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We present surface engineering modifications through chemistry of 

poly(methylmethacrylate) – PMMA- that have dramatic effects on the result of surface-

bound fluorescence immunoassays, both for specific and non-specific signals. We deduce 

the most important effect to be clustering of antibodies on the surface leading to significant 

self-quenching. Secondary effects are attributable to the formation of sparse multilayers of 

antibody. We compare PMMA as an antibody support surface with UV-ozone oxidised 

PMMA and also to substrates that were, after the oxidation, surface modified by a 4-unit 

poly(ethyleneglycol) carboxylic acid (PEG4), a branched tri-carboxylic acid, and a series 

of carboxylic acid-terminated dendrimers, from generation 1.5 to 5.5. Fluorescence 

immunoassay and neutron reflectometry were used to compare the apparent antibody 

surface loading, antigen binding and non-specific binding on these various surfaces using 

anti-human IgG as a model antibody, chemically coupled to the surface by amide 

formation. Simple physical adsorption of the antibody on PMMA resulted in a thick 

antibody multilayer with small antigen binding capacity. On the carboxylated surfaces, 

with chemical coupling, a simple monolayer was formed. We deduce that antibody 

clustering was driven by conformational inflexibility and high carboxylate density. The 

PEG4-modified surface was the most conformationally flexible. The dendrimer-modified 

interfaces showed a collapse and densification. In fluorescence immunoassay, the optimal 

combination of high specific and low non-specific fluorescence signal was found for the 

G3.5 dendrimer 
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I. INTRODUCTION 
One of the most challenging issues in the wide field of new generation biosensors is the 

development of surfaces that retain the activity of immobilized biomolecules whilst 

minimizing non-specific binding [1, 2]. For biomedical diagnostics applications, the 

specific binding activity of a surface-adsorbed antibody for its antigen and the rejection of 

non-specific binding are critical factors that govern the sensitivity, dynamic range, and 

reproducibility of the immunoassays. Some existing limitations of traditional 

immunoassays were recently attempted to be solved by introduction of biologically-

mimicking nanomaterials [3, 4]. The advances in miniaturized optical, acoustic and electric 

sensors introduced both new possibilities and challenges in the control of interactions of 

biomolecules with nanoscale biosensor surfaces [5]. The established strategies based on 

physical adsorption [6], covalent, and bioaffinity mechanisms of immobilization have been 

well-documented [7-12]. The motivation behind these methods is to ensure optimum 

antigen binding activity, interpreted as the most favourable orientation of the immobilized 

antibody, in which the antigen-binding site is oriented away from the surface itself [13]. 

The two most common methods of immobilizing antibodies to surfaces involve either non-

covalent physical adsorption to a detection surface through non-specific hydrophobic 

interactions (physical adsorption) or non-specific, covalent immobilization 

(chemisorption), typically to amine reactive surfaces [14, 15]. Although both methods 

result in randomly-oriented antibody molecules on the surface, with up to 90% antibody 

that is in an inactive orientation, these methods are commonly used because of their 

simplicity. A potential issue with these methods is that the non-active antibodies exposed 

to the solution could act to promote non-specific binding: any such effect would be 

dependent on the nature of the antibody, particularly on the solution-exposed amino acid 
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composition of the adsorbed layer. Site-specific immobilization methods are also available 

[16-21], which do lead to significantly enhanced antigen binding efficiency, though at the 

expense of more complex procedures [16, 22, 23].  

Antibody adsorption onto surfaces, and the subsequent binding of an antigen, is critically 

dependent on the nature of the surface, on the antibody and on the antigen. Antibody 

adsorption depends on the pH and salt concentration [24] (which determines the charge on 

the antibody relative to the surface charge), hydrophobicity or hydrophilicity of the surface 

(that is, the balance of Van der Waals and solvation interactions with hydrophobic and 

hydrophilic amino acids of the antibody), the surface loading and whether there is a specific 

surface binding chemistry employed: for example the use of amide coupling to a 

carboxylated surface from amines of the antibody selects for lysines, and so may bias the 

orientation dependent on the location of lysines on the antibody surface [25-29]. Antigen 

binding to a surface-adsorbed antibody depends on the availability of binding sites which 

is affected by the average orientation of the antibody. Antigen binding then further depends 

on steric hindrance and the geometry of the antigen epitope. These factors can be altered 

by surface loading and the interaction of the antibody with the surface [30]. Adsorption 

should also occur so as to maximise the interaction energy between the antibody and the 

surface, which in general would require maximising the interfacial contact area and hence 

should promote “flat-on” adsorption. The consequent effect of epitope geometry on antigen 

binding can be seen in comparisons of different antibodies. Thus, the human chorionic 

gonadotrophin antigen, hCG, binds at essentially 1:1 molar ratio with its surface-adsorbed 

antibody at low coverage of the antibody, but other antigen antibody pairs show essentially 

zero binding [31]. As the antibody surface coverage increases then intermolecular 
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interactions seem to result in an irregular packing, describable as an irregular stack of plates 

