OEG methoxy, ‐O‐CH3), 3.53-3.78 (oligo ethylene 

glycol from both OEG and biotin, CH2‐O‐), 4.26 (lysine backbone, NH‐CH‐C(O)‐), 4.40 

(biotin, -CH-NH-C(=O)-NH-), 4.59 (biotin, -CH-NH-C(=O)-NH-). 

 

1H NMR of PLL-OEG(20.3)-Mal(4.5) (400 MHz D2O) δ [ppm] = 1.26–1.56 (lysine γ‐

CH2), 1.61‐1.82 (lysine β,δ‐ CH2), 2.49 (ethylene glycol CH2 from both OEG and Mal 

coupled, ‐CH2‐C(=O)‐NH), 2.99 (free lysine, H2N‐CH2), 3.16 (ethylene glycol CH2 of 

coupled lysine from both OEG and Mal, C(=O)‐NH‐CH2‐), 3.35 (OEG methoxy, ‐O‐CH3), 

3.58-3.79 (oligo ethylene glycol from both OEG and Mal, CH2‐O‐), 4.29 (lysine backbone, 

NH‐CH‐C(O)‐), 6.85 (maleimide from coupled Mal, -C(=O)-CH-CH-C(=O)-). 

 

PLL-OEG(x)-Mal(y) and PLL-OEG(x)-biotin(y) quantification   

The amount of grafted OEG on PLL-OEG and OEG/Mal on PLL-OEG-Mal polymer was 

quantified by 1H-NMR according to our previously reported procedure (see also Chapter 3).45 

Adapting a previously reported procedure,44,45 the quantification of the grafted percentages 

of groups OEG and biotin was achieved by using the integral ratios of characteristic peaks at 

the 1H-NMR (see Figure 4.13). All integrals were normalized using the peak at 4.29 ppm 

(Lys backbone a, NH‐CH‐C(O)‐). The integrals of interest are at 3.00 ppm (free Lys c, H2N‐

CH2), 3.15 ppm (CH2 of coupled Lys of both biotin and OEG side groups b), and the sum of 

both integrals at 4.40 and 4.59 ppm (biotin d1 and d2, -CH-NH-C(=O)-NH-). 

 

All integrals of interest (b, c, and d1 + d2) correspond to two protons and they can be used 

with no further modification. Moreover, the sum of b and c equals the 100% of Lys (both 

functionalized and free) at the PLL backbone. Therefore eq. 1 and 2 were used to calculate 

the molfraction of OEG (x%) and biotin (y%) for the PLL-OEG-biotin employed: 

biotin% = [(𝒅𝟏 + 𝒅𝟐)/(𝒃 + 𝒄)] ∗ 100                eq.1 

OEG% = [𝒃/(𝒃 + 𝒄)] ∗ 100 − biotin%                eq.2 

Table 4.4. The modified PLLs used in this work 

Type of modified PLL OEG (%) biotin/Mal (%) 

PLL-OEG* 24.9 / 

PLL-OEG-biotin 26.1 5.7 

PLL-OEG-Mal 20.3 4.5 

*Note: the 1H-NMR spectrum of PLL-OEG was already described in Chapter 3.  
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Figure 4.13. 1H-NMR spectra of PLL-OEG(26.1)-biotin(5.7).  

 

4.5.2. Methods  

Preparation of PDMS substrates  

Poly(dimethylsiloxane) (PDMS) substrates (for use of the stamping device) and molds 

for MIMIC were prepared as reported previously.47,59,60 In short, a 10:1 (v/v) mixture of 

PDMS and curing agent Sylgard 184 was casted against either a flat petri dish or a silicon 

master with etched structures (100 x 100 µm) prepared by lithography. After overnight curing 

at 60°C, the PDMS in the Petri dish was stored as is, while the PDMS on the silicon master 

was cut in small MIMIC molds, and their edges were opened with a scalpel before storing.  

 

MIMIC on COP/Ormostamp 

MIMIC was performed following previously reported procedures.47,60 Both PDMS mold 

and either COP or Ormostamp substrates (approx. 1.5 x 1 cm) were cleaned by sonication in 

a mixture of Milli-Q water and EtOH (1:1), dried by a stream of nitrogen and activated by 

oxygen plasma for 1 min (Plasma Prep II, SPI Supplies; 200-230 mTorr, 40 mA). Thereafter, 

the mold was placed on top of the activated polymeric material to form the network of 

channels, owing to the conformal contact. A drop (10-20 µl) of desired modified PLL 

solution (0.1 mg/ml in PBS, pH 7.4) was placed at the open edge of the PDMS mold and the 

liquid filled the channels as a result of capillary forces. The mold was peeled off, and the 

patterned PLL lines were rinsed copiously with Milli-Q water. 



Surface Patterning with Reactive Group-Appended Poly-L-Lysine for Biomolecule Adhesion 

106 

4 

Functionalization of substrates patterned by MIMIC 

PLL-OEG-biotin patterned substrates were functionalized by consecutively depositing 80 

µl of 0.1 mg/ml SAv-F solution in PBS (pH 7.4) for 5 min, and 1 µM of biotin-DNA in the 

same buffer for 10 min. The substrates patterned with PLL-OEG-Mal were covered for 10 

min with 80 µl solution of PNA-thiol probe (1µM in PBS, pH 7.4), freshly deprotected from 

the disulfide group (SPDP = 3- (2-pyridyldithio)propionyl) using the TCEP reducing gel 

following the procedure described in our previous work.45 Hybridization experiments were 

performed by placing on top of both patterned recognition surfaces (COP and Ormostmap) 

80-100 µl of corresponding ncDNA-RRED or cDNA-RRED solutions (1µM in PBS, pH 7.4) 

for 10 min. After every deposition step, substrates were rinsed with Milli-Q water and blown 

dry in a stream of nitrogen.  

 

Fully covered COP/Ormostamp substrates for contact angle and XPS measurements 

COP and Ormostamp substrates (1.5 x 1.0 cm) were activated as previously described, 

immersed in a solution of PLL-OEG (0.1 mg/ml in PBS, pH 7.4) for 30 min and then rinsed 

with Milli-Q water. Control samples were immersed in PBS (pH 7.4) solution, without PLL. 

Contact angle measurements were recorded before and after the activation, and after the 

functionalization. Thereafter, the substrates were stored in Milli-Q water, and the contact 

angle was monitored for 10 days. COP substrates for XPS were prepared following the same 

procedure, and fully dipped in the solutions of pure PBS, without or with PLL-OEG or PLL-

OEG-biotin (0.1 mg/ml, pH 7.4).  

 

Spin-coating of Ormostamp on SiO2 QCM and PET substrates 

For all regular Ormostamp substrates described above, following an adapted procedure 

previously reported,61 a drop of Ormostamp solution was manually dispensed on a PET 

substrate. By using a laboratory customized imprinting set-up, a flat glass wafer previously 

coated with anti-adhesion coating tridecafluoro-(1,1,2,2)-tetrahydrooctyl-trichlorosilane was 

pressed against uncured Ormostamp. UV-light from OmniCure LX400 with 365 nm LED 

source was exposed through the glass wafer acting as an imprint tool. After being released, a 

flat layer of approx. 30 µm of cured Ormostamp was formed on the PET substrate. 

Prior to coating, the QCM chips were treated by oxygen plasma (Pico, Diener Electronic 

GmbH) for 30 s. The Ormostamp material was diluted in Ma-T1050 (1:10,v/v) and spin-

coated at 3000 rpm for 60 s. After the spinning, the Ma-T1050 thinner was evaporated out at 

130°C for 10 min on a hot plate. To UV-cure the Ormostamp layer, QCM chips were placed 

in a vacuum chamber (Pico, Diener Electronic GmbH) and UV-light from OmniCure® 
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LX400 with 365 nm LED source was exposed through a window, forming a 200-nm thin 

layer of cured Ormostamp.  

 

Quartz crystal microbalance with dissipation monitoring (QCM-D)  

Silica-coated (50 nm, QSX303) QCM-D sensors from LOT-Quantum were spin-coated 

with Ormostamp, and then washed with Milli-Q water and EtOH, sonicated in EtOH for 5 

min, dried in a stream of nitrogen and finally oxidized in oxygen plasma (Plasma Prep II, SPI 

Supplies; 200-230 mTorr, 40 mA) for 1 min. Activated chips were fully immersed in a 

solution of either PLL-OEG or PLL-OEG-Mal (0.1 mg/ml in PBS, pH 7.4) for 30 min, 

followed by incubation in 1 µM of activated PNA2 thiol solution (PBS, pH 7.4) for 30 min. 

After each modification step, the Ormostamp-coated chips were gently rinsed with Milli-Q 

water and dried in a stream of nitrogen. QCM-D measurements were performed using a Q-

Sense E4 4-channel quartz crystal microbalance with a peristaltic pump (Biolin Scientific), 

monitoring the 5th fundamental overtone. All experiments were performed in PBS buffer (pH 

7.4) with a flow rate of 80 µl/min at 22°C.  

 

X-ray photoelectron spectroscopy (XPS).  

XPS measurements were performed using a Quantera SXM machine (scanning XPS 

microprobe) from Physical Electronics equipped with a monochromatic Al Kα X-ray source 

(1486.6 eV). During the analyses, the filament current was kept at 2.6 mA and the power at 

50 Watt. The working chamber pressure was maintained at 3 10-8 torr. The size of the X-ray 

beam used in the analysis was 200 µm. 

 

Scanning electron microcopy (SEM).  

High resolution SEM (JEOL Field Emission JSM-6330F, JEOL Benelux, the 

Netherlands) with 3 keV electron acceleration was used to image the printing device before 

and after the hydrogel formation (see below). The hydrogel-filled device was dried overnight 

at 60°C prior mounting in the SEM chamber. 

 

Stamping device preparation, loading and printing on PLL-OEG-Mal covered surfaces 

The stamping device with hydrogel wells was fabricated according to a previously 

reported procedure.47 The hydrogel-filled printing device was removed from the Milli-Q 

water storage solution and gently tapped on both reservoir and printing sides with cleanroom 

paper to remove the excess of water. Zooming on the well array (reservoir side) with the help 
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of an optical microscope, each well was individually filled with 0.25-0.5 µl of the desired 1 

µM PNA-thiol solution (PNA2, PNA3 and PNA4, freshly deprotected using the TCEP 

reducing gel)45 using a syringe and allowed to ink for 30 min. The flat PDMS substrate 

(approx. 1.5 x 1 cm) was activated following the same procedure as COP and Ormostamp 

(see section for fully covered substrate), and then functionalized with 80-100 µl of PLL-

OEG-Mal solution (0.1 mg/ml in PBS, pH7.4) for 5 min, followed by washing with Milli-Q 

water and blown dry in a stream of nitrogen. Thereafter, the inked device was pressed on top 

of the PLL-OEG-Mal-functionalized PDMS substrate to obtain conformal contact. A first 

print on a dummy piece of cleaned PDMS was performed to allow the ink to reach the printing 

side. After 10 min, the stamping device was demolded from the substrate, which was gently 

rinsed with Milli-Q water and dried with nitrogen. 80-100 µl solution containing a mixture 

of correspondent cDNA-dye sequences (cDNA2-DY415, cDNA3-F and cDNA4-RRED) or 

only one of them at 0.33 µM (per DNA molecule) in PBS (pH 7.4) was placed on top for 30 

min. The excess of DNA solution was washed away with Milli-Q water and the PDMS 

substrate was then dried under N2 flow before the analysis at the fluorescence microscope.  

 

Fluorescence microscopy 

Fluorescence microscopy images were taken in air using an Olympus inverted research 

microscope IX71 equipped with a mercury burner U-RFL-T as light source and a digital 

Olympus DP70 camera. A combination of Dapi and Olympus cubes were used to have blue 

(λex = 430 nm ; λem = 470 nm), green (460 nm ≤ λex ≤ 490 nm; λem = 525 nm) and red (510 

nm ≤ λex ≤ 550 nm ; λem ≥ 590 nm) filter. The linear (average) and 3D intensity profiles were 

obtained by a rectangular selection over the whole picture, elaborated with Image J software. 
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Chapter 5 

 

Increasing the Sensitivity of Electrochemical DNA 

Detection by a Micropillar-Structured Biosensing Surface  

The available active surface area and the density of probes immobilized on the surface 

are responsible for achieving high specificity and sensitivity in electrochemical biosensors 

that detect biologically relevant molecules, including DNA. Here, we report the design of 

gold-coated, silicon micropillar-structured electrodes, functionalized with modified poly-L-

lysine (PLL) as adhesion layer, to achieve a gain in sensitivity by increase of the 

electrochemical area and control over the probe density. By systematically reducing the 

center-to-center distance between the pillars (pitch), denser micropillar arrays were formed 

at the electrode, resulting in a larger sensing area. Azido-modified peptide nucleic acid 

(PNA) probes were click-reacted onto the electrode interface exploiting PLL with appended 

oligo(ethylene glycol) (OEG) and dibenzocyclooctyne (DBCO) moieties (PLL-OEG-DBCO), 

for antifouling and probe binding properties, respectively. The selective electrochemical 

sandwich assay formation, composed of consecutive hybridization steps of the target 

complementary DNA (cDNA) and reporter DNA modified with the electroactive ferrocene 

functionality (rDNA-Fc), was monitored by quartz crystal microbalance. The DNA detection 

performance of micropillared electrodes with different pitch was evaluated by quantifying 

the cyclic voltammetric response of the surface-confined rDNA-Fc. By decrease of the pitch 

of the pillar array, the area of the electrode was enhanced by up to a factor 10.7. Comparison 

of the electrochemical data with the geometrical area of the pillared electrodes confirmed 

the validity of the increased sensitivity of the DNA detection by the design of the micropillar 

array. 
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5.1. Introduction 

The invention of (bio)sensors represents a breakthrough for the life sciences. The 

possibility to detect specific bioanalytes rapidly and quantitatively has propelled the 

economic and scientific effort towards the design and production of functional biorecognition 

devices.1 Owing to their well-developed miniaturized fabrication processes, high signal-to-

noise ratio and real-time response, electrochemical biosensors are currently the gold standard 

for daily-life applications such as food/environmental control and point-of-care devices for 

the detection of biologically relevant molecules such as glucose,2 phenol,3 and drugs.4,5  

The progress in genetics and genomics has led to the insight that biomolecules, such as 

proteins and DNA/RNA variants, can act as biomarkers providing valuable information for 

early diagnosis and monitoring of several types of tumors and genetic diseases.6–8 Due to the 

small sample volume needed for analysis, the possibility of working with body fluids, and at 

relatively high sensitivity,9 electrochemical DNA biosensors have gained in popularity as 

clinical assay devices for diseases that can be detected by DNA biomarkers,10,11 such as 

Crohn’s disease, cystic fibrosis and cancer.12–14 Nevertheless, the low concentrations of DNA 

biomarkers (up to 104 units per ml of plasma/serum)15,16 has fuelled the development of signal 

amplification methods to enable highly sensitive electrochemical detection.17 Strategies have 

been reported based on enzyme amplification,18–20 post-modification polymerization of 

conductive materials,21,22 as well as the use of electroactive reporter probes.23–25.  

For surface-confined electrochemical DNA biosensors, the intrinsic sensitivity depends 

strongly on the surface architecture, which affects the density and display of probes26–28 and 

the electrochemically active surface area of the biosensor.5,29,30 The use of three-dimensional 

(3D) structures such as polymer brushes,31 hydrogels,32 nanodiscs,33 gold nanoparticles,34 

nanoporous gold,35 and nano-textured microelectrodes,36 has significantly improved the 

electrochemical device performance and consequently the detection limit of target DNA 

analytes compared to flat substrates. Similarly, conductive nanopillar-structured substrates 

have been reported to provide a higher surface area than planar electrodes.37 

Schröper et al. have demonstated that the electroactive surface area for nanopillar-based 

devices is often lower than predicted due to the strong dependence on the diffusivity of the 

electroactive species, providing a surface increment factor of 1.4 and 5.7 times for solution 

and surface-bound electroactive species, respectively, compared to a flat substrate.38 On the 

other hand, microelectrodes and micropillar-structured substrates can steadily generate a 

higher signal,39,40 thus representing an alternative for improving the sensitivity of the 

electrochemical biosensor. The groups of Compton and Del Campo showed with simulations 

the positive effect of reducing the center-to-center separation (pitch) of gold-coated 

micropillars and increasing their aspect ratio on the electrochemical performance in a cyclic 



Chapter 5 

115 

5 

voltammetry (CV) setup in the case of electroactive species in solution.41,42 An experimental 

demonstration showed a maximal signal enhancement for the peak current density of 1.6 and 

6.2 times with respect to the projected surface area, using two different pillar geometries (10-

15-50 µm or 10-125-40 µm respectively for radius, height, and pitch). In addition, Del Campo 

et al. used isopropanol incubations before each CV experiment to assess full wetting of the 

substrates, as a poor wetting appeared to prohibit the full penetration of the gold-coated 

micropillar array by the solution, reducing the electrochemical sensitivity of the device.41  

Poly-L-lysine (PLL) polymers grafted with poly(ethylene glycol) (PEG) units have been 

shown to increase the lubrication properties of both hydrophobic and metal oxide substrates, 

due to the hydrophilic PEG chains and the high content of trapped water.43–45 In addition, 

modified PLL has been used to functionalize surfaces allowing orthogonal biomolecule 

immobilization and to provide good antifouling properties.46,47 In particular, PLL grafted with 

oligo(ethylene glycol) (OEG) and maleimide moieties has been exploited by us to control the 

density of peptide nucleic acid (PNA) probes for DNA recognition (Chapter 3).27  

Here, we report the design and use of gold-coated, micropillar-structured electrodes, with 

control over the micropillar pitch to increase the sensitivity, and modified with functionalized 

PLL to anchor the probes for electrochemical DNA detection. The positively charged PLL, 

grafted with OEG and dibenzocyclooctyne (DBCO) groups (PLL-OEG-DBCO), was self-

assembled on the electrode surface to form a hydrophilic, orthogonally bio-functionalizable 

layer. An azido-PNA probe with a complementary sequence capable of detecting the KRAS 

gene16 was used to illustrate potential applications for tumor DNA detection. PNA probes for 

DNA detection were chosen by the higher affinity and selectivity for complementary DNA 

(cDNA) compared to DNA probes,48 and their resistance to enzymes in biological fluids.49 

In addition, the combination of modified PLL anchored with PNA probes has proven to 

provide high hybridization efficiencies at elevated surface probe densities by the suppression 

of electrostatic repulsion occurring in DNA-probe devices.27 The electrochemical detection 

of cDNA by a sandwich assay was performed using a reporter probe DNA, complementary 

to the free 5’-end of the target cDNA, bearing an electroactive ferrocene moiety (rDNA-Fc). 

The signal generated by CV was evaluated as a function of the micropillar pitch, in order to 

establish the relationship between the signal gain and the increased surface area, thus 

providing insight into the potential of sensitivity gain reached by electrode microstructuring.  

 

5.2. Results and discussion 

5.2.1. Concept of increasing sensitivity by design of micropillar array electrodes 

To investigate the sensitivity gain in electrochemical biosensors with higher surface areas 

created by 3D microstructuring, we employed flat (control) and micropillar-structured, Au-
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coated, Si substrates with four different pitches (19, 14, 10 and 8 µm). These were used in 

combination with a proof-of-principle, sandwich assay-mediated recognition of the 

complementary DNA (cDNA, the model analyte) and rDNA-Fc to assess the electrochemical 

performance. Figure 5.1a shows the schematic overview of the micropillar biorecognition 

interface to detect DNA. Smaller pitches result in a larger density of pillars and concomitantly 

higher electroactive surface area available for subsequent functionalization and DNA 

binding. Consequently, more modified PLL is adsorbed, and a higher density of DBCO 

moieties per projected electrode area is displayed on the surface. The probe density on the 

electrode surface is set by the grafting density of DBCO groups attached to the PLL,27 upon 

reacting the PNA-azide molecules to the DBCO groups by the strain-promoted azide-alkyne 

cycloaddition (SPAAC) click reaction (Figures 5.1b and 5.1c).50 The target cDNA (43 nt) 

and the reporter rDNA-Fc (23 nt) molecules are consecutively hybridized to the surface. Such 

a sandwich-like assay avoids the necessity of DNA post-modification for introducing the 

ferrocene redox moiety after the successful dual-hybridization event.51 The main objective 

of this work was to observe the relationship between the response obtained from the 

electroactive rDNA-Fc specifically anchored at the interface and the surface area (enhanced 

by reducing the pillar pitch), thus demonstrating the signal amplification by micropillar-

based electrodes in CV experiments. 

Figure 5.1. a) Schematic representation illustrating the concept of increased electrochemical surface 

area by reducing the pitch of the electrode. b) Overview of the chemical steps occurring at the PLL-

OEG-DBCO-modified, gold-coated electrode interface, showing the sequential deposition of: the N3-

PNA probe, cDNA, and rDNA-Fc. c) Chemical structure of the PLL-OEG-DBCO used, together with 

the SPAAC reaction scheme between DBCO and azido-PNA (structures and sequences of the PNA and 

DNA molecules are shown in Figure 5.8 and Table 5.2). 

c)

b)a)
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Silicon substrates with micropillar arrays with a height of 36.7 µm and diameter of 4.0 

µm were fabricated by photolithography and deep reactive ion etching (DRIE) according to 

the procedure reported by Elbersen et al.52 (Figure 5.10). Figure 5.2a shows the micropillar 

array with a pitch of 8 µm, characterized by high-resolution scanning electron microscopy 

(HR-SEM). The final electrode architecture was formed by sputtering a thin layer (~200 nm) 

of gold on top of the substrate. Due to the sputter direction normal to the surface, the gold 

layer was thinner (~50 nm on average) at the sides of the pillars. However, a conformal 

coating was achieved, forming a fully conductive layer (Figure 5.2b).  

Figure 5.2. HR-SEM images showing: a) a tilted cross section of an 8 µm pitch micropillar-structured 

silicon substrate, with pillar height and diameter of 36.7 and 4 µm, respectively; b) zoom-in of cross-

sectioned micropillar showing the conformal gold coating inside the scallops. 