[32]. The antibody binding site may then become more accessible for binding – bound 

antigen/surface antibody may increase – or else steric hindrance may diminish the ratio of 

bound antigen/surface antibody. 

The term “soft interface” can be used to describe surfaces that have some 

conformational flexibility and can in some sense reorganise in response to adsorption of 

other molecules. In the present paper, we set out to explore the utility of the concept of 

“conformational flexibility” or “softness” of a surface as a guide to the design of effective 

interfaces for antibody immobilisation, using anti-human IgG as a model. We compare the 

antigen binding of the antibody surface-bound to a number of different carboxylated 

surfaces. These surfaces, shown in figure 1, were derived from poly(methylmethacrylate) 

[33], PMMA, carboxylated by UV-ozone treatment and then chemically modified.  

 

FIGURE 1. Illustration of the different surfaces prepared and their qualitative classification 
as ‘hard’ and ‘soft’. To limit the number of variables, all surfaces were designed with the 
terminal –COOH group, which enabled the covalent attachment of antibodies via the 
available Lys groups (using ε-NH3

+ Lysine molecules). Four types of surfaces were 
studied: A – oxidized PMMA, B – aminotriacid dendron, purchased as 4-amino-4-[3-(1, 1-
dimethylethoxy) -3-oxopropyl] -1, 7-bis(1, 1-dimethylethyl) ester heptanedioic acid, which 
was hydrolysed to the tri-acid prior to surface attachment, C – amino-PEG4-COOH and D 
– half-generation PAMAM dendrimer modified surfaces. The a-priori anticipated 
“softness” increases from left to right. As noted later in the paper, the results did not entirely 
support this classification. 
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By comparing results from two complementary techniques we show unexpected 

effects of surface composition on antibody immobilisation and on the resultant specific and 

non-specific binding of the protein antigen (IgG in this case).  We first present results using 

fluorescently labelled reagents to measure the apparent amount of surface antibody, and 

the signal from both complementary and non-complementary antigens.  We then compare 

these results with neutron reflection measurements, which give absolute amounts of 

material on the surface.  These two techniques give very different results for the different 

surfaces. We infer that important effects on the specific and non-specific signals in 

fluorescent immunoassay are not due to variations in antibody loading or antigen binding 

capacity. Instead, we deduce that these effects derive from antibody clustering on the 

surface leading to self-quenching.  We speculate that surface conformational flexibility and 

surface charge are important factors driving antibody clustering.  

II. EXPERIMENTAL 

A. Materials 

Polymethylmethacrylate (PMMA) sheets (0.25 mm thick, impact modified, 

average MW = 120,000 Da) were supplied by Goodfellow Cambridge Limited 

(Huntingdon, England) and cut into small pieces. Gold-coated standard glass slides (Ti/Au 

= 2 nm/30 nm, 26 mm ´ 76 mm, 1 mm thick) were purchased from Phasis Sarl (Geneva, 

Switzerland). N-(3-dimethylaminopropyl)-N’-ethylcarbondiimide hydrochloride (EDC), 

ethylenediamine (EDA), N-Hydroxysuccinimide (NHS), 2-(N-morpholino)ethanesulfonic 

acid (MES), phosphate-buffered saline (PBS, pH 7.4) tablets, PAMAM dendrimer 

(generation 1.5, 2.4, 3.5, 4.5 and 5.5), and toluene were purchased from Sigma Aldrich 
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(Dublin, Ireland). The anti-human IgG, human IgG and rabbit IgG were purchased from 

Molecular Probes™ (Eugene, OR), the NTproBNP was purchased from HyTest (Turku, 

Finland). For neutron reflectometry experiments, PMMA (average Mw ~120,000 Da), IgG 

from human serum, anti-Human IgG (Fab specific) antibody produced in goat and G4.5 

PAMAM dendrimer (5% w/w solution in methanol) were obtained from Sigma Aldrich 

(NSW, Australia) and used without further purification. The amino-triester was purchased 

from Frontier Scientific (UT, United States: product NTN1963) and converted to the triacid 

before use in NR experiments. The Amino-dPEG®₄-acid (Aminoethyl-trioxyethylene 

acetic acid) was purchased from Quantabiodesign (Plain City, OH: product 10234) 

B. Experimental set up and Methodology 

1. Preparation of PMMA thin film by spin coating 

The method followed that described by Le et al. [34]. PMMA sheets were cut into 

small pieces and dissolved in toluene at concentration ranging from 0.1 to 0.5% (w/v) to 

make the raw PMMA solution. The solution was sonicated for 15 min to dissolve PMMA 

pieces. The PMMA solution was then filtered through a PTFE filter (pore size 0.2 µm) 

(Chromafil Xtra PTFE-20/25 Macherey-Nagel, Duren, Germany) to eliminate the 

precipitates and dust particles. 0.25% (w/v) PMMA solution was then spin coated onto Au-

coated glass slides or silicon wafers at 2000 rpm for 45 s. The acceleration and deceleration 

from 0 rpm to the desired spin speed and from spin speed to 0 rpm took place in 5 s. The 

films were first cured at room temperature over-night and then cured in an oven for 1h at 

80oC. These parameters resulted in very smooth and uniform PMMA films on both Au-

coated glass slides and silicon wafers.  

2. Modification of PMMA surface 



 8 

UV/O3 treatment was performed using a commercial ozone cleaning and activation 

system (PSD-UV, Novascan Technologies, Ames, IA, USA). The specifications indicated 

at 50 W power setting, approximately 50% of the total lamp output power is delivered 

around the 254 nm peak and 5% around the 185 nm peak. We found that 8 min of UV/O3 

treatment was optimal for the thin PMMA film, balancing activation of the surface against 

etching. For binding of the amine-terminated surface modifiers, the fresh UV/O3 treated 

PMMA surface was allowed to react for 30 min with an MES (0.01 M, pH 4.5) solution 

containing 100 mM EDC and 50 mM NHS to form reactive NHS-esters. The substrates 

were rinsed 3 times with DI water and then immersed in a 50 mM solution of either Amino-

dPEG®₄-acid or the amino-triacid (prepared by previous hydrolysis of the amino-triester) 

in PBS for 2 hours. The substrates were then thoroughly washed with PBS Tween solution 

and rinsed with DI water and finally dried in a N2 stream.  

For surface modification with carboxylate-terminated dendrimers, a 2-stage 

procedure was used, involving coating the UV/O3 treated PMMA surface with ethylene 

diamine (EDA) linkers upon which the dendrimer layer was built. Firstly, the fresh UV/O3 

treated PMMA surface was immersed in a solution containing 100 mM EDC and 50mM 

EDA for 20 min. The substrates were then rinsed thoroughly with EtOH (3×), immersed in 

DI water for 10 min and dried in a N2 stream. An activated carboxyl-terminated dendrimer 

solution was prepared according to previously published protocols[35]. As an example, 1 

µmol of PAMAM G1.5 dendrimer (with 16–COOH surface groups) was mixed with 96 

µmol of EDC (6.0 equiv. per one –COOH group), 24 µmol of NHS, (1.5 equiv. per one –

COOH group), 16 µl of HCl and topped up to final volume of 2 mL with DI water. The 

sample was allowed to shake for 20–25 min at 600 rpm using vortex mixer. The EDA 
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coated slide was then immersed in the respective dendrimer solution contained in a Petri 

dish and was allowed to react for 2 h, washed extensively with PBS Tween solution, rinsed 

with DI water and finally dried in a N2 stream. The dendrimer coated slides were stored in 

a vacuum chamber until used. Water contact angle measurement and Atomic Force 

Microscopy (ESI, Figures S.1 and S.2) were used to check the progress and uniformity of 

the surface modification. 

3. Antibody adsorption and binding activity by fluorescence 

measurement 

The direct-binding fluorescence immunoassay was performed on standard-size 

microscope slides, spin-coated with PMMA and modified with the corresponding linker 

(e.g., tris-acid, PEG4, dendrimers) as described in details in the experimental section. The 

-COOH groups on such modified slides were then further activated with a solution 

containing 100 mM EDC and 50 mM NHS to form NHS-esters. The activated slide was 

then covered with a solution of goat anti-human IgG solution (50 µg/ml in 0.01 M PBS, 

pH 7.4) and allowed to react at 37 °C for two hours. In order to minimize evaporation of 

the solvent from the slide surface, the slides were placed in a humidity and temperature 

controlled chamber. The surface was then washed with PBS containing Tween 20 (0.2%, 

v/v) and then with PBS. The slide was subsequently immersed in a PBS solution containing 