 

The PLL polymer (15-30 kDa) grafted with OEG and DBCO functionalities (Figure 5.1c) 

was synthesized adapting a previously reported procedure.27 OEG and DBCO groups were 

covalently grafted to the PLL side-chains in a one-step synthesis by NHS ester coupling (see 

Experimental section). The mol fractions of appended groups in the PLL-OEG-DBCO were 

determined by 1H-NMR, which yielded percentages of 27.6 for the OEG and 3.0 for the 

DBCO moieties (Figure 5.9). The total grafting density of functionalized lysine side chains 

was kept below 35-40% to ensure strong adsorption to the surface.53,54 The azido-PNA probe 

was synthesized as previously reported.55 

As a proof of concept, the surface functionalization processes of modified PLL 

deposition, N3-PNA immobilization, and consecutive cDNA and rDNA-Fc hybridization 

steps, were followed on a flat substrate by quartz crystal microbalance with dissipation 

(QCM-D) monitoring (Figure 5.3). Upon mounting a UV-ozone-activated gold chip in the 

QCM chamber, both the PLL-OEG-DBCO adsorption and the azido-PNA steps showed a 

decrease of the resonance frequency (blue line, 5th overtone), which remained stable after 

washing with PBS (see Figure 5.3a). Consecutive injections of cDNA (43 nt) and rDNA-Fc 

(23 nt) solutions gave frequency shifts, Δf, of ~16 Hz and ~12 Hz (average of two measures), 

a) b)
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respectively, demonstrating the recognition ability of the DNA-bioresponsive interface and 

the feasibility of the sandwich assay. These frequency shifts correspond, using the Sauerbrey 

equation,56 to cDNA and rDNA-Fc densities of 2.5×1012 and 3.4×1012 molecules/cm2, 

assuming that 80% of the mass is due to adsorbed water.57 The length difference between the 

DNA molecules and their hybridization can cause hydration changes and consequently an 

overestimation of the hybridization efficiency. By taking into account the different numbers 

of nucleotides between cDNA and rDNA-Fc, the hybridization efficiency was approximately 

140% (not corrected for the hydration differences and mass and hydration of the Fc moiety), 

which is within the error for QCM monitoring, as already reported by the Höök and Knoll 

groups.58,59 

Figure 5.3. QCM-D time traces of: a) the stepwise adsorption process comprising PLL-OEG-DBCO 

deposition, anchoring of azido-PNA, and the detection of the cDNA and rDNA-Fc; b) control using 

ncDNA instead of cDNA; c) control without cDNA; d) control without azido-PNA. In all experiments, 

the concentrations were 0.5 mg/ml for the modified PLL solutions, and 0.5 µM for the azido-PNA, 

cDNA, rDNA-Fc and ncDNA solutions. PBS (pH 7.4) washing steps (gray bars) were performed before 

and after every adsorption step. The 5th overtone was used for both Δf and ΔD. 

 

The selectivity of the PNA-modified surface was investigated by controls, using a non-

complementary DNA sequence (ncDNA, 43 nt; Figure 5.3b) and by leaving out either the 

cDNA (Figure 5.3c) or the PNA probe anchoring steps (Figure 5.3d) in the sandwich assay. 
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All controls showed an absence of signal for the DNA and/or rDNA-Fc steps. Noteworthy, 

despite a Δf of approximately 2 Hz for the ncDNA (Figure 5.3b) and 0.5 Hz for the cDNA 

(in the absence of the azido-PNA step, Figure 5.3d), fouling was largely absent. In 

conclusion, a selective response of rDNA-Fc was obtained only in the case of PNA probe 

anchoring and the double hybridization sequence in the sandwich assay.  

In addition, to demonstrate a good wettability of the micropillar-structured substrates by 

means of modified PLL, contact angle goniometry was performed on three model substrates, 

two with a micropillar array having pitches of 19 µm and 8 µm and a flat substrate. The low 

values reported in Table 5.1 indicate good wetting, in agreement with the presence of the 

adsorbed PLL-OEG-DBCO and the increased hydrophilicity in the micropillar area even 

after 24 h. Overall, these results indicate the feasibility of probe anchoring and performance 

of the sandwich assay in a micropillar array without wetting problems. 

 

5.2.2. Performance of micropillar electrodes in electrochemical DNA detection 

The micropillar-structured electrodes used in this work consist of two parts, namely the 

pillared section, where the micropillars are positioned, and a flat area surrounding the pillar 

array, as schematically displayed in Figure 5.4a. The projected areas of the flat and pillared 

sections are 0.19 cm2 and 0.25 cm2, respectively, where the total projected surface area equals 

Table 5.1. Water contact angle values of gold-coated flat and micropillar-structured Au substrates 

(19 and 8 µm pitch) before and after UV-ozone activation, and after immersion in a 1 mg/ml PLL-

OEG-DBCO solution in PBS at pH 7.4 (control substrates in PBS without PLL). Next, the substrates 

were immersed in PBS (pH 7.4) for 24 h and the contact angle values monitored again. Standard 

deviations (in brackets) were calculated measuring three different spots of the same substrate. 

Pitch size (µm) 
Before 

activation 

After 

activation 

After 1 h of 

PLL-OEG-DBCO 

After 24 h in  

PBS 7.4 

Flat 
59.9° 

(±1.3°) 
<15° 

31.6° 

(±1.5°) 

32.7° 

(±1.9°) 

Flat (control) / <15° 
<20°  

(only PBS) 

38.6° 

(±2.2°) 

19  
96.2 

(±2.3°) 
<15° 

34.4° 

(±2.8°) 

36.1° 

(±3.2°) 

19 (control) / <15° 
<20°  

(only PBS) 

45.2 

(±4.1°) 

8 
104.3 

(±1.8°) 
<15° 

35.9° 

(±2.0°) 

37.4° 

(±2.3°) 

8 (control) / <15° 
<20°  

(only PBS) 

46.2 

(±2.6°) 
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0.44 cm2. Upon the introduction of micropillars in the micropillared section of the electrode, 

the geometric area of that section is expected to increase with a factor (1 + π∙dp∙hp/p2), based 

on the design parameter, where dp is the pillar diameter, hp the pillar height, and p the pitch, 

respectively. However, to take in account the experimental aspects, such as roughness, a 

calculated surface area enhancement factor (SET,p) was defined (Electrochemical analysis 

section). 

Figure 5.4. a) Schematic top-view representation of the projected micropillar-structured electrode area 

(0.44 cm2) showing the micropillar (pillared section, 0.25 cm2) and the surrounding flat (0.19 cm2) 

areas. b) Examples of cyclic voltammogram of gold-coated p++ type silicon micropillar-structured 

substrates with pitch 8 µm and 19 µm (black and red lines, respectively) and flat one (green line). 

Experiments were performed in 0.1 M H2SO4 with a scan rate of 100 mV/s 

 

In order to investigate the effect of surface roughness, induced by the DRIE process and 

the gold evaporation, on the active surface area as a function of the micropillar array pitch, a 

0.1 M solution of H2SO4 was used to experimentally determine the electrochemically active 

area of two gold-coated, micropillar-structured substrates (19 and 8 µm pitch) and a flat 

substrate by CV (Figure 5.4b).38 The areas of both the oxidation and reduction peaks were 

significantly higher for the micropillar-structured substrates compared to the flat one (Figure 

5.4b). The total electroactive surface areas (AE,tot), as determined by integration of the 

reduction peaks of Figure 5.4b (values listed in Table 5.3), were 0.57 cm2 for the flat electrode 

and 1.26 cm2 and 3.68 cm2 for the micropillar-structured ones with a pitch of 19 µm and 8 

µm, respectively. By comparing these values to the geometrically expected area increases, 

we were able to determine the surface roughness factors for the flat and pillared sections 

separately (Electrochemical Analysis section). For the flat section, the roughness (factor sg = 

1.29) is attributed to the gold sputtering process, while for the pillared section the roughness 

(factor ss =1.67) is a combination of the scallops and bottom and sidewall roughness induced 

by the DRIE process and the sputtered gold. By incorporating these roughness factors, the 

determined values of AE,tot were in agreement with the geometric surface area calculations 
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within an error of 5% (Table 5.3). Consequently, based on our defined electrode geometry, 

surface enhancement factors of 2.11 and 6.47 compared to a flat surface were calculated for 

the micropillared electrodes with a pitch of 19 µm and 8 µm, respectively (Table 5.4). When 

taking into account the pillared section of the electrode only, the surface enhancement factors 

were found to be 3.19 and 10.72, showing a clear effect on the expected electrochemical 

signal amplification by decreasing the pitch size (Table 5.4). 

The relationship between the higher surface area due to the fabricated micropillars and 

the increased DNA sensitivity was quantified by CV experiments using the DNA sandwich 

detection scheme (Figure 5.1b). Micropillar-structured electrodes with pitches of 19, 14, 10, 

8 µm and a flat control substrate, pre-incubated with PLL-OEG-DBCO and azido-PNA probe 

solutions, were covered with a cDNA solution followed by rDNA-Fc deposition to perform 

the sandwich assay hybridization. Figure 5.5 shows the cyclic voltammograms of each 

substrate. The dependence of the total charge involved in the redox process (Q), which is 

related to the peak area in the CV, for the surface-anchored electroactive Fc groups was 

evaluated as a function of the scan rate, and the results are presented in Figure 5.5f. The 

constant values of Q vs scan rate indicate that the electron transfer processes occurred at the 

interface as expected for surface-confined species. Control experiments performed by 

exploiting ncDNA (Figure 5.6a) or by omitting one step of the sandwich assay (azido-PNA 

anchoring or cDNA hybridization, Figures 5.6b and 5.6c) showed the absence of physisorbed 

electroactive material, due to the retained antifouling properties of the self-assembled 

modified PLL at the electrode interface, and thus confirm the specificity of the sandwich 

assay. 
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Figure 5.5. Example of cyclic voltammograms of gold coated substrates, activated by oxidative 

treatment and functionalized with PLL-OEG(27.6)-DBCO(3.0), after anchoring of azido-PNA probe 

and the consecutive double hybridization of cDNA and rDNA-Fc target sequences for the sandwich 

assay on a) a flat substrate and micropillar-structured ones with increasing pitch of b) 19 µm, c) 14 µm, 

d) 10 µm and e) 8 µm size. f) Dependence of the amount of charges involved in the redox process (Q) 

versus the scan rate, derived from the average values from a-e). The substrates used were flat (black), 

19 µm (green), 14 µm (blue), 10 µm (red) and 8 µm (yellow) pitch. Prior to the CV experiments, a 

freshly prepared 0.1 M NaClO4 solution was degassed for 5 min and used as electrolyte. The standard 

deviation of each data point was calculated from the Q values in a-e), from a set of two experiments. 

All solutions were prepared in PBS (pH 7.4) at concentration of 1 mg/ml and 1 µM, respectively for 

PLL-OEG-DBCO and azido-PNA probe, while solutions at 0.5 µM concentration in PBS (pH 7.4) were 

used for both cDNA and rDNA-Fc molecule. 
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Figure 5.6. Cyclic voltammograms of the control experiments at gold flat surface functionalized with 

PLL-OEG(27.6)-DBCO(3.0). a) Selectivity experiment performed after the immobilization of azido-

PNA and using ncDNA in the sandwich assay. Evaluation of the specific electrochemical response of 

the biosensing layer and the sandwich assay when b) the PNA probe anchoring or c) the cDNA 

hybridization step are missing. Before each CV experiments, fresh 0.1 M NaClO4 electrolyte solution 

was degassed for 5 min. The concentrations of the components used were 1.0 mg/ml for modified PLL, 

0.5 µM for azido-PNA, cDNA and rDNA-Fc. All the deposition steps were done in PBS (pH 7.4). 

 

The DNA sensitivity enhancement was assessed by evaluating the dependence of Q (from 

Figure 5.5f) on the pitch p of the micropillar-structured electrodes. Figure 5.7 shows a linear 

increase of Q vs 1/p2, confirming the effect of the 3D architecture on the detected signal. In 

this graph, the intercept indicates the flat sample. The linearity of the fit not only 

demonstrates the absence of diffusion effects, but also the uniformity of the detected rDNA-

Fc and cDNA. Consequently, assuming both hybridizations to be 100% efficient, the surface 

coverage Γ could be derived from the slope when taking the surface roughness parameters 

into account (see Electrochemical Analysis section), providing a value of (4.4±0.2)×10-12 

mol/cm2, or (2.7±0.1)×1012 rDNA-Fc moieties per cm2, which matches well to the results 

obtained from QCM as described above. When using the semi-empirical method described 

in our recent publication,27 using PLL-appended maleimide reactive groups to bind PNA 

probes applied to a flat substrate, a density of 3.7×1012 molecules/cm2 was expected, which 

compares well with the value observed here. Thus, these results validate the modified PLL 

approach to control the probe density at both flat and micropillar-structured substrates.  
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Figure 5.7. Dependence of the total charge Q involved in the surface-confined redox process of the Fc-

covered electrodes resulting from the sandwich assay, as a function of 1/p2 (where p is the pitch). 

Datapoints correspond to the average values of Q for the flat, 19 µm, 14 µm, 10 µm and 8 µm pitch 

samples, derived from the experiments shown in Figures 5.5a-e, together with the error bars. Prior to 

the CV experiments, a freshly prepared 0.1 M NaClO4 solution was degassed for 5 min and used as the 

electrolyte. The concentrations of the species used for the DNA binding scheme were 1.0 mg/ml for 

modified PLL, 0.5 µM for azido-PNA, cDNA and rDNA-Fc in PBS (pH 7.4). 

 

A comparison of the two extremes in Figure 5.7, corresponding to the flat and the 8 µm 

pitch micropillar-structured substrates, shows that the signal enhancement due to the 

occurrence of the pillar array was approximately a factor 7.0. The reported value is in 

agreement with both the experimental and theoretical surface enhancement factors found by 

the sulfuric acid measurements, confirming that the increase of the electroactive surface area 

is the key factor in improving the performance for surface-based electrochemical DNA 

sensors. When comparing only the pillared section of the micropillar array sample to the flat 

sample, an enhancement factor of 10.7 was deduced. Overall, these data confirm that the 3D 

electrode interface design, in correlation with the probe density control, can rationally define 

the gain in sensitivity for electrochemical DNA detection, showing how the combinations of 

substrate and biosensing layer can determine the outcome of the recognition device.  

 

5.3. Conclusions 

In summary, we have presented the potential gain in sensitivity for the electrochemical 

DNA detection by the application of azido-PNA probes clicked to a PLL-OEG-DBCO 

adhesion layer adsorbed on micropillar-structured substrates at various pitches. Compared to 

flat substrates, the densely structured micropillar arrays allowed up to one order of magnitude 

larger electrochemical active surface areas that can accommodate comparatively more PNA 

probes and consequently more target DNA to be detected by the final sandwich assay. The 

total amount of redox charges from the hybridized reporter rDNA-Fc probe scaled linearly 

with the electrochemically active surface area, defined by the pitch, indicating the surface-
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confined electron transfer and similar probe densities between substrates. Overall, this proof-

of-concept micropillar-structured electrode design, combined with the surface 

functionalization approach of modified PLL, increased the total sensitivity of a 10.7 factor.  

Micropillar-structured electrodes improve the electrochemical detection of, among 

others, DNA molecules in buffer and clinical samples exploiting the 3rd dimension by 

enhancing the detection area and, thus, the sensitivity. The proposed design shows room for 

further customizing the physical (substrate) and chemical (adhesion layer) characteristics of 

the biorecognition surface. Consequently, the geometrical parameters and the probe density 

can be varied to maximize the sensitivity. By eliminating the flat section of the current 

electrode, a fully covered micropillar electrode might further improve the amplification 

factor. Moreover, different etching recipes could produce taller pillars. As an example, the 

hypothetical use of 125 µm long pillars, as exploited by Del Campo, together with halving 

both the pitch and pillar diameter, would have generated a 70 times higher electrochemical 

signal compared to a flat substrate. Other contributions can be obtained from the surface 

roughness and the probe density, by enhancement of the grafting density of appended groups 

at the PLL, which could result in a final signal enhancement factor of two-three orders of 

magnitude. The occurrence of diffusion limitations, as well as electrostatic and steric 

repulsion of the incoming DNA, need to be investigated. However, these effects might be 

reduced by integrating such 3D architectures in microfluidic devices. All in all, the 

advantages of probing more sensing surface, the possible extension to other detection 

systems, in concert with the orthogonal control of the biorecognition interface at the 

molecular level, define the potential directions for producing label-free signal amplification 

at electrochemical, optical and gravimetric biosensing devices. 
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5.5. Experimental section 

5.5.1. Materials 

Poly-L-lysine hydrobromide (MW = 15-30 kDa by viscosity), NaClO4, D2O and tablets 

for 10 mM PBS solution (pH 7.4) were obtained from Sigma-Aldrich. H2SO4 (95%) was 

purchased from VWR Chemical and HCl was obtained from SelectiPur. Methyl-OEG4-NHS 
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ester was obtained from ThermoFisher Scientific, while DBCO-OEG4-NHS from Click 

Chemistry Tools. The membrane for dialysis (Spectra/Por, 6-8 kDa cutoff, diameter 6.4 mm) 

were purchased from Spectrum Labs, Greece. cDNA (complementary to KRAS sequence: 

43 nt, 5′-ATGACTGAATATAAACTTGTGGTAGTTGGAGCTGGTGGCGTAG-3′) and 

ncDNA (42 nt, 5’-CTACGCCACCTCAACCTACGCCACCTCCACCTACGCCACCTC-

3’) were purchased from Eurofins Genomics and used as received. The ferrocene-labelled 

DNA (23 nt; MW 7487 g/mol; 5’-ACCACAAGTTTATATTCAGTCAT-Fc-3’) was 

acquired from Biomers.net, GmbH. Gold QCM chips (with a fundamental frequency of 5 

MHz) were purchased from Biolin Scientific. Silicon p++ wafers (<100> oriented, one-side 

polished, 525±25 µm substrate thickness, 0.01-0.025 Ωcm resistivity) were obtained from 

Okmetic Finland, while the positive Olin 907-17 photoresist was obtained from Arch 

Chemicals. The PNA probe was synthesized using a previously described procedure.55  

Figure 5.8 Chemical structures of a) PNA and b) DNA linkers to respectively anchor azide and 

ferrocene moieties. The [2-(2-aminoethoxy)ethoxy]acetyl (AEEA) PNA linker, with 2-azidoacetyl 

functional group, was already reported in a previous work.55  

 

Table 5.2. Sequences of DNA and PNA molecules used in this work 

Oligo Sequence 5’ 3’(number of nucleotides) Role 

PNA-N3 
N3-CTA CGC CAC CAG CT-Gly-NH2 (14); 

 ε (260 nm): 127900 M-1cm-1 

PNA probe  

WT KRAS 

cDNA 
ATG ACT GAA TAT AAA CTT GTG GTA 

GTT GGA GCT GGT GGC GTA G (43) 

Target, complementary to 

PNA-N3 

ncDNA 
CTA CGC CAC CTC AAC CTA CGC CAC 

CTC CAC CTA CGC CAC CTC (42) 

Non complementary  

to PNA-N3 

rDNA-Fc 
ACC ACA AGT TTA TAT TCA GTC AT-Fc 

(23) 

Reporter, complementary to 

the 5’end of cDNA 

PNA-N3 was chosen with a sequence that have been shown to be a relevant tract of the KRAS gene 

subject to point mutations present in several tumors.16,60 

 

Synthetic procedure 

PLL-OEG(x)-DBCO(y) synthesis 

The synthesis of PLL-OEG-DBCO and the quantification of the molfractions of OEG and 

DBCO grafted to the PLL backbone were done adapting previously reported procedures.27 

Briefly, 10 mg/ml of PLL HBr were dissolved in PBS 7.4, and stoichiometric amounts of 

Methyl-OEG4-NHS and DBCO-OEG4-NHS (both dissolved in DMSO at concentration of 

a) b)



Chapter 5 

127 

5 

250 mM) were added under vigorous stirring. After 4 h, the solution was dialyzed with a 

dialysis membrane (molecular cut-off 6 to 8 kDa) against decreasing concentrations of PBS 

in Milli-Q water, until a full 24 h cycle in Milli-Q water. The final solution was freeze-dried 

overnight. The obtained product was analyzed by NMR and stored at -20°C in Milli-Q water.  

 

PLL-OEG(x)-DBCO(y) quantification  

1H NMR of PLL-OEG-DBCO (400 MHz D2O) δ [ppm] = 1.26–1.56 (lysine γ‐CH2), 1.61‐

1.82 (lysine β, δ‐CH2), 2.48 (ethylene glycol CH2 from both OEG and DBCO coupled, ‐CH2‐

C(=O)‐NH), 2.96 (free lysine, H2N‐CH2), 3.14 (ethylene glycol CH2 of coupled lysine from 

both OEG and DBCO, C(=O)‐NH‐CH2‐), 3.35 (OEG methoxy, ‐O‐CH3), 3.59-3.77 (ethylene 

glycol from both OEG and DBCO, CH2‐O‐), 4.27 (lysine backbone, NH‐CH‐C(O)‐), 7.22-

7.69 (DBCO from coupled DBCO, CArH). 

Figure 5.9. 1H-NMR spectra of PLL-OEG(27.6)-DBCO(3.0) after purification by dialysis.  

 

Quantification of OEG and DBCO grafted densities were obtained according to our 

previously reported procedure,27 using the integral ratios of the characteristic signals in the 

1H-NMR spectra (see Figure 5.9). Integrals were normalized to the peak at 4.27 ppm (lysine 

backbone), and the ones at 2.96 ppm (free lysine), 3.14 ppm (functionalized lysine of both 

DBCO and OEG side groups, and 7.22-7.69 ppm (DBCO) were used for the calculations.  