BSA (1%, w/v) for one hour. The slide was finally thoroughly rinsed with PBS (3×) and 

dried under a stream of N2. The goat anti-human IgG antibody-coated slides were used in 

the direct binding assay with Cy5-labeled human IgG. Note: In order to quantify the 

amount of goat anti-human IgG bound on the substrate surface, Cy5-labeled goat anti-

human IgG was spotted on the NHS-ester activated surface.  
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The specific binding of human IgG on the goat anti-human IgG antibody-coated 

surface was performed as follows. The goat anti-human IgG coated slide, dried under the 

stream of N2 was spotted in an array of 3 spots (3 µL per spot) with a 5 µg/mL solution of 

Cy5-labeled human IgG (0.01 M PBS, pH 7.4). To study the non-specific binding on the 

antibody-coated surfaces, the slide was spotted in an array of 3 spots (3 µL per spot) with 

a 5 µg/mL solution of Cy5-labeled NTproBNP (0.01 M PBS, pH 7.4). The spotted slide 

was immediately placed in a humidity chamber to minimize solvent evaporation at 37 °C 

for two hours. The slide was then rinsed with a PBS solution containing Tween 20 (0.2%, 

v/v), PBS (2×) and dried under a stream of N2. 

The fluorescence intensities of the spots were measured on PerkinElmer ScanArray 

Express (PerkinElmer, Massachusetts, USA) with laser excitation wavelength of 633 nm, 

emission filter wavelength of 670 nm, and analyzed using ImageJ software. The 

fluorescence images and the analyzed fluorescence data are summarized in figures S.3-S.5. 

4. Neutron reflectometry 

Neutron reflectometry was performed on the Platypus time-of-flight neutron 

reflectometer at ANSTO [36] using an incident beam spectrum  with neutron wavelengths 

2.8 Å < l < 18 Å.  24 Hz neutron pulses were generated using a disc chopper system, 

collimated, and reflected from the sample at 0.8˚, 2.5˚ and 5.0˚ (0.006 < Q / Å-1 < 0.391), 

before detection with a 2D position sensitive detector.  The reflection of a sample is 

calculated as the ratio of the reflected and incident beam intensities. Corrections for 

instrumental resolution are taken into account during analysis and reflection is expressed 

as a function of Q: 
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𝑄 =
4𝜋
𝜆 sin 𝜃 

where θ is the angle of incidence and λ is the wavelength of the radiation. Modeling 

of the data involves an optical matrix method in which a model of the surface structure is 

created and divided into homogeneous layers. Each homogeneous layer is defined by a 

thickness, interfacial roughness, volume fraction of water and neutron scattering length 

density of the material and water. The neutron scattering length density (nSLD) of a 

molecule is the sum of all neutron scattering lengths (a measure of atomic interaction with 

neutrons which varies from isotope to isotope) divided by the molecular volume. Two 

measurements were made on each sample using different isotopic compositions of water 

(i.e., D2O and H2O) as they have different nSLD, to allow co-refinement of constrained 

models reducing model ambiguity and allowing calculation of the hydration of each of the 

layers. Model refinement and optimization involved least squares minimization using the 

Motofit [37] data analysis program. Error values were obtained using Monte Carlo error 

analysis methods [38]. Mass loadings on the surface were calculated from the derived layer 

thicknesses and volume fractions using the mass density of the various components. For 

the protein, the mass density was calculated from the molecular volume and molecular 

mass. 

III. RESULTS AND DISCUSSION 

A. Fluorescence measurements show a very wide range of 

apparent surface coverage of immobilized antibody and of 

non-specific: specific binding ratio, with an optimum across 

the dendrimer series 
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Figure 2A shows the fluorescence signal from the surface bound goat-anti human-IgG 

antibody, its specifically-bound antigen, human IgG, and the non-specific signal from 

binding of the antigen NT-proBNP. A wide range in surface-bound antibody signal is 

observed, over an order of magnitude, for the different surface treatments. Figure 2B shows 

that the fluorescence signal for both specific and non-specific antigens correlates with that 

for the surface-bound antibody, though with some outliers for particular surface treatments 

that are explored later. Notable is the relatively high specific binding signal and low non-

specific binding signal observed for the G3.5 dendrimer as linker. Figure 2C shows the 

ratio of non-specific to specific binding signal, illustrating that this ratio is generally 

correlated with the fluorescence signal for the surface-bound antibody, apart from the 

oxidized PMMA surface which had the lowest fluorescence signal for surface-bound 

antibody, the lowest specific antibody signal and a ratio of non-specific to specific binding 