All integrals used correspond to two protons, except the DBCO one (eight. Consequently, 

it was normalized by dividing for a factor of four. The sum of the integrals of free and 
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functionalized lysine correspond to the total amount of Lys at the PLL backbone. Therefore: 
 

                    𝑃𝐿𝐿𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (%) =  
𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑜𝑓 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐿𝑦𝑠

𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒 𝐿𝑦𝑠+𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐿𝑦𝑠
             eq. 1 

𝐷𝐵𝐶𝑂 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (%) =  
(𝐷𝐵𝐶𝑂 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙) 4⁄

𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒 𝐿𝑦𝑠+𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐿𝑦𝑠
             eq. 2 

𝑂𝐸𝐺 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 (%) = 𝑃𝐿𝐿𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 − 𝐷𝐵𝐶𝑂𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛       eq. 3 

 

5.5.2. Methods 

Micropillar-structured substrate fabrication 

Micropillar-structured electrodes were fabricated according to a reported procedure.52 In 

summary, a positive photoresist (Olin 907-17) was deposited on a p++ silicon substrate 

followed by photolithography to create a circular patterned photoresist (5 × 5 mm) with 

spacing between the circles varying between 8 and 19 µm (Figure 5.10 step A). Micropillar-

structured substrates were formed via DRIE (SPTS Pegasus, etching rate of ~ 10 µm/min, 20 

°C) until the desired micropillar height was achieved (Figure 5.10 step B). The created 

substrates were then cleaned in O2/CF4 plasma (Tepla 360) for 30 min and in a solution of 

HCl, H2O2, and H2O (1:1:5 ratio, 70°C) for 15 min to strip the fluorocarbon residues and 

photoresist from the substrates. Prior to the gold sputtering the silicon modified substrates 

were cleaned for 10 min in HNO3 and 30 s in HF to remove the silicon dioxide layer. 

Immediately after the HF step, a gold layer was sputtered conformally over the entire 

substrate at 10-2 mbar and 50 W for 1800 s (Figure 5.10 step C). 

Figure 5.10. Schematic illustration of the fabrication process of micropillar-structured substrates. (A) 

Deposition of photoresist on silicon wafer followed by patterning of the photoresist by 

photolithography. (B) Deep reactive ion etching to create the micropillar-structured substrate. (C) 

Coating of the micropillar-structured substrate with gold by sputtering. 
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Quartz crystal microbalance (QCM) 

Gold-coated (50 nm, QSX301) QCM-D chips from LOT-Quantum were cleaned for 5 

min in basic piranha solution (H2O: NH4OH: H2O2 in ratio 5:1:1) at 70 °C for 5 min and then 

washed extensively with Milli-Q water and EtOH. After drying under nitrogen flow, and 

oxidized with UV-ozone (Bioforce chamber, Nanosciences) for 15 min, the chips were 

mounted in the chambers and a flow rate of 80 µl/min was used for all the steps. QCM-D 

measurements were performed using a Q-Sense E4 4-channel quartz crystal microbalance 

with a peristaltic pump (Biolin Scientific), monitoring the 5th fundamental overtone. All 

experiments were performed in PBS buffer solution (10 mM, pH 7.4) at 22 °C. The Δf for 

cDNA and rDNA-Fc are averaged from two measurements. 

 

Scanning electron microscopy  

Micropillar-structured substrate were visualized using HR-SEM (FEI Sirion HR-SEM) at 

an acceleration voltage of 10 kV. The cross-section image was taken after cutting the 

micropillar-structured electrode with a diamond cut pen and sonication in ethanol for 30 min.  

 

Cyclic voltammetry experiments 

Gold-coated cyclic voltammetry chips (flat and micropillar-structured substrates) were 

cleaned for 30 s in piranha solution, washed extensively with water and EtOH, and dried with 

nitrogen. The experiments for the determination of the active surface area were performed 

using 0.1 M H2SO4 solution as electrolyte, at a scan rate of 100 mV/s.38 The reduction peak 

area was used to determine the active electrochemical surface area via the theoretical charge 

density value of 448 µC/cm2 for gold surfaces. The theoretical surface area of the substrate 

used as working electrode is 0.44 cm2 due to the O-ring, used to have conformal contact 

between the electrochemical cell and the substrate. 

In case of the electrochemical DNA detection by sandwich assay for both flat and 

micropillar-structured substrates, the gold chips were immersed in a solution consisting of 

PLL-OEG(27.6)-DBCO(3.0) (1 mg/ml, PBS pH 7.4) for 60 min, after activation by UV-

ozone for 15 min. Then, PBS (pH 7.4) solutions containing azido-PNA (0.5 µM), cDNA (0.5 

µM) and rDNA (0.5 µM) were consecutively deposited on top of the functionalized PLL-

OEG-DBCO substrate, respectively for 4 h, and 1 h for each step of hybridization, under 

gentle shaking. After each deposition, a rinsing step with Milli-Q followed by a drying step 

with N2 was performed. Alternatively, a solution of ncDNA (0.5 µM in PBS 7.4, for 1 h) was 

used for the selectivity experiment. All the CV experiment were measured varying the scan 

rate between 10 and 200 mV/s in degassed (5 min) 0.1 M NaClO4 as electrolyte. 
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Electrochemical measurements were performed in a three-electrode setup (custom-built 

glass electrochemical cell) with a platinum disk as counter electrode, a red rod reference 

electrode (Ag/AgCl, saturated KCl solution, Radiometer Analytical), and the gold substrates 

as working electrode (theoretical surface area of 0.44 cm2). Data analysis was done using 

CHI760D software (CH Instruments, Inc. Austin, USA) and the methodology reported in the 

Electrochemical Analysis section. The CV experiments were repeated twice. 

 

Electrochemical analysis 

Active surface area determination 

The projected areas of the total (AP,tot, 0.44 cm2), flat (AP,f, 0.19 cm2) and pillared  

(AP,p, 0.25 cm2) sections for electrochemical substrates are shown in Figure 5.4a. Assuming 

absence of imperfections, the total geometrical surface area (AT,tot), is given by eq. 4: 

𝐴𝑇,𝑡𝑜𝑡 = 𝐴𝑓 + 𝐴𝑝     eq. 4 

where Af and Ap are the geometrical areas of the flat and pillared sections of a micropillar-

structured substrate, respectively. In particular, for the flat section: 

Af = AP,f                 eq. 5 

while for the pillared section: 

𝐴𝑝 = 𝜋𝑑𝑝 ∙ ℎ𝑝 (
√𝐴𝑃,𝑝

𝑝
+ 1)

2

+ 𝐴𝑃,𝑝              eq. 6 

where dp is the pillar diameter (4 µm), hp the pillar height (36,7 µm), and p the pitch (µm). 

The term (√AP,p/p + 1)2 corresponds to the number of micropillars in the pillared section. For 

simplicity, we approximated it to (√AP,p/p)2, taking into account that the error on the total 

number of pillars is below the 0.0015 %. The surface area of the side walls, where the pillars 

are formed due to the etching process, was not included in eq. 6, due to a negligible 

contribution (< 1.01%) to the total surface area, already with pitch size of 19 µm. However, 

the experimental results at the CV differ significantly from the theoretical ones. Therefore, 

eq. 4, 5 and 6 were rearranged to take into account the additional surface area contributions 

of the scallops and the surface roughness of the sputtered gold in both the pillared and flat 

section of the electrode, leading to eq. 7: 

𝐴𝑇𝑆,𝑡𝑜𝑡 = (
𝜋𝑑𝑝∙ℎ𝑝∙𝐴𝑃,𝑝

𝑝2 + 𝐴𝑃,𝑝 )𝑠𝑠 + 𝐴𝑃,𝑓 ∙ 𝑠𝑔             eq. 7 

where ATS,tot is the total geometrical surface area including surface roughness, ss is the surface 

roughness effect in the pillared section due to sputtered gold on top and side of the 

micropillars and on the bottom of the electrode between the micropillars (1.67), and sg is the 

surface area roughness effect of sputtered gold in the flat section (1.29). The ss factor was 



Chapter 5 

131 

5 

calculated by the slope between the relationship between the theoretical smooth surface area 

and the experimental determined ones for the pillared section at various pitch sizes (not 

shown), while sg factor was calculated by the ratio between the experimental determined 

surface area (0.57 cm2) and the projected surface area of a flat gold surface (0.44 cm2). When 

comparing the whole electrode areas, the total theoretical surface enhancement factor 

including roughness (SET,tot) by the incorporation of micropillars is given by 𝐴𝑇𝑆,𝑡𝑜𝑡/𝐴𝑃,𝑡𝑜𝑡, 

which leads to eq. 8.  

𝑆𝐸𝑇,𝑡𝑜𝑡 =
(

𝜋𝑑𝑝∙ℎ𝑝∙𝐴𝑃,𝑝

𝑝2 +𝐴𝑃,𝑝)𝑠𝑠+𝐴𝑃,𝑓∙𝑠𝑔

𝐴𝑃,𝑡𝑜𝑡∙𝑠𝑔

              eq. 8 

When restricting the gain effect only to the pillared area, the geometrical surface area should 

increase of a factor (1+πdp∙hp/p2) from the ratio 𝐴𝑝/𝐴𝑃,𝑝. However, taking into account the 

experimental roughness, a surface enhancement factor (SET,p) is expressed by eq. 9. 

𝑆𝐸𝑇,𝑝 =
(

𝜋𝑑𝑝∙ℎ𝑝

𝑝2  + 1)𝑠𝑠

𝑠𝑔
                eq. 9 

The experimental determined surface areas (exploiting 0.1 M H2SO4 solution at CV)38 were 

used to calculate the total experimental surface enhancement factor (SEE,tot) by eq. 10: 

𝑆𝐸𝐸,𝑡𝑜𝑡 =
𝐴𝐸,𝑡𝑜𝑡

𝐴𝐸,𝑡𝑓
             eq. 10 

where AE,tot and AE,tf are the total experimental determined surface areas of the micropillar-

structured substrate and the flat one, respectively. When considering the effect of the pillared 

area only, the experimental surface enhancement factor (SEE,p) is defined by eq. 11: 

𝑆𝐸𝐸,𝑝 =
𝐴𝐸,𝑝

𝐴𝐸,𝑝𝑓
               eq. 11 

where AE,pf and AE,p are the experimental determined surface areas of the geometrical pillared 

section on the flat and micropillar substrates, respectively. AE,p is determined using eq. 12. 

𝐴𝐸,𝑝 = 𝐴𝐸,𝑡𝑜𝑡 − 𝐴𝑃,𝑓𝑠𝑔              eq. 12 

 

Table 5.3. Total projected (AT,tot) and theoretical including roughness and scallops (ATS,tot) surface 

areas of both flat and micropillar-structured substrates calculated using eq. 4-7, and experimentally 

(AE,tot) determined by cyclic voltammetry measurements (0.1 M of H2SO4 electrolyte solution).38 

The experimental surface area of the geometrical pillar section (AE,p) was calculated by eq. 12. 

p (µm) AT,tot (cm2) ATS,tot (cm2)  AE,tot (cm2)  AE,p (cm2)  

Flat 0.44 0.57 0.57 0.32 

19 0.76 1.20 1.26 1.02 

8 2.24 3.67 3.68 3.43 
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Table 5.4. Theoretical and experimental surface enhancement factors for the total (SET,tot and 

SEE,tot) and pillar section (SET,p and SEE,p) electrode areas of both micropillar-structured and flat 

substrates calculated using eq. 8 and eq. 9, and from experimental data using eq. 10, 11 and 12. 

p (µm) SET,tot SEE,tot SET,p  SEE,p  

Flat 1 1 1 1 

19 2.11 2.21 2.98 3.19 

8 6.47 6.46 10.77 10.72 

 

Quantification of the area under the reduction peak at cyclic voltammograms 

To obtain the points of the amount of charges involved in the redox process (Q) in Figure 

5.5f, the cyclic voltammograms in Figures 5.5a-e were treated according to the following 

procedure: the first derivative was applied to the anodic segment of interest to find the peak 

potential (Ep). A range of ± 0.25 V was defined from the Ep to set the baseline between these 

potentials and the peak area, related to (Q), was recorded. All the passages were performed 

by means of the CHI760D software (CH Instruments, Inc. Austin, USA). 

 

Probe density determination by CV 

The average surface coverage of rDNA-Fc molecules for the flat and micropillar-

structured substrates was calculated adapting the following equation:23 

Г =  𝑄 𝑛𝐹𝐴⁄                eq. 13 

where Γ is the surface coverage (mol/cm2), Q is the area of the reductive signal (C), F is the 

Faraday constant (96 485.34 C/mol), n is the number of electrons involved in the redox 

process (n = 1 for ferrocene), and A the total active surface area of the working electrode. In 

order to show the effect of the pitch variation, eq. 14 was derived from eq. 13 to obtain a 

dependence of the pitch:  

 𝑄 =  
𝐹𝑛𝑠𝑠𝜋2𝑑𝑝𝑟𝑠𝑛𝑠𝐴𝑃,𝑝𝛤

𝑝2 +  𝐹𝑛𝑠𝑠𝐴𝑃,𝑝𝛤 + 𝐹𝑛𝑠𝑔𝐴𝑃,𝑓𝛤           eq. 14 

which allowed to exclude the constant terms (𝐹𝑛𝑠𝑠𝐴𝑃,𝑝𝛤  and 𝐹𝑛𝑠𝑔𝐴𝑃,𝑓𝛤 ) and obtain the Γ 

from the slope of the fitting in Figure 5.7. Results expressed in molecules/cm2 have been 

calculated by multiplying Γ by the Avogadro’s number (NA). 
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Chapter 6 

 

Enhancement of Probe Density in DNA Sensing by Use of 

Polyelectrolyte Multilayers in the Exponential Growth Regime 

In the design of surface-based biosensing devices, the physico-chemical organization of 

the receptor sites in proximity of the transducing interface affects the probability of binding, 

as well as the possible amplification required for reaching high sensitivities. Here, we 

propose and validate the concept of enhancing the probe density on the sensing surface by 

extension of the active surface layer into the 3rd dimension by the use of polyelectrolyte 

multilayers (PEM). Especially, we expect that control over the PEM growth mode in the 

exponential regime can create high probe densities, in part caused by additional mass per 

surface area and by a more open film architecture. By alternatingly depositing modified poly-

L-lysine (PLL) with appended antifouling and orthogonally clickable dibenzocyclooctyne 

(DBCO) groups and poly(styrene sulfonate) (PSS), the growth regime of the PEM films was 

controlled, simultaneously tuning the loading with DNA probes and the subsequent 

hybridization with target DNA. The DNA anchoring and detection efficiency of the functional 

layer-by-layer (LbL) architecture was evaluated as a function of the number of PLL layers 

and the growth regime of the PEM by quartz crystal microbalance (QCM), providing 

amplification factors of 4.5 and 25 for the 33-layer linear and exponential PEMs, 

respectively compared to the monolayer made of PLL with the same DBCO content. A Voigt-

based model was exploited to quantify the efficiency of DNA probe coupling and consecutive 

DNA hybridization based on the DBCO amount within the PEM. The results showed that the 

PEM films in exponential regime had 7 times more DBCO moieties with respect to linearly 

grown PEM, due to the combined effect of higher modified PLL mass adsorbed, forming a 

more open architecture permeable to the target nucleotides. 
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6.1. Introduction 

The possibility of detecting and monitoring biologically relevant molecules has changed 

the way of approaching scientific challenges in biology,1,2 medicine3,4 and 

food/environmental control.5,6 Among others, DNA biosensors have attracted the general 

interest of the scientific community due to the potential implications in life-science fields, 

such as genetics/genomics,7,8 biotechnology,9,10 as well as future data storage technology.11,12 

Moreover, the possibility of specifically recognizing target DNA sequences has enhanced the 

capability of performing reliable diagnostics for several types of diseases associated with the 

variation in regulatory DNA3 such as neurodegenerative diseases,13 cystic fibrosis,14 Tay-

Sachs disease,15 and cancer.16,17  

As reported in Chapter 5, DNA molecules can act as biomarkers. Therefore, the 

possibility of monitoring the concentration of such species directly from body fluid samples 

(liquid biopsy), in contrast to the costly and tedious traditional method (tissue biopsy), has 

fueled the development of detection technologies to improve the prevention, diagnosis and 

monitoring of genetic diseases.18 However, despite recent progress, specifically for the more 

practical surface-based DNA biosensors,19-21 the low concentration of DNA biomarkers in 

body fluids22 has held back the wide applicability of such devices. Consequently, signal 

amplification strategies have been commonly exploited with DNA sensing platforms to 

achieve a lower limit of detection (LOD).23-25  

The efficiency of DNA hybridization, as well as the following signal enhancement 

strategy, is affected by the physicochemical characteristics of the sensing interface.26,27 

Controlling the formation of molecular assemblies with defined composition and structure 

plays a fundamental role in the creation of functional DNA sensing devices with excellent 

selectivity and sensitivity.28-30 The spatial disposition of the anchored probes, in concert with 

the implementation strategy, defines the surface probe density, which has been extensively 

reported to affect the overall binding affinity.31,32 Moreover, antifouling moieties are often 

required to minimize non-specific interactions at the surface, consequently increasing the 

signal-to-noise ratio during the signal enhancement.33,34  

The layer-by-layer (LbL) assembly approach, which is based on the overcompensation of 

substrate charges formed by the alternated deposition of oppositely charged species, typically 

polyelectrolytes (PEs),35 has been extensively used to tailor specific architectures with micro 

and nanostructure features at interfaces.36 Pioneered by Decher and coworkers,37 the LbL 

technology has been expanding to a plethora of applications in biomedicine,38,39 (bio)material 

engineering40 and biotechnology,41 including biosensing,42,43 due to the inexpensive and 

reproducible approach with superior versatility and control over the formation of thin films.  
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In addition, polyelectrolyte multilayers (PEMs) have shown to provide distinct structural 

architectures based on the type of growth regime (exponential or linear), due to the diffusion 

of partially ionized (“weak”) PEs inside the PEM.44 By varying chemical characteristics and 

assembly conditions of the constituent PEs,45,46 softer and more hydrated (gel-like) structures 

can be formed,47 ensuring additional control over the mobility and “openness” within the 

architecture.48,49 Diverse LbL structures have been used for DNA biosensors, due to the 

appealing property of providing a high loading of molecules onto a surface.50 However, these 

LbL-based DNA biosensors have DNA probes either as constituent layer (or layers)51 or 

randomly anchored to linker moieties physisorbed on PEMs, such as avidin or dendrimers,52-

54 which lead to linearly growing, highly dense DNA films without control of the growth 

regime or the probe density, thus providing little control over the hybridization efficiency 

and the sensitivity itself.55  

Here, we show the use of tailored PEM architectures with appended antifouling and 

clickable groups for controlled and enhanced DNA loading and sensitivity. We envisage the 

creation of extended probe binding capacity by tuning the PEM formation into the 

exponential growth regime, which provides extended layer growth and a more open 

architecture. In order to tune the poly-L-lysine/poly(styrene sulfonate) (PLL/PSS) multilayer 

growth regime, we varied the grafting ratio of oligo(ethylene glycol) units (OEG) appended 

to PLL (PLL-OEG), while at the same time maintaining the fluidity and the antifouling 

behavior.56-58 PLL-OEG polymers with appended bio-orthogonal dibenzocyclooctyne 

(DBCO) moieties (PLL-OEG-DBCO) were exploited to ensure the control of the DNA probe 

density, as previously shown in Chapter 5,29 within the multilayer system for better 

evaluation of the DNA hybridization efficiency. An azido-DNA probe, with a sequence 

complementary to the KRAS gene, whose mutations are associated with, among others, 

several cancer diseases,59 was anchored to the DBCO-functionalized PEM structures, 

forming the final biorecognition architectures, with potential application for tumor DNA 

detection. Samples expressing the same growth regime but having different numbers of 

layers, and samples with equal layer numbers but made under the linear and exponential 

growth regimes were compared in their capacity to bind probe DNA molecules and 

recognize complementary DNA (cDNA) sequences, by recording the frequency shifts by 

means of quartz crystal microbalance with dissipation monitoring (QCM-D). A viscoelastic 

Voigt-based model was exploited to assess the effective thickness of the multilayer film 

structures, and to compare the content of DBCO groups within the PEMs with the amount of 

detected DNA for evaluating the effects of the multilayer film properties on the amplified 

sensitivity.  
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6.2. Results and discussion 

6.2.1. Concept of linear and exponential growth control with enhanced DNA sensitivity 

Figure 6.1a shows the concept of controlling the growth regime and the PEM architecture 

due to a proper design of the modified PLL, tuning the percentage of grafted OEG groups, 

for enhanced DNA detection performance and sensitivity. The molecule accessibility is 

dictated by the type of growth, related to the internal structure of the final architecture, and 

ultimately to the weak PLL diffusion within the PEM.48,60 Increasing numbers of layers result 

in higher thicknesses of the multilayers, thanks to the larger amount of adsorbed mass (y-

axis). On the other hand, the OEG molfraction affects the growth of the PEM itself (x-axis). 

The formation of the multilayer film was achieved on SiO2 QCM-D substrates by the 

alternated deposition of the polyelectrolytes PLL-OEG-DBCO and PSS (green and red lines 

in Figures 6.1a-b, respectively). The “weak” polyelectrolyte nature of PLL,61 in combination 

with the “strong” PSS, provides the “in” and “out” diffusion process resulting in an 

exponential growth regime (Figure 6.1a right).62 As we will show (see below), varying the 

OEG content provides a way to control the growth (Figure 6.1a left). Consequently, the 

projected DBCO density increases with the total number of layers, regardless of the type of 

growth mode (Figure 6.1a, top versus bottom). The biorecognition capability of the PEM 

architectures was investigated by reacting the PLL-OEG-DBCO with a DNA-azide probe (23 

nt) via strain-promoted azide-alkyne cycloaddition SPAAC click-chemistry,63 followed by 

hybridization with cDNA (43 nt) (Figure 6.1c). As a proof-of-principle for the improved 

sensitivity, the DNA-probe and cDNA response at QCM were evaluated in relation with the 

number of layers present in the multilayer structure.  
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Figure 6.1. a) Illustration showing the control over the mechanism of the PE multilayer formation and 

its final thickness on activated SiO2 substrates by varying the grafting density of OEG on the PLL 

backbone and the number of PE layers. The PEMs were formed by alternating deposition of PSS (red) 

and modified PLL (green), which provides the relative density of both OEG (black thin line) and DBCO 

(yellow sphere) moieties within the architectures. b) Structures of the PLL-OEG-DBCO and PSS 

polyelectrolytes used. c) Schematic representation displaying the chemistry of the process for anchoring 

DNA-azide to the PEMs via SPAAC click-chemistry, followed by cDNA recognition step. All the DNA 

sequences used in this work are reported in Table 6.2. 

 

6.2.2. Effect of OEG and DBCO appended groups on the LbL growth regime 

The modified PLL was synthesized following procedures reported previously (Chapter 

5).29 PLL polymers (15-30 kDa) were grafted with spacers having four oligo(ethylene glycol) 

units terminated with either methoxy (OEG) or DBCO units. The percentage of the OEG side 
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chains grafted to the PLL ranged between 0-35%, while the DBCO was kept constant at 1.8% 

(unless stated otherwise). Besides the main function of controlling the growth mechanism of 

the multilayer, the OEG moieties also minimize the non-specific interactions,58,64 in concert 

with the zwitterionic-like nature of the PEM film.65,66 Moreover, the OEG grafting density is 

crucial to determine the fluidity of the structure, by affecting the diffusivity of the PLL within 

the PEM.57 The grafting densities of OEG and DBCO grafted to the PLL backbone have been 

determined by 1H-NMR according to a previously reported method.29 

In order to study the influence of the OEG grafting density on the type of growth regime, 

modified PLL grafted with varying OEG molfractions were tested. PLL-OEG solutions (0.5 

mg/ml) in PBS at pH 6.4 were adsorbed onto freshly oxygen plasma-activated SiO2 QCM 

substrates, followed by PSS deposition (0.5 mg/ml) in the same buffer (120 µl/min flow rate). 

Although the procedure for the exponential growth of multilayers of unfunctionalized PLL 

and PSS, assembled in aqueous NaCl solution (150 mM), has been reported,45,67 a buffer was 

used to minimize local pKa fluctuations of PLL that occur upon adsorption, leading to 

undesired secondary conformations into the PEM61 and possibly to a shift between growth 

regimes.68 In this system with PLL and PSS, the weak PE PLL is expected to be the only 

polyelectrolyte diffusing in and out of the multilayer to cause the exponential growth.62,69,70 

The PLL diffusion process affects the exponential behavior of the PEM architecture,71 which 

has the highest effect between pH 5.0 and 7.0 for PEMs formed with hyaluronic acid, as 

observed by Bütergerds and coworkers.70 Therefore, PBS at pH 6.4 is a good compromise to 

fulfill the prerequisites mentioned above, and it was used for all the experiments presented 

in this work (see Experimental section).  

Figure 6.2 shows the effect of the OEG grafting density on the growth regime 

(exponential, linear, non-growing) of the (PLL-OEG/PSS) PEM films. The frequency shift 

(Δf) of the 5th overtone for the adsorbing layers was recorded by QCM-D and plotted against 

the number of deposited layers in the PEM (process of growth monitoring is shown in Figure 

A6.1; the full time traces are reported in Figure A6.2). For clarity, Figures 6.2a and 6.2b 

report OEG grafting densities ranging from 0-16% and from 16-34%, respectively (16.6% is 

present in both graphs for better comparison). A transition between growth regimes became 

evident in Figure 6.2a upon increasing the content of the grafted OEG. Strongly exponential 

growth was recorded for the native PLL/PSS multilayer (blue line in Figure 6.2a), which is 

comparable to results reported earlier.45,60 By increasing the OEG grafting density of the PLL, 

the charges present on the backbone were reduced. As a consequence, the extent of 

exponential growth was progressively reduced from exponential (green and red lines, 6.2% 

and 11.9% OEG) to linear (orange line, 16.2% OEG). The repulsive effect of OEG became 

evident at higher fractions of OEG-functionalized PLL (Figure 6.2b), where the linear regime 
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for 16.2% PLL-OEG (orange line) shifted to a non-growing regime for OEG molfractions 

above 20% (purple, blue and black lines). At high contents of OEG, the steric repulsion 

caused by the dense ethylene glycol mixed layer was predominant over the charge 

overcompensation effect, which is a key aspect for the LbL formation,72 resulting in little or 

almost zero polyelectrolyte adsorption. 

Figure 6.2. QCM-D frequency shifts (5th overtone) of the alternating deposition of PSS and modified 

PLL with a) 0% (cobalt blue), 6.2% (green), 11.9% (red), 16.6% (orange) and b) 16.6% (orange), 22.3% 

(purple), 27.1% (blue), 34.2% (black) of grafted OEG. All the adsorption steps were performed using 

0.5 mg/ml of both polyelectrolyte solutions (PBS, pH 6.4). 

 

In addition, structural information about the viscoelasticity of the growing PEM can be 

qualitatively assessed from the dissipation signal recorded by QCM-D. It has been reported 

that PLL/PSS films are stiffer than others such as PLL/HA60 or PLL/alginate.73 However, the 

introduction of the OEG moieties affected the viscoelasticity. In the case of growing PEMs, 

asymmetric swelling steps could be identified from the dissipation changes (ΔD) for both 

adsorptions of PSS and PLL (Figures A6.2a-d), while the PEMs quickly deflated upon 

flowing PBS (without PE). In case of high contents of OEG (Figures A6.2e-g), this 

asymmetry increased in the dissipation steps for PLL-OEG and PSS layer depositions after 

the 2nd bilayer, attributed to steric hindrance of the OEG units, which resulted in non-growing 

films. Overall, the ΔD in each measurement was relatively small (~10-6), confirming the 

increased rigidity and compactness of the layered structure. However, multilayers formed 

with native PLL showed differences between the ΔD overtones in the exponential regime 

(Figure A6.2a) in concert with high changes in ΔD, which indicate a soft and swollen PEM. 

A similar effect was visible for low-grafted modified PLL (Figure A6.2b). Consequently, 

tuning the growth process is of utmost importance to express specific mechanical and 

structural properties of the PEM, which consequently may affect the probe density in DNA 

sensing. In that light, finding the proper combination of grafted OEG and DBCO is essential 

to provide antifouling behavior and maximize the density of reactive groups for efficiently 

anchoring azido-DNA probes.  
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In order to study the effect of DBCO in the PEM formation, four types of PLL-OEG-

DBCO polymers were tested to specifically target exponentially and linearly grown films, 

while retaining a minimum amount of OEG. Figure 6.3 shows the Δf (5th overtone) for each 

measurement plotted against the total number of layers (full time traces in Figure A6.3). 

Despite a softer, viscoelastic layer (Figure A6.3a), an increment of 0.5% was sufficient to 

reduce the extent of exponential growth when using modified PLL bearing 2.3% of DBCO 

compared to 1.8% (red and blue lines in Figure 6.3, respectively). On the other hand, the Δf 

for PLL-OEG(4.9)-DBCO(1.8) was slightly higher than the PLL-OEG(6.2) in Figure 6.2, 

suggesting a contribution of the hydrophobic moieties in the PEM assembly.74 The two other 

densities gave the linear and non-growing trends for PLL-OEG(8.5)-DBCO(1.8) and PLL-

OEG(11.8)-DBCO(1.8), respectively (orange and green lines in Figure 6.3), as confirmed by 

the ΔD trends (Figures A6.3b-c) similar to the corresponding PLL-OEG (Figures A6.2c-d). 

Overall, these results indicate the possibility of targeting specific PEM growth regimes, 

showing the control of both physical (softness, hydrophilicity) and chemical (antifouling, 

type/amount of reactive groups) properties of the PEM film by proper design of the PLL 

component. For use in the probe binding systems, the PLL-OEG(4.9)-DBCO(1.8) was found 

to be a good choice for the PEM formation, simultaneously having a significant DBCO 

content and showing exponential growth. 

Figure 6.3. QCM-D frequency shifts (5th overtone) of the alternating deposition of PSS and PLL-

OEG(4.9)-DBCO(1.8) (blue), PLL-OEG(4.9)-DBCO(2.3) (red), PLL-OEG(8.5)-DBCO(1.8) (orange) 

and PLL-OEG(11.8)-DBCO(1.8) (green). The adsorption steps were performed using 0.5 mg/ml of 

both modified PLL and PSS solutions (PBS, pH 6.4).  

6.2.3. Enhanced DNA detection by exponentially grown PEMs 

The main aim of this study is to investigate whether the type of growth regime can 

determine the effective probe density within the multilayer, and thus affect the sensitivity in 

DNA detection. In the case of exponentially grown films, there are (at least) two ways by 
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which the probe density can be improved over linearly grown films with the same number of 

layers. First, the mass of PE adsorbed in each step may increase, thus leading to enhanced 

loading of coupling groups (DBCO) when using functionalized PLL. Secondly, the 

accessibility towards the DBCO, especially to those groups buried inside the PEM film, may 

be affected by the “openness” of the architecture. A compact, linearly grown, layer will 

present a lower permeability for biomolecules, but the more hydrated and less dense nature 

of an exponentially grown PEM60 may provide a better accessibility of the reactive groups. 

In addition, the retention effect of the analyte can be enhanced due to the “dense hydrogel” 

nature of the PEM.75 All in all, the combination of exponential growth and the number of 

layers is expected to determine a higher loading of azido-DNA probes and a concomitantly 

improved sensitivity.  

In order to investigate these effects, PLL-OEG(8.5)-DBCO(1.8) and PLL-OEG(4.9)-

DBCO(1.8) were exploited in PEM film formation with PSS to form linearly and 

exponentially grown multilayers, respectively (see Figure 6.3 above). Thereafter, DNA-azide 

probes were reacted to the DBCO groups of the PLL, followed by the hybridization with 

cDNA. Figures 6.4a and 6.4b report the Δf (5th overtone) values respectively for the DNA 

probe immobilization and cDNA detection step (both 0.5 µM, PBS 6.4) as a function of the 

number of PLL-OEG-DBCO layers within the PEM, grown at different stages of multilayer 

film formation by varying the number of layers, under the exponential (orange) or linear 

(green) regime (full measurements are reported in Figures A6.4 and A6.5). The probe density 

and the consecutive DNA hybridization increased linearly for the former (orange lines), while 

a saturation was reached at the 7th bilayer (Figures 6.4a and 6.4b) for the latter (green lines), 

regardless of the total number of layers. The ΔD changes in Figure A6.4 suggested that this 

effect was probably due to the more compact film in case of the linearly grown film, which 

blocks the penetration of incoming DNA, clearly indicating the different DNA sensitivity 

between the types of architecture. 

Figure 6.4c reports the same Δf values for the DNA probe immobilization versus the ones 

of cDNA detection step for exponentially (orange squares) or linearly (green, squares) grown 

PEMs. Both regimes showed that the responses to the probe and target DNA scaled linearly 

with the number of layers, suggesting that more available DBCO groups were click-reacted 

and subsequently employed for hybridizing the cDNA (Figure 6.4c), which occurred with 

similar hybridization efficiencies. However, the Δf values for the single PEM structures had 

different magnitudes for exponential and linear growth (Figures 6.4a-b). In case of 9 and 33 

layer PEMs, the Δf for cDNA detected was 2.5 and 4.5 times larger for the exponential 

multilayers compared to the linear ones (Figure 6.4b), suggesting an amplification effect for 

the DNA target recognition by tuning the multilayer architecture.  
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Figure 6.4. Dependence of Δf (5th overtone) recorded by QCM for a) DNA probe (23 nt) anchoring and 

b) cDNA (43 nt) detection versus the number of PLL grafted with both OEG and DBCO in the PEM 

with exponential (orange) or linear (green) growth. c) Frequency shifts (5th overtone) for DNA-probe 

anchoring (x-axis) and cDNA selective recognition (y-axis) after the formation of PEMs. The LbL 

process was performed using PSS and PLL-OEG(4.9)-DBCO(1.8) (orange points) or PLL-OEG(8.5)-

DBCO(1.8) (green points). The color intensity scales with the number of layers in the PEM. Raw data 

are reported in Figures A6.4 and A6.5. Datapoints for exponentially grown multilayer films represents 

two independent measurements, while one measurement for linear PEM architectures. 

 

The effect of an exponentially grown multilayer is most clear in the comparison with a 

monolayer of functionalized PLL (Figure 6.5). The QCM responses of the 33-layers 

exponentially grown PEM were approx. 25 times higher than those of a monolayer of PLL-

OEG(29.7)-DBCO(1.6) (the larger amount of OEG was required to avoid non-specific 

interaction of DNA to the PLL backbone in this case, as shown on the left part of Figure 6.5), 

for both the probe and cDNA steps, while those of a linearly grown film were only a factor 

5.5 higher. This data illustrates the sensitivity enhancement of the PEM approach, and 

especially of PEMs that are exponentially grown. Despite potential deviations (25-layer PEM 

in Figure 6.4), which will be analyzed in a later section (see section 6.2.4. Evaluation of the 

viscoelasticity and thickness of the PEMs), these results confirm that the probe density can 

be controlled in a linear fashion exploiting exponentially grown films, while a saturation 

occurs for linearly grown films. 
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Figure 6.5. QCM-D time traces for a monolayer of PLL-OEG(29.7)-DBCO(1.6). The PLL solution 

and all DNA solutions had 0.5 mg/ml and 0.5 µM concentrations in PBS (pH 6.4), respectively. The 

gray bars correspond to the PBS (pH 6.4) washing steps. All adsorption steps were performed using a 

flow rate of 80 µl/min. For clarity, only the 5th overtones were reported.  

 

The selectivity of the DNA biorecognition process was tested for all the exponentially 

grown multilayers by flushing a solution of non-complementary DNA (ncDNA) (0.5 µM, 

PBS 6.4) before the complementary one (Figures A6.4a-h). Adsorption of ncDNA was absent 

in all systems (no Δf shifts visible upon injection), regardless of the total number of layers. 

Additionally, other tests were performed to investigate the influence of DBCO on the DNA 

selectivity. Two PEMs of the exponentially and linearly grown architectures consisting of 9 

layers were formed using PLL-OEG(6.2) or PLL-OEG(11.9) (thus, in the absence of DBCO 

groups, Figures A6.6a/b), respectively, and their selectivity was evaluated by consecutive 

flows of DNA-azide, ncDNA and target cDNA (0.5 µM, PBS 6.4) solutions (Figures A6.6b 

and A6.6d). The lack of non-specific adsorption further confirmed the overall antifouling 

behavior of the PEM systems given by the combination of OEG and zwitterionic-like motifs.  

The type of architecture influenced both the probe anchoring and target detection, 

regardless of the differences in mass and charge between the DNA molecules. The linear fit 

in Figure 6.4c shows the effect of binding cDNA as a function of probe DNA, indicating that 

all the DNA probes grafted within the PEM are subsequently hybridized. The value of the 

slope of the fit in Figure 6.4c, normalized for the nucleotide number of probe and cDNA, 

gave a hybridization efficiency of 125%, for both growth regimes. Differences in DNA length 

and the formation of double-stranded DNA species are known to cause a change in the degree 

of hydration, with an apparent overestimation of the hybridization efficiency.76,77 

A key point is to what extent the DBCO groups present in the PEM films reacted with 

probe DNA. Not all layers within the PEM structure may participate in the binding and 

recognition process. In order to study this effect, two PEM structures with PLL-OEG, but 

just one PLL-OEG(4.9)-DBCO(1.8) layer either as last or first deposited layer, were 

exploited (Figure A6.7). When the PLL with appended DBCO was used on top of the PEM, 
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Δf values of roughly 5.5 Hz and 12.5 Hz were observed, for DNA-N3 and cDNA, 

respectively, while no significant frequency changes were found for PLL-OEG(4.9)-

DBCO(1.8) as a first layer, suggesting that more deeply buried layers are less accessible for 

the probe binding and DNA recognition process.  

 

6.2.4. Evaluation of the viscoelasticity and thickness of the PEMs  

Important questions regarding the interpretation of the QCM data involve the magnitude 

of the QCM response as a function of layer number, film thickness, and growth regime. In 

order to evaluate the thickness and the mass increment of both the LbL formation and DNA 

anchoring/hybridization steps, a Voigt-based model was applied to four PEM architectures, 

specifically those with 9 and 33 layers, each in the linear and exponential growth regimes. 

The viscoelastic modeling provided the fitted film properties of the PEM, such as shear 

modulus (𝜇), thickness (𝑑) and viscosity (𝜂), using density (𝜌) as input parameter, according 

to eqs. 4 and 5 (see 6.5.3 Method - Voigt-based analysis). In order to exploit these general 

expressions for the acoustic response of two viscoelastic films of arbitrary thickness, it was 

assumed that the quartz oscillator was immersed in a Newtonian fluid with vanishing density 

and that the film in contact with the bulk liquid (𝑗 = 2) was viscoelastic and sufficiently 

thin.78 In addition, the 𝜇 and 𝜂 components were considered independent of the frequency 

(see 6.5.3 Method - Voigt-based analysis).76  

The complete fitting of the raw data for all the four model measurements was not possible 

assuming the presence of a single (𝑗 = 1) or two (𝑗 = 1,2) films, corresponding to one or two 

densities within the PEM (see eq. 4 and 5 and where 𝑗 stands for one defined film with 

specific density). Therefore, the LbL part was modeled separately from the DNA-probe 

anchoring/cDNA detection one. Figure 6.6 shows the fitting (open symbols) of the Δf and 

ΔD data (blue and red lines) for the LbL formation of the 33-layer PEMs with linear (Figures 

6.6a-c) and exponential (Figure 6.6d-m) growth regimes, according to eqs. 4 and 5. The 

linearly grown multilayer (Figure 6.6a-c) was properly fitted with just one film at density of 

1.2 g/cm3, with all fitted parameters 𝑑, 𝜇 and 𝜂 linearly increasing (Figure 6.6c and Figure 

A6.8). However, the relatively low increment per deposited layer (compared to the 

exponential PEM) is a sign of a rigid multilayer structure, as further confirmed by the absence 

of splitting between the overtones for both Δf and ΔD, and the small changes in the latter 

after introduction of the modified PLL (Figures 6.6a-b). The same density was found to be 

optimal for one-film fitting of the 9-layer PEM in the linear regime (Figure A6.9), with the 

resulted shear modulus, thickness and viscosity similar to the corresponding values obtained 

from the 9 layer-section of the 33-layer linear PEM (Figures 6.6c and A6.8a-b versus Figures 

A6.9c-e), confirming the good interpretation of a rigid, thin multilayer architecture. 
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Figure 6.6. Fitting and modeled thicknesses of the LbL parts of the 33-layer PEMs for the a-c) linear 

and d-m) exponential regimes, using the PLL-OEG(8.5)-DBCO(1.8) and PLL-OEG(4.9)-DBCO(1.8) 

polymers, respectively. a/d/g/j) Δf, b/e/h/k) ΔD time traces and best fits (symbols and lines, 

respectively) for the 5th-9th overtones (the 3rd one is included in (j-k) in the case of a two-film fit (𝑗 =

1,2)) with c/f/i/l/m) the modeled thicknesses. The best fits were obtained with a-i) one (𝑗 = 1) or j-m) 

two (𝑗 = 1,2) films. The Voigt-based model was used with optimized densities of a-c) 1.20 g/cm3; d-f) 

1.12 g/cm3, g-i) 1.20 g/cm3; j-m) 1.20 g/cm3 (𝑗 = 1) and 1.05 g/cm3 (𝑗 = 2). The fit results for shear 

and viscosity are shown in Figure A6.8. 
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The LbL formation in the exponential PEM with 33 layers had a more complex evolution, 

causing the inability to find a proper fit using one or two-film modes. This effect is ascribed 

to the occurrence of either more than two films - and densities - or a gradient of densities 

within the PEM. Looking at the full time trace in Figure A6.4, three sub-regions could be 

defined by the dissipation signal, as reported in Figures 6.6d-e (0-200 min), Figures 6.6g-h 

(200-350 min) and Figures 6.6 j-k (350-510 min). The first sub-region (Figures 6.6d-e), with 

growing ΔD, was fitted with a lower density (𝜌 = 1.12 g/cm3) than the linear multilayer (33 

layers), suggesting a softer, more hydrated PEM. Moreover, an equally good fit and similar 

values for the fit parameters (𝑑, 𝜇 and 𝜂) were obtained using the same density (one film fit, 

𝑗 = 1) for the LbL part of the 9-layer PEM in the exponential regime (Figure A6.10), further 

demonstrating the more pronounced viscoelastic nature of the exponentially grown 

architecture. In the second sub-region (Figures 6.6g-h), an on average constant dissipation 

indicated a “compression” of the exponentially growing PEM, which was fitted with a higher 

effective density, equal to the one of the linearly growing PEMs (𝜌 = 1.2 g/cm3). Thereafter, 

the third sub-region (Figures 6.6 j-k), in which the exponential effect was most evident, was 

modeled with two distinct films (𝑗 = 1,2) having densities of 1.2 g/cm3 (𝑗 = 1, equal to the 

2nd fitted sub-region) and 1.05 g/cm3 (𝑗 = 2, in between the density of the first sub-region 

and the effective density of PLL-PEG reported in literature, 𝜌 = 1.027 g/cm3), respectively.79 

The presence of a second “adsorbing” layer was evident from the results of the fitting from 

the third sub-region (Figures 6.6l-m and A6.8g-j). Overall, the third sub-region had a 

thickness of the film in contact with the substrate (𝑗 = 1, “bulk”) doubled after the last 

modified PLL step (270 nm). The shear modulus and viscosity increased approx. with a factor 

4, while their values were 20 times larger than the 19th (unfunctionalized) PLL layer in a 

(PLL/HA) multilayer film,70 suggesting that the OEG content was affecting the internal 

properties of the PEM. Interestingly, the second film (𝑗 = 2) of approx. 20 nm thickness 

acted like a “buffering” part, where the 𝑑, 𝜇 and 𝜂 quantities of this film were added to the 

“bulk” film (𝑗 = 1). Therefore, it can be seen as the diffusion zone with constant size that 

promotes the exponential growth, as explained by Porcel and coworkers.69  

To investigate the amplification effect of exponential PEMs on the DNA-probe (23 nt) 

immobilization and the following cDNA (43 nt) recognition, the DNA anchoring/detection 

steps on 33-layer PEMs, either in the linear or exponential growth regime, were modeled 

using one (linear) or two (exponential) films. Figure 6.7 shows the fitted time traces of the 

frequency and the dissipation signals for the linear (6.7a-b) and exponential (6.7d-e) 

structures, together with the respective modeled thicknesses (6.7c, f-g). The best fit for the 

DNA part in the linearly grown PEM was found with only one film (𝑗 = 1) with an optimized 

density of 1.07 g/cm3. This value was chosen in between the optimized density of the LbL 



Chapter 6 

151 

6 

formation for the same PEM (𝜌 = 1.2 g/cm3), the one of pure water (1.0 g/cm3) and the one 

of DNA (1.06 g/cm3) detected by QCM on a supporting lipid bilayer.76,84 It is interesting to 

note that, while the addition of the DNA probe was affecting the frequency (Figure 6.6a, 550 

min), no significant changes were recorded for the dissipation (Figure 6.6b). Moreover, the 

corresponding viscoelastic properties were almost not altered by any of the DNA molecules 

(Figure A6.11), further confirming the stiff nature of the PEM film. The same behavior was 

found for the DNA anchoring/detection in the case of the 9-layer PEM (Figure A6.12), 

suggesting that the DNA probe was immobilized onto the last layer(s), without diffusion 

inside the PEM. 