>1. Figure 2C again highlights that the G3.5 dendrimer linker is a low-side outlier and the 

G5.5 dendrimer a high-side outlier. The amount of surface-bound antibody, determined by 

neutron reflection, is also shown on figure 2A. It is immediately evident that the 

fluorescence and neutron results do not correlate. Neutron reflection results are developed 

in detail below. 
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FIGURE 2. (A) (LH scale) Relative fluorescence signal for the covalently-bound antibody, 
binding of its specific antigen and of a non-specific antigen for a range of surface linkers.  
(RH scale) Surface density of antibody, determined by neutron reflection. PMMA here 
refers to the oxidised surface. (B) Fluorescence signal for both specifically and non-
specifically bound antigen against the relative amount of surface bound antibody 
determined by fluorescence. (C) Fluorescence signal ratio of non-specific / specific antigen 
against the relative amount of surface bound antibody determined by fluorescence. Specific 
and non-specific antigen concentration for fluorescence measurement: 5 µg/mL 
 

Figure 3 shows the data for the series of dendrimer linkers. For the G3.5 linker, there is an 

apparent optimum in fluorescence signal from bound specific antigen associated with a low 

signal from bound non-specific antigen. Figure 2A shows that the surface-bound antibody 

fluorescence was the second-largest for this linker and figure 2C shows that the non-

specific to specific fluorescence ratio was the lowest of all the linkers studied. 
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FIGURE 3. Variation of relative fluorescence signals across the series of dendrimer linkers 

B. Neutron reflection shows that the effect of surface 

functionalization and covalent attachment is to eliminate 

multi-layer antibody attachment and that all covalently linked 

surfaces have similar surface-bound amount of antibody, but 

that there are some important differences in surface structure 

and in antigen bound per surface antibody.  

Tables 1 and 2 shows surface amounts and layer thicknesses determined by neutron 

reflection.  In all cases, the interfacial roughness was 0.4-0.7 nm.  AFM confirmed that 

immersion in buffer caused roughening of the surface (ESI, Figure S.1). The surface layers 
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contain water (see below) and we assume that absorption of water caused the roughening.  

For comparison, Table 1 shows the characterization of the antibody layer formed by simple 

adsorption on untreated PMMA (pH 7.4) followed by washing. This was a thick multilayer, 

containing a large proportion of water, which can be compared with the model of randomly 

stacked plates previously described for antibody adsorption at this pH onto a silica surface 

[32, 39-41]. There was an inner layer of thickness 4.1 nm consistent with a ‘flat-on’ 

configuration of adsorbed antibody. Most of the surface-bound antibody was inactive for 

binding of antigen. 

Table 1 Surface structure and antigen binding of layer formed by adsorption of goat-anti 
human-IgG onto untreated PMMA. 
Untreated PMMA, simple adsorption 
antibody antigen 103×antibody / nm2 Antigen / antibody 

Layer 1 Layer 2 Layer 3  

Thickness / nm 
4.1 18 11 6 7.7 0.05 

Water volume fraction 
0.85 0.92 0.97 0.99 

The covalently-attached linker layers were well-described by a single-layer model.  Two 

layer models, with an inner dense layer and an outer hydrated layer also fit well but the 

slight improvement in fit did not justify the extra parameters required.  Table 2 shows that 

the multilayer structure for the antibody layer was eliminated by surface modification to 

generate a carboxylated surface followed by covalent linkage of the antibody (pH 7.4). 

This included oxidation of the PMMA without further use of a linker. The deduced linker 

layer thicknesses can be compared with nominal molecular dimensions, obtained from 

simple ChemDraw models for the triacid (0.85 nm) and PEG4 (1.8 nm) and from the 

diameter of gyration of dendrimers in aqueous solution given in literature Brownian 
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dynamics simulations [42, 43] (3.52 nm for G4.5).  These results are consistent with a 

close-packed linker layer for triacid, and with the G4.5 layer being collapsed and densified. 

These two linker layers also had a small volume fraction of water, consistent with this 

interpretation. The PEG4 layer may have been somewhat collapsed but also had a 

significant volume fraction of water. The layers associated with bound antibody and 

antigen were highly hydrated. 