Figure 6.7. Fitting and modeled thicknesses of the DNA part of the 33-layer PEMs made in the a-c) 

linear and d-g) exponential regimes, using the PLL-OEG(8.5)-DBCO(1.8) and PLL-OEG(4.9)-

DBCO(1.8) polymers, respectively. a/d) Δf, b/e) ΔD time traces and best fits (symbols and lines,  

respectively) for the 5th-9th overtones (the 3rd one is included (d-e) in the case of a two-film fit (𝑗 = 1,2) 

with c/f/g) the modeled thicknesses. The best fits were obtained with a-c) one (𝑗 = 1) or d-g) two (𝑗 =

1,2) films. The Voigt model used optimized densities of a-c) 1.07 g/cm3; d-g) 1.12 g/cm3 (𝑗 = 1) and 

1.07 g/cm3 (𝑗 = 2). The results for shear and viscosity are shown in Figure A6.11. 

 

On the other hand, the fitting of the DNA steps in the exponentially grown 33-layer PEM 

provided a different situation (Figures 6.7d-g and A6.11c-f). The fitting was possible only 

using a two-film mode (𝑗 = 1,2) with different densities of 1.12 g/cm3 (in between the 
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densities found for the LbL part in the exponential 33-layer PEM) and 1.07 g/cm3. This 

approach was chosen because the 9-layer PEM with exponential growth could only be fitted 

with the two-film model, exploiting the same densities (Figure A6.13). The behavior of 

DNA-probe anchoring and the cDNA detection was significantly different between the fitted 

films (𝑗 = 1 and 2). Upon immobilization of the DNA probe to the DBCO moieties, the PEM 

seemed to be more affected regarding the thickness and viscosity of the film in contact with 

the quartz crystal (𝑗 = 1), in comparison with the one in contact with the bulk liquid (𝑗 = 2) 

(Figures 6.7f-g and A6.11c-f). The shear modulus did not change substantially, suggesting 

that the DNA-azide binding had little effect on both films. However, the hybridization with 

cDNA to form double-stranded DNA had a major effect on the first film (𝑗 = 1). The higher 

frequency change (Figure 6.7d), and indeed the thickness (Figures 6.7f-g), of cDNA is 

probably related to a more open structure and a deeper penetration of cDNA, resulting in 

more uptake of water. At the same time, the shear modulus was reduced, while the viscosity 

increased, defining a more elastic, but more rigid PEM (Figures 6.11c-d). These effects could 

be ascribed to the DNA hybridization, making the structure stiffer, while the hydration shell 

of double-strand DNA made it more elastic.46,47 

The second fitted film (𝑗 = 2) of exponentially grown PEMs showed a remarkable 

difference in thickness, being 4 nm and 22 nm, for 9 and 33 layers, respectively. A peculiar 

effect was found for the 9-layer exponential film upon hybridizing cDNA and washing with 

PBS, in which all the fitted parameters (𝑑, 𝜇 and 𝜂) increased (Figure A6.13f-h). The 33-

layer multilayer film reported a similar, but gradual increment when ncDNA molecules (42 

nt) were injected (Figures 6.7g and A611e-f), suggesting diffusion of the DNA chains solely 

inside the “buffering” zone, affecting the structure. The ncDNA appeared to not hybridize to 

the DNA probe or penetrate further, as shown from the absence of changes in the viscoelastic 

parameters of the first fitted film (𝑗 = 1) and all overtones (Figures 6.7d-f and A611c-d). 

This behavior also confirmed the gel-state of the exponential PEM, with an enhanced 

permeability and retention effect. 

Comparing the DNA anchoring/recognition steps of the 33-layer PEMs, either in the 

linear or exponential growth regime, some differences can be further noted. A qualitative 

idea of the softer nature of the exponential multilayer film was derived from the splitting 

between the dissipation overtones as well as their high absolute values (Figures 6.7 b/e). 

Moreover, it has to be noted that, for the linearly grown architecture, a saturation of cDNA 

within the PEM occurred right after the injection of the solution (around 620 min, Figure 

6.7a), increasing the thickness of just 3 nm (Figure 6.7c), compared to the 13 nm of the 33-

layer exponential PEM. These results confirmed the softer and more gel-like nature of 

exponentially grown PEMs, with the possibility of controlling the viscoelastic properties and 
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concomitantly tuning the openness of the multilayer structure, resulting in amplified 

anchoring and detection of DNA molecules, in particular for the exponential regime.  

 

6.2.5. Quantification of coupling and hybridization efficiencies 

In order to assess the amplification sensitivity due to the effect of exponential growth, the 

results obtained for the four PEM films as analyzed with the Voigt model were used to 

calculate the amounts of modified PLL adsorbed (and the corresponding DBCO densities), 

the DNA probe densities and the subsequently hybridized cDNA. For each step, the derived 

adsorbed mass was mostly independent from density changes, confirming the quality of the 

fit, as reported in other works.76 Therefore, the effective density was exploited to derive the 

coupled mass (𝑚 = 𝜌 × 𝑑). However, the Voigt mass (coming from the modeling) does not 

distinguish between the dry mass of the molecules and the associated water.80 Consequently, 

two approximations were assumed for calculating the mass of adsorbed molecules from the 

thickness. Davila et al. quantified the amount of water for ethylene glycol-functionalized 

poly(acrylic acid) (PAA) adsorbing on PEMs using QCM and SPR.56 For PAAs with 5% and 

10% of the monomers grafted with a linker having three ethylene glycol units end-

functionalized with biotin moieties, the degrees of hydration were approx. 83% and 80%, 

respectively. Assuming that 80% of the mass from the PLL-OEG-DBCO found with the 

model and 80% from the mass of either single and double-strand DNA76,81 corresponds to 

hydration water, the densities of species were calculated (Table 6.1). Discrepancies between 

the amount of probe DNA and cDNA molecules could be ascribed to the different hydration.76,77 

Table 6.1. Calculated thicknesses (d) and surface densities for modified PLL and PEM films, DBCO 

within the whole PEM and from the last layer, and DNA-probe/target cDNA using the results from 

the Voigt-based model and the corresponding densities (see the Experimental Section). 80% of water 

was assumed to be present for the calculated masses (PLL and DNA species).  

 Number of layers 

 9 33 
 Linear Exponential Linear  Exponential 

d of PLL [total d PEM] 

(nm) - %* 

11.7 [16] - 

73% 

18.3 [24] - 

76% 

25.5 [36] - 

71% 

167.3 [290] - 

57% 

DBCO in all PEM 

(molecules/cm2) 
1.7E+13 2.5E+13 3.6E+13 2.3E+14 

DBCO from last layer 

(molecules/cm2) 
7.1E+11 4.0E+11 3.6E+12 4.0E+13 

DNA-probe 

(molecules/cm2) 
1.4E+12 2.0E+12 1.7E+12 1.2+13 

Target cDNA 

(molecules/cm2) 
2.4E+12 4.3E+12 2.8E+12 1.9E+13 

*The values in brackets refer to the total thickness (nm) of the whole PEM (modified PLL/PSS), 

followed by the percentage (%) of the modified PLL polymer contributing to that thickness. 
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The total density of DBCO within the whole PEM was higher when increasing the number 

of layers and when having exponential growth. However, the major contribution of the 

DBCO density in the last layer was found for the exponentially grown structure with 33 

layers, which is two orders of magnitude higher than for the corresponding layer in the 

exponential, 9-layer PEM. Nevertheless, the degree of coupling between the DNA probe and 

the DBCO moieties is generally low for all systems, especially when compared to the whole 

PEM film. As shown in Figure 6.4, the amount of DNA probe and cDNA detected for the 

linearly grown PEM was similar regardless the number of layers, while the 9-layer 

exponential PEM had a higher amount for both species, validating our assumption that 

exponentially grown PEMs display a more open structure. The exponentially grown PEM 

with 33 layers has a reduced contribution of PLL to the total thickness, suggesting more 

adsorption from PSS to enhance the exponential growth mode. All in all, the efficiency of 

probe binding appeared to be similar for all the PEMs analyzed. A 7 times increment was 

found for the exponentially grown PEM with 33 layers, compared to the linear one with the 

same number of layers, indicating that the mass adsorbed in the last layer has a stronger effect 

on the efficiency. These data also shows the increased amount of detected cDNA, confirming 

the capability of enhancing the sensitivity of DNA detection by exploiting purposefully 

engineered open structures. 

 

6.3. Conclusions 

In summary, we have presented an amplification strategy for DNA recognition exploiting 

exponentially grown PEM architectures with appended antifouling and clickable groups at 

the interface. The hybridization efficiency was retained for all the investigated systems, 

confirming that the increased loading and selective detection of DNA in the exponentially 

grown PEM films were related to the more open architecture. By making use of a Voigt-

based model, the viscoelastic properties of four model multilayer structures were assessed, 

further indicating the more elastic, gel-like characteristics of the exponentially grown PEMs. 

The modeled thicknesses were exploited to evaluate the effectiveness of the probe anchoring 

and consecutive DNA hybridization, indicating an increase of DNA probe immobilized 

inside the multilayer structure for the 33-layer exponentially grown PEM, which resulted in 

a 25-fold amplification of the detected signal compared to a PLL monolayer. 

The amplification strategy by structural design of the biosensing interface has shown to 

improve the detection of a model DNA target by extending the detectability of the binding 

events in the 3rd dimension. Such a bio-orthogonal approach is not bound to gravimetric 

analysis, and can be exploited for several other surface-based detection systems, for example 

surface plasmon resonance (SPR). Because of the LbL modification strategy and the 
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customizable PLL, the physical and chemical characteristics of the biorecognition interface 

can be tailored, indicating the potential universality of such surface-engineering approach 

with intrinsic amplification properties. All in all, gravimetric, plasmonic and 

electrochemical-based biosensors can ultimately benefit from this strategy due to the physical 

extension of the transducing interface into a 3D, biocompatible matrix/gel-like structure, to 

enhance the detection of multiple, charged, biologically relevant molecules, such as 

nucleotides, proteins and drugs, further enhancing the production of personalized diagnostic 

devices and point-of-care recognition systems. 
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6.5. Experimental section 

6.5.1. Materials 

Poly-L-lysine hydrobromide (MW = 15-30 kDa by viscosity), poly(sodium 4-

styrensulfonate) (average MW = 70 kDa), D2O and tablets for 10 mM PBS solution (pH 7.4), 

were obtained from Sigma-Aldrich. HCl solution was obtained from SelectiPur. Methyl-

OEG4-NHS ester was purchased from ThermoFisher Scientific, while DBCO-OEG4-NHS 

was obtained from Click Chemistry Tools. The membranes for dialysis (Spectra/Por, 6-8 kDa 

cutoff, diameter 6.4 mm) were purchased from Spectrum Labs, Greece. The azide-DNA (23 

nt; MW 7421 g/mol; 5’-N3-PEG4-ACCACAAGTTTATATTCAGTCAT-3’) was acquired 

from Biomers.net GmbH. cDNA (complementary to the KRAS sequence, 43 nt, 5′-

ATGACTGAATATAAACTTGTGGTAGTTGGAGCTGGTGGCGTAG-3′,) and ncDNA 

(42 nt, 5’-CTACGCCACCTCAACCTACGCCACCTCCACCTACGCCACCTC-3’) were 

purchased from Eurofins Genomics and used as received.  

Table 6.2. Sequences of DNA probe, target and control molecules used in this work. 

Oligo Sequence 5’ 3’(number of nucleotides) Role 

DNA-N3 
N3-PEG4-CTA CGC CAC CAG CTC CAA  

CTA CC (23) 

DNA probe, for detecting  

WT KRAS sequence 

cDNA 
ATG ACT GAA TAT AAA CTT GTG GTA 

GTT GGA GCT GGT GGC GTA G (43) 

Target, complementary to 

DNA-N3 

ncDNA 
CTA CGC CAC CTC AAC CTA CGC CAC 

CTC CAC CTA CGC CAC CTC (42) 

Non complementary  

to DNA-N3 
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Figure 6.8 Azido-PEG4 linker of the DNA-N3 probe (at 5’-end). 

 

Synthetic procedure  

PLL-OEG(x)-DBCO(y) synthesis and quantification 

The synthesis of all PLL-OEG and PLL-OEG-DBCO modified PEs and the quantification 

of the respective molfractions of OEG and DBCO grafted to the PLL backbone (Table 6.3) 

were performed adapting previously reported procedures, as shown in Chapter 5.29 

Table 6.3. List of modified PLLs used in this work. 

Type of modified PLL OEG (%) DBCO (%) 

PLL bare / / 

PLL-OEG(6.2) 6.2 / 

PLL-OEG(11.9) 11.9 / 

PLL-OEG(16.6) 16.6 / 

PLL-OEG(22.3) 22.3 / 

PLL-OEG(27.1) 27.1 / 

PLL-OEG(34.2) 34.2 / 

PLL-OEG(4.9)-DBCO(1.8)* 4.9 1.8 

PLL-OEG(4.8)-DBCO(2.3) 4.8 2.3 

PLL-OEG(8.5)-DBCO(1.8)* 8.5 1.8 

PLL-OEG(11.8)-DBCO(1.8) 11.8 1.8 

PLL-OEG(29.7)-DBCO(1.4)§ 29.7 1.5 

*Modified PLLs used for DNA experiments with PEMs having exponential or linear regime. 
§Modified PLL with high loading of OEG used in the monolayer experiment. 

 

6.5.2. Methods 

Quartz crystal microbalance (QCM) 

Silica-coated (50 nm, QSX303) QCM-D chips from LOT-Quantum were cleaned by 

rinsing them with Milli-Q water (Millipore) and EtOH. Thereafter, the chips were incubated 
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for 1-2 h under stirring in aqueous solution of SDS 2% and then washed extensively with 

Milli-Q water and EtOH. After drying under nitrogen flow, and oxidized with oxygen plasma 

(Plasma Prep II, SPI Supplies; 200−230 mTorr, 40 mA) for 1.5 min, the chips were mounted 

in the chambers and equilibrated with PBS (pH 6.4). 0.5 mg/ml solutions of modified PLL 

and PSS in PBS (pH 6.4) were alternatively injected at flow rate of 120 µl/min for 5 min. 

The adsorption was continued for 5 min without flow, followed by a 5 min of rinsing with 

same PBS buffer, again with flow at 120 µl/min. This procedure was used for all the LbL 

build-ups, unless stated otherwise. A second flow rate of 80 µl/min was exploited during the 

DNA anchoring and hybridization steps. All the DNA species (probe, ncDNA and cDNA) 

had a concentration of 0.5 µM in PBS solution (pH 6.4). The QCM-D measurements were 

performed using a Q-Sense E4 4-channel quartz crystal microbalance with a peristaltic pump 

(Biolin Scientific), monitoring the fundamental overtone from 3rd to 9th. All experiments were 

performed in standard PBS buffer solution (10 mM, pH 6.4) at 22 °C. The viscoeleastic 

modelling is discussed in the Voigt-based analysis section(below). 

The QCM-D apparatus measures the resonant frequency changes (∆𝑓) of a quartz crystal 

chip. The Sauerbrey eq (eq 1)82 denotes the relationship between the measured ∆𝑓 and the 

adsorbed mass per unit area (∆𝑚) according to eq. 1: 

where ∆𝑓 is the frequency shift, ∆𝑚 is the mass change, and 𝐶 is the Sauerbrey constant (17.7 

ng∙cm-2∙Hz-1 at 𝑓 = 5 MHz).83 The frequency shifts of the 𝑛th harmonic ∆𝑓(𝑛), reported by 

the software QSoft 401 (Biolin Scientific), are normalized to yield ∆𝑓 = 𝑓(𝑛)/𝑛  where n is 

the number of the overtone (𝑛 = 1, 3, 5, etc.).70 In addition, the QCM monitors the dissipation 

changes (∆𝐷), correlated to the viscoelastic properties of the PEM, as expressed in eq. 2: 

where 𝜏 is the decay time of the oscillation, 𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑 and 𝐸𝑠𝑡𝑜𝑟𝑒𝑑 are the energies dissipated 

and stored during on oscillation period, respectively. The LbL growing of each PEM was 

qualitatively assessed monitoring the ∆(∆𝑓) as showed in Figure A6.1.  

 

Voigt-based analysis 

The viscoelastic modeling of both ∆𝑓 and ∆𝐷 correspondent to the LbL and DNA time 

traces recorded by QCM-D was used to investigate the film properties of PEMs, such as shear 

modulus (𝜇), thickness (𝑑) and viscosity (𝜂), exploiting the density (𝜌) as input parameter. A 

Kelvin-Voigt analysis was performed by Q-Tools software (Biolin Scientific), which uses 

such notations, related to the common ones by eq. 3: 

 ∆𝑚 =  −𝐶 ∙ ∆𝑓 eq. 1 

 
𝐷 =

1

𝜋 ∙ 𝑓 ∙ 𝜏
=

𝐸𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑

2 ∙ 𝜋 ∙ 𝐸𝑠𝑡𝑜𝑟𝑒𝑑
 eq. 2 
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where 𝐺′ is equal to the shear modulus and 𝐺′′ to the viscosity multiplied by the angular 

frequency (𝜔). The modeling for frequency and dissipation shifts has been solved assuming 

the quartz oscillator immersed in a Newtonian fluid with vanishing density and the reduced 

thickness of the film in contact with the bulk liquid (𝑗 = 2).78 A second assumption is related 

to the absence of frequency dependence for 𝜇 and 𝜂 which.76 Therefore, the both ∆𝑓 and ∆𝐷 

were modeled using eq. 4 and 5:78 

where 𝜌0 and 𝑑0 are the density and the thickness of the quartz crystal, 𝜂𝑠 and 𝜌𝑠 are the 

viscosity and the density of the solution (here PBS, pH 6.4, 𝜂𝑠 = 1.33 mPa and 𝜌𝑠 = 1.008 

g/cm3), 𝜂𝑗, 𝜌𝑗, 𝜇𝑗 and 𝑑𝑗 are respectively the viscosity, the density, the shear modulus and 

the thickness of a double-layer viscoelastic “film” within the multilayer (𝑗 = 1 for the “film” 

in contact with the quartz crystal, while 𝑗 = 2 for the one in contact with the bulk liquid).78 

The 𝛿𝑠, representing the penetration depth of the oscillation in solution, is defined by eq. 6: 

In the present study, the 3rd, 5th,7th and 9th overtones were used for modeling the properties 

of the film(s) and obtaining the correspondent Voight thickness. A single fitting of the 

complete raw data for four model measurements (9 and 33 PEMs, with linear and exponential 

growth) was not possible either with one film (𝑗 = 1, using the 5th,7th and 9th overtones) or 

two films mode (𝑗 = 1,2, using the 3rd, 5th,7th and 9th overtones) fittings. Therefore, the LbL 

part was modeled separately from the DNA-probe anchoring/cDNA detection one. In case of 

linearly grown PEMs (9 and 33), the best fit was found with just one bulk film (𝑗 = 1) for 

both the LbL formation and the DNA-probe anchoring/cDNA hybridization, respectively 

setting the densities at 𝜌𝐿𝑏𝐿 = 1.2 g/cm3 and 𝜌𝐷𝑁𝐴 = 1.07 g/cm3 (in between the found density 

of the LbL formation, the one of pure water and the one of DNA detected by QCM on 

supporting lipid bilayer, which are respectively at 1.0 g/cm3 and 1.06 g/cm3).76,84 Such density 

for the DNA was also chosen due to the high content of water trapped around DNA molecules 

(70-90% of the DNA mass detected by QCM apparatus).80,81 In case of exponential growth 

of 9-layers PEM, a lower density was found for the LBL part (𝜌𝐿𝑏𝐿 = 1.12 g/cm3), while the 

fitting of the DNA part was possible only using two film fitting (𝑗 = 1,2) with the first density 

 𝐺∗ = 𝐺′ + 𝑖 ∙ 𝐺′′ = 𝜇 + 𝑖 ∙ 𝜔 ∙ 𝜂 eq. 3 

 

∆𝑓 ≈
1

2𝜋𝜌0𝑑0
{

𝜂𝑠

𝛿𝑠
+ ∑ [𝑑𝑗𝜌𝑗𝜔 − 2𝑑𝑗 (

𝜂𝑠

𝛿𝑠
)

2

∙
𝜂𝑗𝜔2

𝜇𝑗
2 + 𝜂𝑗

2𝜔2
]

𝑗=1,2

} eq. 4 

 

∆𝐷 ≈
1

2𝜋𝜌0𝑑0
{

𝜂𝑠

𝛿𝑠
+ ∑ [2𝑑𝑗 (

𝜂𝑠

𝛿𝑠
)

2

∙
𝜂𝑗𝜔2

𝜇𝑗
2 + 𝜂𝑗

2𝜔2
]

𝑗=1,2

} eq. 5 

 

𝛿𝑠 = √
2𝜂𝑠

𝜔𝜌𝑠

 eq. 6 
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coming from the obtained fit from the LbL part (𝜌𝐿𝑏𝐿 = 𝜌𝐷𝑁𝐴1 =1.12 g/cm3) and the second 

of 𝜌𝐷𝑁𝐴21.07 g/cm3.  

The fitting of the LbL part of the 33-layer multilayer film with exponential growth was 

divided in three sub-regions, according to the dissipation signal variation (see Figure 6.4a). 

The first (up to 200 min) and second sub-regions (up to 345 min) were fitted with one film 

mode (𝑗 = 1), having 1.12 g/cm3 (from the fitting of 9-layer exponential PEM) and 1.2 g/cm3 

(due to the similar profile of the ∆𝐷 from linear grown PEMs. The third sub-region of the 

LBL growing, where the exponential growth mas maximal, and the following DNA 

anchoring and cDNA detection were fitted with two films mode (𝑗 = 1,2). For the LbL part, 

the densities found from the best fitting were 1.2 g/cm3 (from the fitting of the second LbL 

sub-region) and 1.05 g/cm3 (in between the found density of the first LbL sub-region of the 

exponential growth from the same PEM and the fitted density of PLL-PEG polymer reported 

in literature).79 In case of the following DNA fitting, two densities of 𝜌𝐷𝑁𝐴1 = 1.12 g/cm3 (in 

between all densities found before for the LbL part) and 𝜌𝐷𝑁𝐴2 =1.07 g/cm3 were used. All 

densities exploited were chosen after systematic variations, resulting in the lowest χ score 

(goodness of the fitting) and the best fitting, simultaneously taking into account works 

already reported in literature.84,76,85,81 A variation (within reasonable values) of the input 

densities did not change the final outcome of the modeled 𝜂𝑗, 𝜌𝑗, 𝜇𝑗 and 𝑑𝑗. The modeled ∆𝑑 

of each PLL-OEG-DBCO adsorption (within the four analyzed PEMs), the correspondent 

immobilization of DNA-azide and cDNA detection were converted to Voigt-masses (which 

included water) to calculate the approximate amount of DBCO and DNA molecules after 

proper assumptions (see main text, Table 6.1). 
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6.6. Appendix 

Figure A6.1. Visual explanation of the layer-by-layer build-up, performed alternatively depositing for 

5 min 0.5 mg/ml of PLL (green bars) and PSS (orange bar) solutions in PBS (pH 6.4). The adsorption 

was continued by 5 min without flow (white bars), followed by a 5 min washing step, again with flow 

(PBS, pH 6.4). Steps with flow had a rate of 120 µl/min. Δ(Δf) for each deposited layer was calculated 

as shown in figure using the 5th overtone (bold). A lag phase of approx. 40 s was present before injected 

solutions were reaching the chamber. Δf and ΔD overtones from the 3rd till the 9th were reported (the 

5th ones were bolder). 
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Figure A6.2. QCM-D time traces of the different architecture formation by means of alternate 

deposition of PSS and PLL grafted with a) 0%, b) 6.2%, c) 11.9%, d) 16.6%, e) 22.3%, f) 27.1% and 

g) 34.2% grafted OEG moieties. The Δf and ΔD overtones from the 3rd till the 9th were reported (the 5th 

ones are bold). All the adsorption steps were performed using 0.5 mg/ml of both polyelectrolyte 

solutions (PBS, pH 6.4, flow rate 120 µl/min). A washing step of PBS buffer was placed between each 

deposited layer. b-d) had the time-frame for the sequential polyelectrolyte adsorption, adsorption 

without flow and PBS buffer washing of 5 min per step, while for a) and e-g) was increased to 10 min 

each. 
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Figure A6.3. QCM-D time traces of the different architecture formation with variable amount of OEG 

and DBCO. The multilayer film was formed depositing PSS and a) PLL-OEG(4.8)-DBCO(2.3), b) 

PLL-OEG(8.5)-DBCO(1.8) and c) PLL-OEG(11.8)-DBCO(1.8). The Δf and ΔD overtones from the 3rd 

till the 9th were reported (the 5th ones were bolder). All the adsorption steps were performed using 0.5 

mg/ml of both polyelectrolyte solutions (PBS, pH 6.4, flow rate 120 µl/min). 
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Figure A6.4. QCM-D time traces of a/c/e/g) the LbL formation process and b/d/f/h) the correspondent 

DNA anchoring and selective recognition steps (reported in Figure 6.4), using PSS and PLL-OEG(4.8)-

DBCO(1.8), targeting exponentially grown PEMs at a-b) 33, c-d) 25, e-f) 15, and g-h) 9 layers. The Δf 

and ΔD overtones from the 3rd till the 9th were reported (the 5th ones in bold). a/c/e/g) All the adsorption 

steps were performed using 0.5 mg/ml of all PE solutions (PBS, pH 6.4, flow rate 120 µl/min). A step 

without flow and a washing one with PBS buffer were placed between each deposited layer. b/d/f/h) 

The flow rate was reduced to 80 µl/min before the sequential DNA-N3, ncDNA and cDNA injections 

(0.5 µm concentrations, PBS at pH 6.4). For clarity, only the 5th overtones were reported. Gray bars 

represent the PBS buffer (pH 6.4) washing step. 
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Figure A6.5. QCM-D time traces of a/c/e/g) the LbL formation process and b/d/f/h) the correspondent 

DNA anchoring and cDNA recognition steps (reported in Figure 6.4), using PSS and PLL-OEG(8.5)-

DBCO(1.8), targeting linearly grown PEMs at a-b) 33, c-d) 25, e-f) 15, and g-h) 9 layers. The Δf and 

ΔD overtones from the 3rd till the 9th were reported (the 5th ones in bold). a/c/e/g) All the adsorption 

steps were performed using 0.5 mg/ml of all PE solutions (PBS, pH 6.4, flow rate 120 µl/min). A step 

without flow and a washing one (PBS buffer, pH 6.4) were placed between each deposited layer. 

b/d/f/h) The flow rate was reduced to 80 µl/min before the sequential DNA-N3 and cDNA injections 

(0.5 µm concentrations, PBS at pH 6.4). For clarity, only the 5th overtones were reported. Gray bars 

represent the PBS buffer (pH 6.4) washing step. 
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Figure A6.6. Selectivity experiments on 9 layer-based PEMs with a) exponential and c) linear regime 

using PLL-OEG(6.2) or PLL-OEG(11.9) (0.5 mg/ml, PBS 6.4; flow rate 120 µl/min), respectively, and 

the correspondent b/d) DNA probe anchoring and cDNA hybridization (0.5 µM, PBS 6.4; flow rate 80 

µl/min). Overtones from the 3rd till the 9th were reported (the 5th in bold). A step without flow and a 

washing one with PBS buffer were placed between each deposited layer. Gray bars represent PBS 

washing steps (pH 6.4). b/d) Correspondent time trace displaying the 5th overtone for DNA probe 

anchoring and cDNA detection processes (PBS, pH 6.4; flow rate 80 µl/min). 
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Figure A6.7. QCM measurement for 9 layers PEM architecture composed by PLL-OEG(6.2) and PSS 

with one deposition of PLL-OEG(4.9)-DBCO(1.8) as a-b) last (9th) or c-d) first layer. Overtones from 

the 3rd till the 9th were reported (the 5th in bold), with flow rate 120 µl/min. Concentrations of 0.5 mg/ml 

for all polyelectrolyte solutions (PBS, pH 6.4) were used. A step without flow and a washing one with 

PBS buffer were placed between each deposited layer. b/d) Correspondent time trace displaying the 5th 

overtone for DNA probe anchoring and cDNA detection processes (PBS, pH 6.4; flow rate 80 µl/min).  
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Figure A6.8. Modeled a/c/e/g/i) shear modulus and b/d/f/h/j)viscosity of the LbL part from 33-layer 

PEMs with a-b) linear and c-i) exponential regime, using respectively PLL-OEG(8.5)-DBCO(1.8) and 

PLL-OEG(4.9)-DBCO(1.8) polymers. The best fitting of the overtones was obtained with a-b) one (𝑗 =

1) or c-j) two (𝑗 = 1,2) films. The Voigt-based model was used with optimized densities a-b) 1.20 

g/cm3; c-d) 1.12 g/cm3, e-f) 1.20 g/cm3; g-j) 1.20 g/cm3 (𝑗 = 1) and 1.05 g/cm3 (𝑗 = 2). The 

correspondent raw data with fitting and the modeled thickness are shown in Figure 6.6. 
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Figure A6.9. Fitting and modeled parameters of the LbL part from 9-layer PEMs with linear regime, 

using PLL-OEG(8.5)-DBCO(1.8). a) Δf, b) ΔD time traces and best fittings (respectively lines and 

symbols) for the 5th-9th with obtained c) shear modulus, d) thickness and e) viscosity. The best fit of the 

overtones was obtained with one (𝑗 = 1) film. The Voigt-based model for this part was used with the 

optimized density of 1.20 g/cm3.  

 

Figure A6.10. Fitting and modeled parameters of the LbL part from 9-layer PEMs with exponential 

regime, using PLL-OEG(4.9)-DBCO(1.8). a) Δf, b) ΔD time traces and best fittings (respectively lines 

and symbols) for the 5th-9th with obtained c) shear modulus, d) thickness and e) viscosity. The best fit 

of the overtones was obtained with one (𝑗 = 1) film. The Voigt-based model was used with the 

optimized density of 1.12 g/cm3. 
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Figure A6.11. a/c/e) shear modulus and b/d/f)viscosity of the DNA anchoring/detection part from 33-

layer PEMs with a-b) linear and c-f) exponential regime, using respectively PLL-OEG(8.5)-DBCO(1.8) 

and PLL-OEG(4.9)-DBCO(1.8) polymers. The best fit of the overtones was obtained with a-b) one (𝑗 =

1) or c-f) two (𝑗 = 1,2) films. The Voigt-based model was used with optimized densities a-b) 1.12 

g/cm3; c-f) 1.12 g/cm3 (𝑗 = 1) and 1.07 g/cm3 (𝑗 = 2). The correspondent raw data with fitting and the 

modeled thickness are shown in Figure 6.7. 
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Figure A6.12. QCM Fitting and modeled parameters of the LbL part from 9-layer PEMs with linear 

regime, using PLL-OEG(8.5)-DBCO(1.8). a) Δf, b) ΔD time traces and best fittings (respectively lines 

and symbols) for the 5th-9th with obtained c) shear modulus, d) thickness and e) viscosity. The best 

fitting of the overtones was obtained with one (𝑗 = 1) film. The Voigt-based model was used with the 

optimized density of 1.12 g/cm3. 
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Figure A6.13. QCM Fitting and modeled parameters of the DNA part from 9-layer PEMs with 

exponential regime, using PLL-OEG(4.9)-DBCO(1.8). a) Δf, b) ΔD time traces and best fittings 

(respectively lines and symbols) for the 5th-9th with obtained c/f) shear modulus, d/g) thickness and e/h) 

viscosity. The best fit of the overtones was obtained with two (𝑗 = 1,2) films. The Voigt-based model 

was used with optimized densities of 1.12 g/cm3 (𝑗 = 1) and 1.07 g/cm3 (𝑗 = 2).  
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Chapter 7 

 

Ultra-Sensitive Nanoparticle-Amplified DNA Detection at 

Microbeads by Flow Cytometry 

Ultrahigh sensitivity of a target analyte is identified as a major challenge for the new 

generation of (bio)sensors. Achieving ultralow limits of detection, together with multiplexed, 

fast and reliable detection systems, would radically change the area of medical diagnostics. 

In this chapter, we report our preliminary results toward a nanoparticle-amplified detection 

of target DNA at individual microbeads, which would allow the detection of ultralow 

concentrations of DNA by counting discrete microbeads with and without target DNA by flow 

cytometry. Microbeads were covered with capture DNA probes, which acted as scaffold for 

the selective binding of the target DNA analyte. The subsequent hybridization to an amplifier 

fluorescent nanoparticle, modified with a reporter DNA probe, allowed the enhanced 

detectability of the formed complex by multiple flow cytometer detectors. The 

functionalization of both the microbeads and nanoparticles, exploiting the poly-L-lysine 

(PLL) chemistry shown in Chapters 5 and 6, was confirmed by dynamic light scattering and 

zeta potential measurements. Selective DNA binding was confirmed by interacting 

fluorescently labeled complementary and non-complementary DNA with the model 

microbeads. Formation of the complete sandwich complex detected by flow cytometry 

showed the enhancement of detection events for the biorecognition of the target DNA 

sequence. Despite the qualitative results, a reduction of the DNA analyte concentration 

combined with other types of amplifier particles could potentially enhance the efficiency and 

quantitative performance of the assay. This strategy could lead to an entirely customizable 

method for the quantitative identification of biomolecules in body fluids, with potential 

applications for biosensing with ultrahigh sensitivities. 
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7.1. Introduction 

The quantification of ultralow concentrations of analyte species in biological 

environments and complex media, such as (sub)cellular structures and body fluids, presents 

a major challenge for analytical science.1 The production of efficient and cost-effective 

platforms with ultralow limits of detection (LODs) towards specific analytes would pave the 

way for the next generation of (bio)sensing methods, capable of counting single entities.2 

Such systems would represent a breakthrough in life sciences, further enhancing the 

recognition and monitoring of biologically relevant molecules (e.g., biomarkers, drugs), with 

significant advantages in diagnosis, genomics, food/environmental control and many  

more.3-6 

Fueled by this compelling demand, innovative examples of ultra-high sensitivity until the 

level of single molecule detection systems, have been reported over the last decades. Among 

others, fluorescence-based technologies have gained in popularity due to their intrinsically 

high signal-to-noise ratios.7,8 However, detection and imaging of weakly and non-emitting 

molecules has to be tackled by labelling the target,9 which is often not suited for biological 

systems. Surface-enhanced Raman scattering (SERS)-based approaches and localized 

surface plasmon resonance (LSPR), in contrast with the limited sensitivity of planar SPR,10 

have been exploited as label-free detection methods to detect DNA strands and other 

biomarkers with high specificity and ultra-high sensitivity.11-14 On the other hand, such 

sensitive recognition could be achieved only in the case of single-particle imaging at a 

microscope10 and with well-resolved nanostructures.3 Electrochemical DNA detection has 

been used as a practical and rapid alternative for reaching a sensitivity below fM 

concentrations,15,16 with the possibility of distinguishing single point mutations in the target 

sequence.17 The main issues of electrochemical DNA biosensors are related to the electrode 

surface engineering, as well as the biochemical preparation of the target sample and the need 

of chemical labeling.18 Improved detection performance and enhanced sensitivity could 

generally be obtained by implementing amplification strategies, for instance by the 

simultaneous or subsequent co-binding of functional metal nanoparticles for both SPR and 

electrochemical-based detection schemes19-21 and of fluorescent reporter probes in label-free 

fluorescence-based detection.22,23 Alternatively, combinations of different techniques, such 

as LSPR/SERS,24 LSPR/enzyme-linked immunosorbent assay (ELISA),25,26 microfluidic 

devices coupled with either ELISA27 or plasmonic28 detection, and SPR/fluorescence 

setups,29 have been shown to reach ultra-low LODs.  

Ultrahigh sensitivity by single-molecule detection generally needs two crucial aspects, 

i.e., digital counting (in a given volume sample) and the probability to detect an event. 

Although focused on optical recognition methods, David Walt stated that the highest possible 
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resolution (single-molecule detection) can only be reliably obtained by counting the number 

of molecules in a given volume, if (and only if) such a volume contains a statistically large 

number of molecules above the Poisson noise limit.2 In other words, digital (or discrete) 

counting is the most powerful way to determine the absolute number of molecules, due to the 

intrinsic facility of detecting the presence or not of a signal, instead of measuring its absolute 

value.2 Therefore, low volume analysis works better at pM concentrations, and pre-

concentration steps are often required in case of samples with low concentrations of the target 

analyte. 

Few techniques encompass these characteristics with a cost-effective, efficient and 

reliable applicability, allowing at the same time detection by digital counting. Jain et al. used 

a combination of a pull-down assay with fluorescence microscopy to visualize the type and 

the amount of protein participating in a specific function within an in vivo macromolecular 

complex.30 Improved statistics was obtained by a digital-ELISA method developed by Rissin 

and coworkers, which counts individual fluorescent immunocomplexes in arrays of 

femtoliter volumes.31 Liu and coworkers used droplet microfluidics coupled with a digital-

ELISA approach to count cancer-specific labeled exosomes up to 10 per microliter (approx. 

10 aM).32 The commercially available apparatus called Erenna® (originally from Singulex) 

was one of the first examples to add high-throughput analysis to the immunoassay.33 During 

the Erenna process, proteins are selectively captured on magnetic beads, separated from the 

solution and coupled with a fluorescent antibody (Ab). After washing the non-specifically 

adsorbed Ab, fluorescently-labeled Abs are detached and analyzed in a capillary system, 

counting them as they pass through the laser detection point.  

Flow cytometry (FC) has the potential to perform single-molecule detection, as it 

encompasses all essential elements, probing relatively high volumes by dividing them in 

small compartments, thus allowing digital counting with a remarkable throughput and 

statistical analysis. FC can be used to pursue sensitive and reliable multiplexed analysis with 

a high degree of automation, enhancing the reproducibility of the assay, while concomitantly 

reducing costs and analysis time.34 Virtually the only limitation of FC is the necessity of 

distinguishing between entities with different sizes and fluorescence emissions, so that 

specific digital events can be recorded. Consequently, micro-sized beads are commonly used 

to facilitate the analysis at FC, further assuring the validation of positive and negative 

detection events (Poisson sampling). Fuja et al. used, for instance, a multiplexed microsphere 

bead assay to analyze the RNA expression with comparable results to the gold standard 

polymerase chain reaction (PCR).35 Li and coworkers exploited a recognition barcode based 

on fluorescent dendrimer-like DNA structures grafted onto 5.5 µm beads to assess reliable, 

multiplexed DNA detection with attomole sensitivity.36 However, in both cases complex 
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engineering protocols were employed to produce the final recognition architecture with 

desired fluorescence intensity. 

Here, we present the concept of a fluorescence-based sandwich assay for the detection of 

DNA (as a model analyte). We use fluorescent microbeads (capture beads, CBs) engineered 

with capture DNA probes to detect single-molecule recognition events. Upon hybridization 

of the analyte target DNA with the sequence complementary to the capture probe, the 

detection event is amplified by the sandwich binding using fluorescently labeled, reporter 

probe-modified nanoparticles (reporter beads, RBs) that amplify the signal of the recognition 

process. Two species of azido-DNA probe molecules for capture and detection, were 

selectively immobilized on the functionalized particles, forming two biorecognition beads 

each carrying a type of DNA probe complementary to the 5’ and 3’ ends of the target DNA 

sequence, respectively. The scattering and fluorescence properties of the formed sandwich 

DNA complex in solution were analyzed by flow cytometry. In order to confirm the build-

up of the biorecognition interface on the beads, dynamic light scattering (DLS) and zeta 

potential measurements were performed after each functionalization step. Fluorescence 

spectrometry experiments were carried out to test the selective recognition of the assay 

exploiting fluorescently labelled DNA chains with sequences complementary (cDNA) or 

non-complementary (ncDNA) to the capture probe, as well as to quantify the density of 

capture probes per CB. To detect the sandwich complex by FC, functional CBs covered with 

fluorescently labelled cDNA were tested. The efficiency of the nanoparticle-amplified 

recognition of target DNA was investigated at FC by counting binding events as a function 

of scattering events. The selective amplification of RBs on CBs, leading to the close 

proximity of the RBs upon binding target DNA, was examined by the presence of a dual-

fluorescence emission of the scattering CBs in the channels of both the CB and RB emissions. 

Regions of recognition were defined to statistically evaluate the detected events, which 

establish the applicability of the proposed strategy for detecting (and counting) single DNA 

molecules in solution.  

 

7.2. Results and discussion 

7.2.1. Concept of nanoparticle-amplified DNA detection at microbeads by flow cytometry 

Flow cytometry works by detecting scattered photons within confined sample volumes 

(small drops of approx. 12-15 µm diameter) analyzed sequentially, and employs two 

detectors, forward scattering (FSC) and side scattering (SSC). The size limit of detection at 

FC is correlated to the detectors used, but it is generally observed that entities (i.e., particles) 

below 500 nm are not well resolved at the FSC detector.37,38 As a result, the peak resolution 
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at the FSC and SSC detectors is superior for micrometer-sized particles, and the threshold 

for well resolved (and unequivocally countable) events is defined to be above 1 µm 

diameter.37,38 Moreover, single fluorescent dyes are not visible at FC. In particular, the 

fluorescence detectability is triggered by the scattering, which means that an object needs to 

be sufficiently big to be recognized as an event by the scattering detector, to which a relatively 

strong fluorescent emission can be correlated. Bright dyes with sizes below the FC detection 

limit of scattering are simply not considered as an event. Consequently, only for multiple 

dyes in a confined space, for example embedded in/around particles, it is possible to detect a 

scattering event that is linked to a corresponding fluorescence emission. It has been reported 

that fluorescent beads below 500 nm diameter show detectable fluorescence emission, but 

the resulting peaks, as well as the scattering ones, were not well defined, resulting in 

difficulties in their evaluation.38  

Figure 7.1 shows the concept of detecting ultralow concentrations of DNA using 

amplification by fluorescent nanoparticles in flow cytometry. The capture microbeads (CBs) 

have a diameter between 5.0-5.9 µm, which is above the detection limit , and provide a green 

fluorescence emission, allowing the generation of resolved peaks for both scattering and 

fluorescence detectors. The reporter nanobeads (RBs), 80 nm diameter and red fluorescence 

emission, cannot easily be detected by the FSC and SSC detectors because of their small size, 

and will be detected only upon attachment to a CB. The CBs and RBs need to be 

functionalized with capture and reporter DNA probes (DNAC, 18 nt, and DNAR, 23 nt), 

respectively. Target DNA molecules (43 nt) neither have detectable sizes nor a fluorophore 

to generate fluorescence signal, which results them to be “silent” to the FC detectors. The 

consecutive hybridization of the 3’ and 5’ ends of the target DNA analyte, which are 

complementary to the DNAC and DNAR probes and are anchored to the functionalized CBs 

and RBs, respectively, creates a complex that brings the amplifying RBs in close proximity 

to the CBs (Figure 7.1a). This complex is large enough to be detected by the FSC and SSC 

detectors, providing at the same time two distinct fluorescence emissions (Figure 7.1b). 