Table 2 Surface density and layer thickness for the various linkers and the subsequent 
antibody attachment and antigen binding (100 µg / mL). 
 PEG4 Tri-acid G4.5 Oxidised PMMA 

Linker layer 

Thickness / nm 1.34 ± 0.03 0.91 ± 0.01 1.27 ± 0.05  

Water volume 
fraction 

0.16 ± 0.01 0.07 ± 0.01 0.06 ± 0.01  

Antibody layer 

Thickness / nm 4.4 ± 0.1 5.0 ± 0.1 4.0 ± 0.1 4.0 ± 0.1 

Water volume 
fraction 

0.879 ± 0.002 0.836 ± 0.006 0.852 ± 0.006 0.830 ± 0.010 

mg/m2 0.73 ± 0.05 0.95 ± 0.07 0.82 ± 0.06 0.98 ± 0.01 

Antigen layer 

Thickness / nm 7.2 ± 0.3 4.2 ± 0.2 3.7 ± 0.2 3.7 ± 0.1 

Water volume 
fraction 

0.964 ± 0.003 0.948 ± 0.006 0.949 ± 0.006 0.943 ± 0.006 

mg/m2 0.36 ± 0.04 0.30 ± 0.04 0.26 ± 0.04 0.29 ± 0.04 

Mole ratio 
antigen / antibody 

0.49 0.32 0.32 0.30 

There were small changes in the thickness of the linker layer caused by antibody binding, 

though these were arguably within the errors of model fitting: the G4.5 layer expanded 
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slightly, the tri-acid compressed slightly and the PEG4 was unchanged (see ESI for fitting 

figures, S.6-S.34). The deduced antibody layer thicknesses can be compared with antibody 

dimensions (3.8 × 8.5 × 14.2 nm) to indicate on all the surfaces ‘flat-on’ adsorption 

dominates, as previously described. Given that the antibody is bound as a monolayer with 

its long dimension approximately parallel to the surface, then the measured surface 

amounts of antibody indicate a surface coverage of ~50%.  For the study of antigen binding 

by neutron reflection, the antigen concentration used was sufficient to saturate the surface: 

a lower concentration, 10 µg / mL, gave a barely detectable layer although such a 

concentration gave a good signal in the much more sensitive fluorescence measurement. 

Given that the antigen, IgG, is also an antibody, then the layer dimensions imply that, apart 

from the case with the PEG4 linker, the antigen was also bound substantially ‘flat on’ to 

the interface. The high binding ratio of antigen/antibody indicates that the bound antigen 

occupied a substantial fraction of the surface – if this were not the case then the neutron 

reflection experiment, being a surface averaging method, would not be able to detect it. 

The striking effect is that the large variation in adsorbed amount across the different 

preparations, deduced from the fluorescence measurement (Figure 2) was not shown by 

neutron reflection. In neutron reflection (and thus at higher surface amount) the amount of 

surface-bound antibody and the corresponding antigen binding varied by less than 50% 

across the different surfaces. The variation was much greater in the fluorescence 

measurement. A particular example is for the un-modified, oxidized PMMA surface, where 

neutron reflection showed similar surface amounts to those found on the other surfaces 

whereas the fluorescence measurement showed a low signal. 
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The surface modified with the PEG4 linker stands out in its behavior. The calculated 

scattering length density profile (ESI) shows a layer that does not have a clearly 

recognizable boundary, in contrast to the profiles calculated for the other linkers. The water 

volume fraction of the layer was significantly greater than that for the other linkers. To 

show this result in a different way that is more clearly interpretable with a physical model, 

figure 4 shows the calculated volume fraction of linker within the layer, as a function of 

position. This diagram includes the effect of the surface roughness (≈ 0.5nm). It shows that 

the PEG4 layer had a broader spread of volume fraction than the triacid or dendrimer layers, 

interpretable as a “fuzzy” layer. The amount of bound antibody was very comparable to 

that found for the other surfaces. The binding ratio of antigen/antibody, and the thickness 

increase on antigen binding, was significantly greater than that for the other surfaces. 
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FIGURE 4. (A, B) Example of neutron reflection and derived scattering length density 
profile (triacid linker with coupled antibody): A -measured and fitted normalised reflection, 
R (RQ4 vs wave vector, Q ); B- fitted scattering length density in D2O (red) and H2O (blue). 
(C) Calculated volume fraction of linker as a function of position through the linker layer, 
contrasting the triacid (a) and dendrimer (b) linkers with PEG4 (c). There was a small 
amount of absorbed water within the PMMA layer. 
 