Consequently, the target DNA can be quantified by counting the number of successful 

sandwich complex events in the scattering region of sizes similar to individual CBs that have 

at the same time a coincident fluorescence emission in the green and red channels indicating 

the binding of RBs to their surface.  
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Figure 7.1. Schematic overview of the sandwich assay-mediated DNA recognition by dual-fluorescent 

complex formation, detectable at FC. a) Illustration of the capture microbead (CB), surrounded by probe 

DNA, binding the cDNA to the 3’ end, followed by the hybridization with a DNA-functionalized 

reporter nanobead (RB), complementary to the 5’end of cDNA, which amplifies the DNA recognition. 

b) Conceptual image showing the beads distribution in the Poisson sampling at FC. In addition to the 

scattering detection, two distinct fluorescence emissions are present only when the beads are in close 

proximity, as a result of sandwich complex formation by consecutive hybridization events of cDNA 

with CB and RB. 

 

7.2.2. DNA probe binding to microbeads and nanoparticles 

In order to produce the components for the sandwich complex-mediated recognition, both 

negatively charged, polystyrene-based CBs and RBs were functionalized at their interfaces 

by modified poly-L-lysine (PLL, Figure 7.2). In particular, positively charged PLL with 

appended oligo(ethylene glycol) units (OEG) and dibenzocyclooctyne (DBCO) groups (PLL-

OEG-DBCO) was self-assembled on the negatively charged bead surfaces to generate a layer 

that could be chemically functionalized (Figure 7.2b). PLL-OEG-DBCO was exploited to 
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control the density of probes displayed at the bead surface, while at the same time reducing 

non-specific interactions, as shown in Chapters 5 and 6.40 Thereafter, azido-modified DNAC 

and DNAR probes (blue and orange helices in Figure 7.2a and 7.2c; sequences are shown in 

Table 7.4) were anchored to the CBs and RBs, respectively, by means of the strain-promoted 

azide-alkyne cycloaddition (SPAAC) click reaction (Figure 7.2b and 7.2c).39 The cDNA 

hybridization steps can, in this envisaged sandwich assay, be performed in a sequential way, 

“bridging” together the DNA-functionalized CB and RB and thus analyze the solution 

containing the formed complex (Figure 7.2a and 7.2c) by FC. The availability of several 

cDNA molecules hybridized on the surface, which create multiple sites for subsequent RB 

binding, can lead to the formation of complexes with a higher than 1:1 ratio. This may cause 

loss of information about the number of counted beads and thus anchored DNA analytes at 

the interace,37 but such effect becomes less relevant when pursuing ultralow target DNA 

concentrations. 

Figure 7.2. a) Schematic overview of the bead functionalization and complex formation. The 

biosensing interface build-up on the two fluorescent beads (CB and RB) to provide the target cDNA 

binding was achieved by PLL-OEG-DBCO adsorption, followed by anchoring of the azide-DNA 

probes (DNAC and DNAC). b) Structure of the PLL-OEG-DBCO used. c) Illustration showing the 

orthogonal anchoring of DNA-azide probes to the bead surface by SPAAC click chemistry, followed 

by the DNA hybridization steps between the beads to form the final complex. 

 

As illustrated in Figure 7.2a, the formation of the biorecognition interface at the particle 

surface was achieved by incubating both CB and RB with of 1.0 mg/ml solutions (PBS, pH 
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7.4) of PLL-OEG(27.5)-DBCO(3.2) (grafting ratios quantified by 1H-NMR), followed by 

anchoring the corresponding DNAC and DNAR sequences. Each step was characterized by 

dynamic light scattering (DLS) and zeta potential (ζ) measurements (Table 7.1). The 

hydrodynamic radius (Rh) by DLS of both CB and RB showed average sizes commensurate 

with the starting sizes of the beads, and did not vary significantly upon functionalization. The 

negative ζ values of 48 and 39 mV recorded for bare CBs and RBs, respectively, became 

positive to above 10 mV for both beads after adsorption of PLL-OEG-DBCO,  and then 

turned negative again upon anchoring of the DNA probes, indicating successful layer 

formation around the beads (Table 7.1). The absence of ζ changes when bare or PLL-

functionalized beads were incubated with DNA probes with or without the azide moiety, 

respectively, confirmed the selective build-up of the recognition layer (Table 7.1). 
 

 

In order to reach a high sensitivity for low-concentration samples, the density of “bridging 

DNA” anchored at the bead interface needs to be tailored. The amount of DNA hybridized 

on the DNAC-modified CBs (used as model beads) was characterized by fluorescence 

spectrometry, upon incubation with fully complementary or non-complementary DNA 

grafted with a fluorescent dye (cDNA-Atto633 and ncDNA-Atto633). Two calibration lines 

were determined for both CB and cDNA-Atto633 in order to quantify the amount of DNA 

per particle (see calculations in the Experimental Section). Figure 7.3a and 7.3c depict an 

example of excitation and emission spectra for free beads and cDNA-Atto633 molecules in 

solution, while Figure 7.3b and 7.3d show the calibration lines obtained. 

Table 7.1 The hydrodynamic radius (Rh) and the zeta potential (ζ) determined by DLS and zeta-

potential measurements, respectively, for unfunctionalized beads and after each functionalization 

step (PLL-OEG-DBCO and azide-DNA, 1.0 mg/ml and 1 µM in PBS 7.4) to form the biorecognition 

layer. Values and standard deviations are the result of three distinct measurements. 

Functional beads 

CB RB 

DLS  

(Rh, µm) 

ζ  

(mV) 

DLS  

(Rh, nm) 

ζ  

(mV) 

Bare beads 5.1 ± 0.2 -48 ± 5 82 ± 3 -40 ± 6 

After PLL adsorption 5.3 ± 0.3 14 ± 2 85 ± 4  16 ± 3 

After DNA-N3 5.3 ± 0.2 -15 ± 4 83 ± 5 -18 ± 4 

     

Bare beads, after DNA  

without azide (control) 
5.0 ± 0.2 -45 ± 4.0 82 ± 4 -40 ± 5 

PLL modified beads, after 

DNA without azide 

(control) 

5.2 ± 0.2 11 ± 3 81 ± 4 14 ± 4 
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Figure 7.3. Fluorescence excitation and emission spectra of a) CB at concentration of 5.3×105 CBs/ml 

and c) Atto633 grafted to cDNA at 0.5 µM, both in PBS solutions (pH 7.4). Calibration line obtained 

from the maximum intensities at b) 490 nm and d) 655 nm for dilutions of CB and cDNA-Atto633 

samples. All measurements were performed in 200 µl cuvettes (dark quartz) in PBS buffer (pH 7.4).  

 

Figure 7.4 shows the fluorescence spectra of the functional CBs after incubation with 

cDNA-Atto633 and ncDNA-Atto633. The fluorescence intensities from the beads were 

equivalent to concentrations of approx. 10.0 ×105 and 9.0×105 CBs/ml for Figure 7.4a and 

7.4b, respectively. These results suggested a total loss of 80.0% and 82.0% of beads during 

the purification steps (initial solutions at concentration of 5.0 ×106 CBs/ml). Investigating 

other purification methods such as centrifugation, losses over 90% were determined (data not 

shown), as well as occasionally complete absence of recovered products, suggesting colloidal 

instability of the CB solution and the possible non-specific adsorption of beads to polymer-

based materials (e.g., membrane, Eppendorf, pipette tip). However, the numbers of beads 

could be calculated from the calibration line in Figure 7.3b, giving a value of approx. 2.0×105 

in solution for the complex formed with cDNA-Atto633. The same sample has been exploited 

to quantify the amount of cDNA-Atto633, varying the fluorescence excitation and emission 

windows at the fluorimeter. By assuming 100% efficiency for both DNA-azide anchoring 

and cDNA hybridization, 2.5×1013 DNA molecules (corresponding to 0.21 µM) were 
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detected according to the calibration curve of Figure 7.3d. Supposing that all the cDNA-

Atto633 were anchored to the DNA probes present on the CB, a density of 1.3×108 cDNA-

Atto633 molecules per bead - and per DBCO group at the interface - was derived. From the 

semi-empirical method presented in Chapter 3 using PLL-appended maleimide reactive 

groups to bind PNA probes on a flat substrate, a density of 3.9×106 DBCO groups per bead 

was expected, exploiting PLL with 3.2% of grafted DBCO (see Experimental section). The 

32-fold higher density found here for the CBs was reduced to 18-fold when the signal was 

normalized by removing the contribution coming from the non-specific adsorption of 

ncDNA-dye molecules (Figure 7.4b). An effective concentration of 0.12 µM for cDNA-

Atto633 in solution was determined, corresponding to a density of 7.2×107 DNA per bead.  

Figure 7.4. Fluorescence emission of 200 µl solutions containing DNAC-functionalized CB after 

incubation with a) cDNA-Atto633 and b) ncDNA-Atto633. Both measurements were performed in PBS 

solutions (pH 7.4) after purification by dialysis, using dark quartz cuvettes.  

 

The 18-fold discrepancy between the expected and measured amounts of cDNA-Atto633 

adsorbed to the interface can be ascribed to multiple factors. It has been observed 

occasionally that intense excitation could deteriorate the integrity of the beads, followed by 

a decrease in fluorescence intensity (data not shown). On the other hand, according to the 

manufacturer, 3.3×1010 carboxylic acid groups should surround the PS macrobead, probably 

not in the form of a smooth molecular monolayer but a thicker shell. Therefore, if we assume 

that PLL binds to the surface via its positively charged Lys monomers leading to complete 

charge compensation, approx. 1.0×109 of DBCO groups should be present on the CB (taking 

into account the 3.2% DBCO grafting density in the modified PLL). The same density of 

cDNA-Atto633 per particle is expected considering 100% efficiency for both the DNAC 

immobilization and cDNA hybridization. This evaluation can explain the higher 

experimental values found for the DNA chains per particle. All in all, these aspects, together 

with the significant loss of beads during the purification procedure, need to be further 

addressed in future developments of the methodology. 
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7.2.3. Sandwich assay DNA recognition by flow cytometry 

Each bead type was analyzed individually by FC to define the region of recognition events 

in the scattering plot for the sandwich assay-type DNA recognition. Figure 7.5 shows the 

forward versus the side scattering for the bare, non-functionalized microbeads and 

nanoparticles separately and in a 1:10 mixture (a-c), as well as the corresponding 

fluorescence emission plots (d-f) and the numbers of fluorescence events detected for CB (g-

i) and RB (j-l). CBs in PBS (pH 7.4) were detected at two different scattering regions, R1 

and R2, corresponding to single beads and dimers, which suggested the presence of the latter 

already in the stock solution (Figure 7.5a). The events in R2 were confirmed to be dimers 

due to the fact that they also showed up as a satellite peak in Figure 7.5g, with a double 

fluorescence intensity compared to the main population. On the other hand, the RBs 

presented a much broader window of detected events (Figure 7.5b). Despite their size below 

the FC detection limit, the “smear” occurring in Figure 7.5e is probably caused by the 

relatively high concentration of beads in the analyzed sample,37 which makes them appear as 

“larger” entities, resulting in a smeared red fluorescence at the CB emission (Figure 7.5e/h/k). 

Yet, upon mixing CBs and RBs in a ratio of 1:10, only the CBs were detected (Figure 7.5c), 

indicating that the small nanoparticles hardly interfered with the microbeads in case the latter 

ones are present and the excess of nanoparticles is not too large. By analyzing the minimum 

fluorescence emission at the corresponding detector for each experiment (Figure 7.5g-i and 

7.5j-l), fluorescence intensity threshold values of 400 and 300 were defined for CB and RB, 

respectively. All events below these values were considered as “noise”, while the ones above 

as possible formed complexes. 
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Figure 7.5. Examples of acquired data by flow cytometry and threshold value determination for further 

analysis. Suspensions of a) CBs (5.0 ×106 CBs/ml), b) RBs (7.0 ×106 RBs/ml ), c) CBs and RBs (ratio 

1:10) in PBS (pH 7.4) in standard scattering plots. Fluorescence plots using CB and RB emission of d) 

CB, e) RB, f) CB and RB (ratio 1:10) and relative intensity profiles versus detected events for CB (g-

i) and RB (j-l) emission, respectively. R1/R1’ and R2/R2’ represent the populations of single and double 

CBs, determined by scattering, defining the identifying color code (red and blue) for the recorded events 

in all the graphs presented in this work.  

 

Selective deposition of functionalization layers, such as PLL and DNA-azide, did not 

affect the emission of the model CBs, as shown in Figure 7.6a and 7.6b. However, the 

analysis at FC of the DNA-functionalized CB suspension did not reach 10k events, indicating 

a significant loss of functionalized beads after two purification steps by dialysis. Control 

experiments were carried out incubating cDNA-Atto633 molecules with either PLL-

functionalized or bare CB (Figure 7.6c-d), observing for both cases just the fluorescence 

signals coming from the beads, which indicates the absence of non-specific adsorption of the 
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cDNA. Moreover, the collection of 10k events for all samples without single-strand DNA 

molecules anchored to the DBCO moieties (Figure 7.6a/c-d versus Figure 7.6b), suggested 

that the DNA layer could have affected the purification step, possibly because of the loss of 

colloidal stability as also indicated by the relatively low zeta potential values for these 

particles. 

Figure 7.6. FC fluorescence plots of solutions of a) CB functionalized with PLL-OEG-DBCO, b) CB 

modified with PLL-OEG-DBCO followed by DNA-azide coupling, and control samples of CB treated 

with cDNA-Atto633 c) with and d) without modified PLL. Red and blue dots belong to regions R1 and 

R2 (defined in Figure 7.5a). All experiments were performed in PBS (pH 7.4). Purification steps were 

performed after each incubation with dialysis against PBS (pH 7.4). 

 

To probe the first hybridization step of the sandwich assay, DNA-functionalized CBs 

were incubated for 6 h with cDNA-Atto633. The results are shown in Figure 7.7 in 

comparison with the control experiment using fully non-complementary DNA (ncDNA) with 

the same dye. cDNA-Atto633 molecules appeared to be anchored to the  
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DNAC-functionalized CB surface as indicated by the shift toward high blue fluorescence 

intensities (Figure 7.7a), likely caused by a dense dye coverage of the bead surface. Despite 

the low numbers of counted beads for both samples (<10k), the specific complex formation 

was demonstrated by applying the red color code of region R1 (for single CB beads, from 

Figure 7.5a), for which dots in the top-right quadrant (CB+ RB+) confirmed that the 

simultaneous green and red fluorescence emissions were coming from CBs (Figure 7.7a 

versus 7.7b). Moreover, when applying the gate for R1 (excluding the other events), green 

fluorescent (CB emission) events were found for both the cDNA and ncDNA samples (Figure 

7.7c-d), while red fluorescent ones (RB emission) were detected just for the cDNA 

suspension (Figure 7.7c/e versus 7.7d/f), further indicating the selective detection of the DNA 

probe-functionalized CB-cDNA-Atto633 complex. 

Figure 7.7. Fluorescence plots of DNA-functionalized CBs incubated with a) cDNA-Atto633 and b) 

ncDNA-Atto633 for all the counted events, together with the relative intensity versus detected event 

plots, for CB (c-d) and RB (e-f) emissions (R1 gate applied). All experiments were recorded in PBS 

(pH 7.4). Dialysis against PBS (pH 7.4) was performed after each incubation. Red dots belong to 

regions R1 defined in Figure 7.5a. 
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Statistical analysis provided the relative percentages of the component populations within 

the sample (Table 7.2). The events detected for the ncDNA sample exceeded by 10 times the 

cDNA ones. However, despite the majority of beads were in the bottom-right quadrant (CB- 

RB-) for both samples, the CB+ RB+ quadrant had 27.43% and 0.14% of the total events 

caused by a simultaneous fluorescence emission in the green and red channels for cDNA and 

ncDNA, respectively. Moreover, when applying the R1 gate (CB+ RB+ AND R1), 89.86% 

against 0% of the detected events in the CB+ RB+ part were assigned to CB for cDNA and 

ncDNA, respectively, indicating the strength of such analysis for screening multiple 

populations and selective analyte detection. 

 

Table 7.2. Statistical analysis of the samples prepared by mixing DNA-functionalized CBs 

with cDNA or ncDNA (both grafted with Atto633 dye) as presented in Figure 7.7. 

Label CB + cDNA-Atto633 CB + ncDNA-Atto633 

 Events % Events % 

All 288 100 1319 100 

CB- RB- 137 47.6 1314 94.5 

CB+ RB- 7 2.4 24 1.8 

CB- RB+ 65 22.6 51 3.6 

CB+ RB+ 79 27.4 2 0.1 

R1 69 24.0 22 1.6 

CB+ RB+ AND R1 62 89.9 0 0 

 

To demonstrate the sandwich complex-mediated DNA recognition by FC, DNA-

functionalized CBs were incubated with the model cDNA analyte (43 nt), allowing the 

hybridization between DNAC (immobilized on the CBs) and the 3’ end of the target DNA. 

Thereafter, a second DNA hybridization was performed by adding DNA-functionalized RBs 

to the same solution, promoting the recognition between the free 5’ end of cDNA and DNAR 

anchored to the RB, thus forming the final sandwich complex as conceptually illustrated in 

Figures 7.1a and 7.2a. Figure 7.8 shows the FC data acquired from samples incubated with 

either cDNA or ncDNA (44 nt, control), followed by incubation with RBs, with the 

corresponding statistical analysis reported in Table 7.3.  
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Figure 7.8. Acquired data by FC for suspensions of DNA-functionalized CBs consecutively incubated 

with a) cDNA or b) ncDNA, followed by DNA-functionalized RBs in PBS (pH 7.4). All events were 

plotted in a-b) standard scattering and c-d) fluorescence plots for cDNA and ncDNA samples, 

respectively, applying the corresponding R3 gate for the intensity versus detected event plots for e-f) 

CB and g-h) RB emissions. All experiments were recorded in PBS (pH 7.4). Dialysis against PBS (pH 

7.4) was performed after each incubation. Red and blue dots belong to regions R1 and R2, defined in 

Figure 7.5a. 
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Table 7.3. Statistical analysis of the samples prepared by hybridizing DNA-functionalized 

CBs with either cDNA or control ncDNA, followed by incubation with DNA-

functionalized RBs, from Figure 7.8. 

Label CB/RB and cDNA CB/RB and ncDNA 

 Events %  Events %  

All 10000 100 1000 100 

CB- RB- 470 4.7 1110 11.1 

CB+ RB- 2581 25.8 8004 80.0 

CB- RB+ 5660 56.6 561 5.6 

CB+ RB+ 1289 12.9 325 3.3 

R1 3326 33.3 7612 76.1 

R2 95 1.0 52 0.5 

R3 1133 11.3 273 2.7 

R4 131 1.3 26 0.3 

 

As shown in Figure 7.8a and 7.8b, the detected events were differently distributed. 

Notably, a broadening of the region R1 (red dots in Figures 7.8a and 7.8b), defined in Figure 

7.5a, was caused by the presence of inhomogeneous entities, with various sizes (FSC) and 

granularities (SSC). However, this effect was predominant for the sample with cDNA, 

probably due to more extensive complex formation occurring in solution. This aspect was 

confirmed by Figure 7.8c and 7.8d, where more significant differences were determined by 

the fluorescence plots. Larger numbers of green/large phenomena were detected for the 

ncDNA sample, corresponding to single fluorescent emitters and dimers (80% of the total, 

CB+ RB- in Figure 7.8b), while the majority of the events for cDNA was located in the 

red/small region (60%, CB- RB- OR CB- RB+ in Figure 7.8a). A high RB/CB ratio (Figure 

7.8c) probably affected the detectability of the complex, as mentioned previously (see also 

Figure 7.5a-c), reducing the sensitivity of the assay. Nevertheless, region R3 (identified as 

the region having the sandwich complex at a single CB) gave percentages of 11.33 and 2.73 

for the cDNA and ncDNA samples, respectively. Moreover, by applying the R3 gate for the 

intensity versus detected event histograms (Figures 7.8e-f and 7.8g-h), it was confirmed that 

these events had both red and green emissions, confirming that the RBs were attached to CBs 

and not free in solution. In addition, the same 10-fold difference was also observed for region 

R4 (defined as the region presenting the sandwich complex with two CBs), somehow 

indicating that the recognition of cDNA occurred, but also that non-specific interactions still 

played a crucial role (as discussed before with the measurements at the fluorescence 

spectrometer). 
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The extension of the red and blue dots (R1, R2 color code from Figure 7.5a) from the 

CB+ RB- to the CB+ RB+ quadrant signified the actual formation of complexes having one 

or two CBs. However, the same fluorescence quantization was not observed for RB. The 

“smear” in R3 appeared to be formed due to multiple bindings events between RBs and a 

single CB, probably bearing several free cDNA sequences. On the other hand, such smearing 

could be the consequence of a Poisson distribution occurring for many RBs interacting with 

one (or two) CB. As a result, the quantification of target DNA detected could be achieved 

with two approaches: by varying the target cDNA concentration or by knowing the 

fluorescence intensity of one single RB at the FC detector. 

 

7.3. Conclusions 

In summary, we have presented the concept of a dual fluorescent sandwich assay-type 

DNA recognition at FC with the potential for highly parallelized single microbead detection 

for fast DNA detection and extensive statistical analysis. The capture microbead, with a size 

detectable by scattering and which surface is functionalized with a DNA probe, acts as a 

scaffold to bind the target DNA chain, while the reporter nanoparticle amplifies the 

recognition event. Both microbeads and nanoparticles were covered with PLL-OEG-DBCO 

to control fouling and the density of anchored DNA probes, as quantified by fluorescence 

spectroscopy. Upon consecutive hybridizations with target DNA and DNA-functionalized 

RBs, the formed sandwich complex was analyzed by investigating the scattering and 

fluorescence signals at FC.  