C. Discussion 

For practical application, in a fluorescence immunoassay, the ratio of non-specific 

to specific binding, and the magnitude of the specific binding signal are of most concern. 
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The objective here was to determine to what extent these signals could be influenced by 

appropriate choice of surface chemistry, and to deduce what factors might be driving the 

observed effects. The complementary information from the two measurement methods, 

taken with knowledge of the limitations imposed by each, leads to an interpretation of the 

effects of surface structure on the binding and on the signal.  

Neutron reflection gives a reliable estimate of the amount of different substances 

present at the interface, averaged over the area interrogated, since this information requires 

only knowledge of the atomic composition of the materials at the interface and the neutron 

scattering lengths for each atomic species. Thus, the inconsistency between the amounts of 

surface-bound antibody, and then of the different amounts of captured antigen, indicated 

by the neutron and fluorescence methods (Table 1 and Figure 2) needs first to be resolved.  

By reference to figure 5, which illustrates schematically possible interpretations for the 

different surface effects seen in the two different measurements, we first discuss the 

variation in the fluorescence signal for surface-bound antibody. The conditions used for 

antibody binding were the same for both neutron and fluorescence measurements, so the 

amount of surface bound antibody should be the same for the samples used for the two 

different measurements. The neutron measurement will give the absolute surface amount, 

and this was very similar across all surfaces. Fluorescence measurements are susceptible 

to self-quenching, and differing degrees of self-quenching dependent on the surface linker 

used could be the explanation. A lower fluorescence signal on one surface compared to 

another therefore has a reasonable explanation in a self-quenching effect, illustrated in 

figure 5 (ii), which is very different across the different surfaces: much less for the PEG4 

surface than for the oxidized PMMA. The fluorophores are attached to lysines on the 
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outside of the antibody, and there are a number of these that are distributed essentially 

randomly over the antibody. Cyanine dye self-quenching could have a range of up to ~7nm. 

If the antibody is attached in a ‘flat-on’ configuration with surface footprint ~14 nm × 9 

nm and surface coverage ~0.5 monolayer, then it is possible that small changes in surface 

loading and surface configuration could have a significant effect on self-quenching of the 

fluorophores. This however cannot simply be an effect of small variations in surface 

density of the antibody, since the surface with the highest antibody density, the triacid, 

showed one of the highest fluorescence signals. Neutron reflection, however, shows only 

an average surface density. If the antibody was clustered on the surface, to a degree that 

was different on the different surfaces, then the neutron reflection could indeed show very 

similar average amounts of surface-bound antibody, but the fluorescence self-quenching 

could be very different. 

Next, figure 5 illustrates two different models for the variation across the surface 

of the signal due to captured antigen. The neutron measurement is of a surface that is 

saturated in the antigen. At the antigen concentration used for the fluorescence 

measurement, the neutron signal was barely detectable showing that the fluorescence 

measurement was of a surface that was far from saturation. Figure 5(i) illustrates that if the 

binding constant of antigen to surface-bound antibody was different for the different 

surface preparations, then the fluorescence measurement could reflect different surface 

amounts at low coverage. Figure 5(ii) illustrates the hypothesis that the effect could arise 

if there was self-quenching of the fluorescence signal due to captured antigen that was 

different on the different surfaces. Surface clustering of the antibodies, different across the 

different surfaces, provides an explanation that is consistent with both mechanisms 
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illustrated in figure 5. An effect on surface binding constant for antigen could arise due to 

different steric hindrance to binding on the different surfaces. Different steric hindrance on 

the different surfaces could arise if the bound antibodies are clustered, differently on the 

different surfaces. Surface clustering of the bound antibody would also evidently lead to 

surface clustering of the captured antigen, and this could then cause surface self-quenching 

of the captured antigen fluorescence signal. Figure 2B shows that, over the different 

surfaces, the fluorescence signal due to captured antigen varies linearly with the 

fluorescence signal for surface antibody, with two outliers: the triacid and the G5.5 

dendrimer. Since the fluorescence signal due to surface antibody is most likely influenced 

by surface self-quenching, the result in figure 2B implies that the same mechanism, surface 

self-quenching, is behind the variation of signal due to captured antigen. The outliers may 

reflect an effect of variation of surface binding constant.  

 

FIGURE 5. Illustration of mechanisms for differing results from fluorescence and neutron 
reflection measurements. (i) Effect of different surface binding constant for antigen, on two 
different surfaces labelled A and B. Arrow 1 indicated the surface coverage range probed 
by fluorescence whilst 2 indicates that probed by neutron reflection.  The two surfaces 
would show different results for the two measurements. (ii) Effect of surface self-
quenching on the fluorescence signal: C illustrates the signal for an ideal surface without 
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self-quenching whereas D illustrates that for a surface with significant self-quenching, 
increasing with increasing surface coverage. Arrow 1 indicates the coverage probed by 
fluorescence measurement of antigen binding. Arrow 2 indicates the coverage probed by 
both fluorescence and neutron reflection measurement of antibody loading. 