The initial results achieved here are promising, but so far only a qualitative detection of 

the double-fluorescent complex, and indeed target DNA, was possible. A more consistent 

purification protocol needs to be developed, as significant bead losses were found after the 

dialysis steps, possibly caused by limited colloidal stability. However, the major issue is 

believed to arise at the interface between the beads and the DNA molecules. First of all, a 

contribution of non-specific binding, illustrated by approx. 10% from ncDNA binding, was 

found both with the fluorescence spectroscopy and the FC measurements. Secondly, the 

“smear” observed for the final detection experiments indicated the presence of multiple 

binding points between small beads and a single big one, making inaccurate the quantification 

of the target cDNA. Both issues are supposed to be solved by reducing the analyte cDNA 

concentration, which is the main vision anyway. On the other hand, this development may 

require the detection of one RB anchored to a CB. Other type of amplifier nanoparticles may 

therefore be required, either increasing in size and/or fluorescence intensity or by exploiting 

radiolabeled particles. 
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Another reason for the partial success of the formation and detection of the final sandwich 

complex can be ascribed to the use of long cDNA as target. When using microbeads and 

cDNA grafted to it to model the first hybridization of the sandwich assay, a better selectivity 

was found, with non-specific interactions completely absent. The use of a higher OEG 

content, as well as the deposition of a second protective layer, can improve the antifouling 

character of the biorecognition architecture at the bead interface. 

Addressing these issues would be the starting point for the completion of a multiplexed, 

customizable assay for the quantitative identification of biomolecules and biological entities. 

The variety of beads and the versatility of the modified PLL approach will allow the 

formation of biorecognition scaffolds with desired detectable properties (e.g., scattering, 

fluorescence emission) and specific probes orthogonally anchored at the interface. 

Consequently, simultaneous and selective detection assays can be purposely designed to 

target, among others, nucleic acids, proteins, antibodies and drugs. Due to the artificial nature 

of the capture and reporter beads, multiplexed analysis could be performed at the same time 

and in body fluid. This work can ultimately contribute to develop cost-effective and reliable 

detection protocols with fast response times, in concert with the possibility of doing statistical 

analysis on samples, which will ultimately increase the reproducibility and validation of the 

recognition assay. 
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7.5. Experimental section 

7.5.1. Materials 

Poly-L-lysine hydrobromide (MW = 15-30 kDa by viscosity), EDC, NHS, deuterated 

water and tablets for 10 mM PBS solution (pH 7.4) were purchased from Sigma-Aldrich. 

Methyl-OEG4-NHS was purchased from ThermoFisher Scientific, while DBCO-OEG4-NHS 

from Click Chemistry Tools. The dialysis membrane (Spectra/Por, 100 kDa cutoff, diameter 

6.4 mm) were obtained from Spectrum Labs, Greece. Oligonucleotides were purchased from 

Eurofins Genomics and used as received, while the azide-DNA probes (sequences in Table 

7.4) were acquired from Biomers.net GmbH. SPHERO™ carboxyl fluorescent polystyrene 

particles (Yellow, 5.0-5.9 µm and Sky Blue 60-80 nm) were purchased from Spherotech, Inc.  
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Figure 7.9. Structures of: a) azide-linker of both DNAC and DNAR; b) Atto633 anchored to fully 

complementary or non-complementary DNA (Table 7.4). 
 

 

Synthetic procedure  

PLL-OEG(x)-DBCO(y) synthesis and quantification 

The synthesis of PLL-OEG-DBCO and the quantification of the molfractions of OEG and 

DBCO grafted to the PLL backbone were performed as shown in Chapters 5 and 6.40 

 

7.5.2. Methods 

Microbead and nanoparticle functionalization 

Both CBs and RBs were diluted with PBS (pH 7.4) to have 1 ml solutions with approx. 5 

mln and 7 mln particles in a plastic vial (1.5 ml) for micro and nano beads, respectively. The 

PLL-OEG-DBCO solution (PBS, 7.4) was injected to have a final concentration of 1.0 

mg/ml, and the PLL-bead suspensions were gently mixed for 4-6 h to keep the beads in 

solution. The solutions were dialyzed with a dialysis membrane (cut-off 100 kDa) against 

PBS 7.4, changing the solvent every 60 min for the first 3 h (last cycle overnight). This 

Table 7.4. Sequences of functionalized DNA and PNA molecules used in this work. The structures 

of the azide- and dye-linkers to the DNA chains are shown in Figure 7.9. 

Oligo Sequence 5’ 3’(number of nucleotides) Role 

DNAC 
N3-OEG4-CTA CGC CAC CAG CTC CAA  

(18) 

Probe complementary to the 

3’end of cDNA 

DNAR 
ACC ACA AGT TTA TAT TCA GTC AT-

OEG4-N3 (23) 

Probe complementary to the 

5’end of cDNA 

cDNA 
ATG ACT GAA TAT AAA CTT GTG GTA 

GTT GGA GCT GGT GGC GTA G (43) 
Target  

ncDNA 
CTA CGC CAC CTC AAC CTA CGC 

CACCTCCAC CTA CGC CAC CTC (42) 

Non-complementary to both 

DNAC and DNAR 

cDNA-Atto633 
Atto633-TTG GAG CTG GTG GCG TAG  

(18) 

Fully complementary to 

DNAC 

ncDNA-

Atto633 

Atto633-CCA TCA TCA TCA AAA CCA  

(18) 

Fully non-complementary to 

DNAC 

DNAF 
CTA CGC CAC CAG CTC CAA  

(18) 
DNA probe without azide 

a) b)
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purification procedure was performed after each functionalization step. All functionalization 

and purification steps were done protecting samples from light. The purified solutions, 

containing either CB or RB, were recovered (approx. 1 ml) in a plastic vial (1.5 ml) and the 

DNA-azide probes (DNAC and DNAR) were injected inside the corresponding bead solution 

to have a final concentration of 1 µM and left reacting in the mixing plate for 6 h.  

 

DNA hybridization experiments and sandwich complex formation 

The purified CB suspension was incubated with 1 µM of the model DNA, (e.g., cDNA-

Atto633, ncDNA-Atto633) for 6-8 h in PBS (pH 7.4), followed by dialysis as explained in 

the previous section. In the case of sandwich complex formation, 1 µM cDNA or ncDNA 

was incubated with the CB suspension for 6-8 h in PBS (pH 7.4) in the mixing plate. 

Subsequently, RB was added to the complex DNAC-functionalized CB + target DNA to test 

the sandwich assay recognition, reacting the mixture overnight at room temperature (PBS 

solvent, pH 7.4). Purification by dialysis was performed after each DNA step.  

 

Dynamic light scattering and zeta-potential measurements  

Dynamic light scattering and zeta potential analysis were performed on a Zetasizer 

NanoZS (Malvern Instrument Ltd, Malvern, United Kingdom), with a 633 nm laser 

wavelength and a scattering angle of 173°. The measurements were carried in PBS 7.4 with 

concentrations between 1.0-5.0×106 CBs/ml (depending on the number of purification steps). 

 

Fluorescence spectroscopy  

Fluorescence spectrometry was performed using a Perkin Elmer FL6500 machine with 

the proper excitation and emission wavelengths optimized for CB and Atto633 grafted to 

DNA species (400 nm < λex < 500 nm and 460 nm < λem < 650 for CB and 550 nm < λex < 

640 nm and 645 nm < λem < 720 nm for Atto633-modified DNA). All solutions were 

measured using sample volume of 200 µl (dark cuvettes). The concentrations for diluted CB 

solutions were derived from an approx. beads number (5 mln) using a 12-fold dilution from 

the stock. By knowing the density of the PS (1.05 g/cm3) and the bead radius (2.75 µm from 

manufacturer) an average molecular weight for one mole of CB was calculated (MW = 

4.65×1013), to then quantify the concentration from the calibration curve in Figure 7.3b. 

 

Flow cytometry analysis 

Flow cytometry experiments were performed at the BD (Becton Dickinson) FACS ARIA 

II machine, equipped with a 488 nm laser for the forward and side scattering, both having 

detectors with 488/10 bandpass filters (with thresholds 330 and 300 a.u. of intensity, 
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respectively). The CB (green) and RB (red) fluorescence emissions were recorded exciting 

the sample at 488 and 633 nm with 530/30 nm or 780/60 nm filter, respectively (thresholds 

297 and 324 a.u. of intensity). All experiments were performed using 1 ml of desired solution 

after gentle vortexing. The measurements were analyzed with the free FCSalyzer software. 

 

cDNA-Atto633 density quantification on DNAC-functionalized CB 

The surface area (SACB) of the CB in cm2 is calculated assuming absence of roughness on 

the PS beads, using the equation for surface area of a sphere (eq. 1): 

𝑆𝐴𝐶𝐵 = 4𝜋𝑟𝐶𝐵
2 × 10−8        eq. 1 

where 𝑟𝐶𝐵 is the average radius of the big beads reported by the manufacturer (2.75 µm). 

Following the semi-empirical formula defined in Chapter 3 for PLL appended with Mal 

groups for flat substrate, a density of 1.24×1012 DBCO molecules per cm2 per grafted DBCO 

is expected, assuming homogenous coverage of PLL-OEG-DBCO on the beads surface. 

Consequently, the theoretical amount of DBCO per CB particle can be calculated by eq. 2: 

𝐷𝐵𝐶𝑂𝐶𝐵 =  𝑆𝐴𝐶𝐵 (1.24 × 1012) DBCO%           eq. 2 

where DBCO% is the amount of DBCO grafted to the PLL used in this paper (determined by 

1H-NMR). From the initial amount of CB used in the first step of PLL functionalization 

(approx. 5 mln), which corresponded to a dilution 1/12, the amount of beads after each 

functionalization step can be calculated from the fluorescence emission max at 490 nm, 

according to the calibration curve in Figure 7.3b. Likewise, the concentration of cDNA-

Atto633 in solution (or ncDNA-Atto633, assuming that the different sequence is not affecting 

the fluorescence excitation/emission of the dye) can be determined by the calibration line in 

Figure 7.3d. In both cases it was supposed that FRET or other effects did not affect the 

fluorescence emission signal for both entities. By knowing the approx. amount of beads and 

cDNA-Atto633 in solution and assuming 100% efficiencies for both DNA-azido anchoring 

and cDNA hybridization, the amount of cDNA hybridized per particle can be calculated.  
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Summary 

 

Sensitive and efficient bioanalytical detection is an ongoing challenge. The possibility of 

physically and chemically manufacturing micro/nano features on solid supports, as well as 

that of precisely engineering the properties at the interface, has paved the way for a new era 

of surface-based biosensing devices. Among others, DNA recognition platforms have 

attracted growing interest due to their potential use in drug formulations, food/environmental 

monitoring and biomedical applications. The high intrinsic specificity and sensitivity of DNA 

biosensors can drastically improve the diagnosis and therapy efficacy of genetic diseases, 

including cancer. However, the characteristics of the biorecognition interface, such as probe 

density, layer architecture and surrounding environment, together with the choice of the 

substrate, represent crucial factors for the hybridization process and the (ultra)high sensitivity 

of DNA biosensors. Signal amplification strategies are routinely exploited to assess reliable 

assays with lower limits of detection (LOD), representing opportunities for obtaining more 

efficient (bio)sensing platforms. 

The studies presented in this thesis aim to develop a customizable surface strategy for 

biosensing applications that can finely tune the chemical environment at the biorecognition 

interface, by controlling the surface probe density and the physico-chemical characteristics 

of the substrate. This approach is based on poly-L-lysine (PLL), the functional properties of 

which are defined by the combination of appended groups anchored to its backbone in a 

preceding synthetic step, which results in a controlled functional group density at the 

interface upon self-assembly. 

In the first part of the manuscript (Chapters 3 and 4), the probe density control has been 

demonstrated, concomitantly minimizing the non-specific interactions at metal and metal 

oxide biosensing interfaces. Selective adhesion on variable materials has been investigated 

by further functionalizing three plastic substrates, forming biorecognition DNA 

micropatterns and arrays. In the second part (Chapters 5-7), the focus has been on the signal 

amplification by substrate and method design. 3D architectures have been exploited to 
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improve the sensitivity of DNA recognition, which has ultimately fueled the interest towards 

a customizable single-particle-based sandwich-assay for ultralow DNA detection. 

Chapter 2 has presented a review of functionalized polyelectrolytes (PEs) that self-

assemble at various interfaces to form engineered coatings, focusing on their biosensing 

applications. Particular emphasis was given to the PEs modified before surface adsorption, 

which could form functional mono and multi-layers with specific characteristics defined by 

design. Several types of appended groups and their combinations have been described, which 

provide additive functions for bioengineering/biosensing purposes. Engineered coatings for 

studying biological interactions and recognition processes have been reported as well. 

Chapter 3 has presented the use of PLL polymers with different grafting densities of 

oligo(ethylene glycol) (OEG) and thiol-reactive maleimide (Mal) moieties (PLL-OEG-Mal). 

These PEs offered control over the probe density while retaining the antifouling properties 

of the surface (Au and SiO2). The DNA recognition capability has been studied using peptide 

nucleic acid (PNA) probes. All in all, the linear relationship between the amount of DNA 

detected and the percentage of Mal densities, grafted to the PLL backbone in a preceding 

synthetic step, was quantified by cyclic voltammetry (CV), offering an empirical but 

quantitative way to tune the surface probe density. 

Based on these findings, the adaptability of the modified PLL has been extended in 

Chapter 4 to the formation of micropatterns on polymeric substrates that are commonly used 

for biosensing purposes, such as cyclic olefin polymer (COP) and Ormostamp. The interface 

stability, as well as the proof-of-principle DNA detection with a fluorescently labelled 

complementary DNA (cDNA), has been inspected by fluorescence microscopy. Finally, 

multiplexed DNA biorecognition has been presented by printing three different PNA probes 

on modified-PLL-functionalized polydimethylsiloxane (PDMS) substrates, followed by the 

selective binding of target DNA to the corresponding probe-modified substrate areas from a 

mixture of these DNA sequences.  

In Chapter 5, the micropillar-structured, Au-coated Si substrates were employed as 

electrodes for signal amplification in electrochemical DNA detection. A modified PLL 

bearing dibenzocyclooctyne (DBCO) groups was used to anchor PNA-azide probes to the 

electrode surface. By reducing the pitch of the micropillar arrays, an enhancement of the 

active surface area was achieved, leading to a higher projected surface density of the PNA 

probes displayed on the biorecognition interface. The detection of target DNA has been 

performed in an electrochemical sandwich assay by using a reporter DNA probe 
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functionalized with electroactive ferrocene. The current density generated by cyclic 

voltammetry was evaluated as a function of the micropillar pitch, and a relationship has been 

established between the sensitivity gain and the increased surface area. 

Chapter 6 has presented the capability of extending the probe binding capacity of 

polyelectrolyte multilayer (PEM) films, by controlling their growth in the exponential 

regime. By alternatingly depositing PLL, with varying grafting densities of OEG and DBCO, 

and polystyrene sulfonate (PSS), denser or gel-like architectures were found for the linear 

and exponential growth regimes, respectively. The enhanced loading and detection of DNA 

was evaluated as a function of the number of layers and the type of growth by means of quartz 

crystal microbalance (QCM) and a viscoelastic model to interpret the QCM data. The 

observed signal amplification, which was higher for the exponentially grown films, 

confirmed the higher PLL mass adsorbed, corresponding to an increased loading of DBCO 

groups inside the PEM and a more open film structure. 

A strategy towards ultra-sensitive DNA detection, based on single microbead detection 

by flow cytometry and employing a fluorescence-based sandwich assay, has been proposed 

in Chapter 7. DNA-functionalized fluorescent microbeads (MBs) were used as a scaffold to 

bind target DNA molecules. Such DNA-coated MBs, when hybridized with DNA-

functionalized nanoparticles (NPs), generated a second fluorescence emission to amplify the 

signal of the recognition event. The biosensing layer formation using modified PLL on both 

beads and particles, was followed by zeta-potential measurements, and the DNA recognition 

capability of the MBs was tested by fluorescence spectroscopy. The dual-fluorescent DNA 

sandwich assay was investigated by means of flow cytometry (FC) technique by analyzing 

the individual events as a function of scattered light and fluorescence emissions to assign 

MBs with and without fluorescent NPs attached. Further studies need to be performed to 

quantitatively and reliably assess single-molecule DNA detection. 

In summary, multiple surface architectures have been developed for biosensing purposes, 

in which modified PLL played an important role to achieve the desired surface-chemical 

properties. The strategy based on customizable modified PLL with different appended groups 

has shown the possibility of precisely tuning the antifouling and probe-binding properties of 

the biorecognition interface. Different substrates can directly be converted in biosensors, 

while controlling the type and density of the biomolecules displayed. The adaptability of the 

modified-PLL approach has allowed the formation of functional layer architectures on 

topographically structured substrates (i.e. micropillar array, gel-like multilayers, and 
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micro/nanoparticles) to increase the sensitivity of DNA detection, envisioning the ultimate 

goal of single molecule quantification.  

We believe that the strategy to equip biorecognition surfaces with tailored modified PLL 

as presented here is a promising approach to provide suitable properties at the interface. 

These properties can be tailored by synthetic design, customizing first the PLL with desired 

functional groups, potentially offering a broad applicability in, among others, biosensing and 

responsive interfaces. Owing to the electrostatic interactions, modified PLL can be applied 

as an orthogonal anchoring layer for functionalizing (or simply passivating) virtually any 

substrate materials, such as metals, metal oxides, and polymers. This aspect underlines the 

versatility of the methodology and may assist in the development of a wide range of 

applications in lab-on-a-chip platforms, disposable ready-to-use biomedical sensors, 

(bio)reactive coatings, wearable devices, or water treatment equipment. 
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Samenvatting 

 

Gevoelige en efficiënte bioanalytische detectie is een voortdurende uitdaging. De 

mogelijkheid om op zowel fysische als chemische wijze micro/nano-eigenschappen op vaste 

dragers te maken en om de eigenschappen van het grensvlak zeer precies te manipuleren, 

heeft een nieuw tijdperk van oppervlakte-gebaseerde biosensoren mogelijk gemaakt. Onder 

andere DNA-detectie blijkt zeer interessant vanwege zijn potentie in medicijnformuleringen, 

de monitoring van voedsel en milieu en voor biomedische toepassingen. De hoge intrinsieke 

specificiteit en gevoeligheid van DNA-biosensoren kan de diagnose en therapeutische 

werkzaamheid van genetische ziektes, zoals kanker, aanzienlijk verbeteren. De 

karakteristieken van het bioherkennings-interface, zoals de probe-dichtheid, de architectuur 

van de lagen en de omgeving, zijn, samen met de keuze van het substraat, cruciale factoren 

van het hybridisatieproces en voor een hoge gevoeligheid van DNA-biosensoren. Methoden 

om het signaal te versterken worden doorgaans gebruikt voor betrouwbare assays met lage 

detectielimieten, hetgeen mogelijkheden biedt om efficiëntere biosensoren te maken. 

De studies die zijn beschreven in dit proefschrift hebben als doel om een flexibele 

oppervlaktestrategie te ontwikkelen voor biosensing-toepassingen, waarin zeer nauwkeurig 

de chemische omgeving aan het bioherkennings-interface aangepast kan worden door de 

dichtheid van de oppervlakte-probes en de fysisch-chemische eigenschappen van het 

substraat te controleren. Deze aanpak is gebaseerd op poly-L-lysine (PLL), waarvan de 

functionele eigenschappen gedefinieerd worden door een combinatie van additionele 

functionele groepen aan de polymere hoofdketen in een voorafgaande synthetische stap, 

hetgeen resulteert in een gecontroleerde dichtheid van functionele groepen aan het interface 

na zelf-assemblage. 

In het eerste deel van het proefschrift (Hoofdstukken 3 en 4) wordt de controle over de 

probe-dichtheid aangetoond, waarbij tevens de niet-specifieke interacties aan het grensvlak 

van metaal- en metaaloxide-oppervlakken worden geminimaliseerd. Selectieve adhesie op 

verschillende materialen is onderzocht door drie plastic substraten verder te functionaliseren, 

waarbij DNA-detectie-micropatronen en arrays werden gevormd. In het tweede deel 

(Hoofdstukken 5-7) ligt de focus op het verhogen van het signaal door het ontwerp van het 

substraat en de methode. 3D-architecturen zijn gebruikt om de gevoeligheid van DNA-
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herkenning te verbeteren, hetgeen de interesse in aanpasbare single-particle-gebaseerde 

sandwich-assays voor ultragevoelige DNA detectie heeft gestimuleerd. 

Samenvattend zijn in deze studie verschillende oppervlakte-architecturen gemaakt voor 

biosensing-toepassingen, waarin gemodicifeerd PLL een belangrijke rol speelde om de 

gewenste oppervlakte-chemische eigenschappen te verkrijgen. De strategie, gebaseerd op 

selectief gemodificeerde PLL met verschillende additionele functionele groepen, heeft de 

mogelijkheid aangetoond om zeer precies de antifouling en probe-bindings-eigenschappen 

van het detectie-oppervlak te controleren. Verschillende substraten kunnen omgezet worden 

in biosensoren, terwijl het type en de dichtheid van de op het oppervlak gepresenteerde 

biomoleculen gecontroleerd worden. Vanwege de flexibiliteit van de gemodificeerde-PLL-

strategie konden functionele oppervlakte-architecturen op topografisch gestructureerde 

substraten (d.w.z. in de vorm van een array van micropilaren, gel-achtige multilagen en 

micro/nanodeeltjes) gevormd worden om de gevoeligheid van DNA-detectie te verhogen, 

waarmee het dichterbij het einddoel van single molecule-detectie komt.  

We denken dat de strategie om bioherkennings-oppervlakken te modificeren met op maat 

gemaakt PLL, zoals hier beschreven, veel potentie biedt om passende eigenschappen op het 

interface te krijgen. Deze eigenschappen kunnen worden aangepast door het synthetisch 

ontwerp, waarbij eerst de PLL met de gewenste functionele groepen wordt aangepast, 

hetgeen mogelijk brede toepassingen heeft in biosensoren en reactieve oppervlakken. 

Vanwege zijn electrostatische interacties kan gemodificeerd PLL gebruikt worden als 

orthogonale bindingslaag om nagenoeg elk substraat, zoals metalen, metaaloxides en 

polymeren, te functionaliseren (of simpelweg te passiveren). Dit principe onderstreept de 

veelzijdigheid van de methodologie en kan helpen in de ontwikkeling van een breed scala 

aan toepassingen in lab-op-een-chip devices, eenmalige klaar-voor-gebruik biomedische 

sensoren, (bio)reactieve lagen, draagbare devices of waterzuiveringsapparatuur. 

Meer informatie is verstrekt in de Engelstalige samenvatting van dit proefschrift. 
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