Can the results suggest a mechanism by which surface clustering of the antibody 

could depend on the nature of the linker used? A mechanism by which such clustering 

might be dependent on the nature of the linker is indeed suggested, by the comparison of 

antibody loading on the untreated and bare, oxidized PMMA, determined by neutron 

reflection. On the untreated PMMA, the antibody adsorbed in a thick multilayer. The 

reaction on the oxidized PMMA, which would occur following an initial physical 

adsorption, resulted in a monolayer of antibody on the surface. The oxidized PMMA is 

carboxylated and thus charged; the untreated PMMA is not.  Hence the key to interpretation 

could be in the charge on the surface in relation to the charge on the antibody. A 

combination of local electrostatic interactions between antibody molecules, and between 

antibody and surface could lead to clustering of the surface-bound antibodies dependent on 

the surface charge density. Such clustering has previously been inferred for surface 

adsorption of an antibody [44]. The surface clusters could then be locked in place by the 

coupling reaction to the underlying linker. The rate of the coupling reaction in relation to 

the rate of formation of surface clusters in the initial, physical adsorption step, might then 

be an important factor. This leads to a second idea for a control parameter: the rate of the 

surface coupling reaction could to a degree depend on conformational flexibility of the 

linker and its physical interaction with the antibody. The most conformationally flexible 

linker layer was the PEG4, as indicated by the “fuzziness” revealed by neutron reflection.  

This was the surface with the largest antibody fluorescence. It is reasonable to assume that 

the least conformationally flexible surface was the oxidized PMMA, which was the surface 
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with the smallest antibody fluorescence. The comparisons thus indicate surface charge, and 

conformational flexibility of the linker as controlling factors driving antibody clustering 

on the surface resulting from the coupling reaction.  

Thus, we interpret the results as showing that, to maximize the fluorescence signal, 

the surface should be configured to minimize self-quenching of the fluorophore. Self-

quenching caused presumably by clustering of the antibody on the surface carries though 

into self-quenching of the signal due to bound antigen. We have indeed shown elsewhere 

the effects of surface self-quenching on the signal generation in a fluorescence 

immunoassay [45].  

The idea of conformational flexibility that we introduced above as a factor which 

could act against clustering of antibody during the surface coupling is also useful in 

considering the maximum fluorescence signal that could be achieved. Again, this idea 

comes from comparison of the results of fluorescence and neutron reflection. The surface 

that showed the highest fluorescence signal generation was that with the PEG4 linker. 

Neutron reflection showed that this surface had the highest antigen/antibody binding ratio: 

the saturation coverage of captured antigen on this surface was the greatest of all.  In other 

work, we showed that steric hindrance of access of the antigen to the antibody binding site 

was the major determinant of antigen/antibody binding ratio [39, 41]. We attribute the high 

binding ratio to the conformational flexibility of the PEG4 linker counteracting the effects 

of steric hindrance.   

The ratio of non-specific to specific binding signal is important to minimize in 

practical immunoassay. We can develop some tentative conclusions based on the general 

trend shown in Figure 2C. The signal ratio increases with the fluorescence signal for 
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surface-bound antibody with two notable outliers, both from the dendrimer series. The 

signal ratio was by far the worst for the oxidized PMMA surface, for which we deduced 

antibody clustering. Of the other surfaces, apart from the G5.5 dendrimer, the signal ratio 

was worst for the PEG4 linker, which had the highest antigen/antibody binding ratio 

determined by neutron reflection, and the highest fluorescence signal reflecting the least 

amount of surface clustering and self-quenching. As the deduced surface clustering of 

antibody increases, reflected by the decrease in the antibody fluorescence signal, the non-

specific / specific fluorescence ratio decreases. We suggest that the major cause of non-

specific binding was the antibody itself, specifically the non-binding regions. If the 

antibody were clustered, its effect on non-specific binding would presumably decrease. 

This deduction suggests the possibility of engineering the non-binding regions of 

antibodies in order to minimize non-specific binding on surfaces that have been optimized 

to maximize the active antibody loading for specific binding. If antibody clustering is very 

significant, then non-specific binding to the part of the surface that is not covered with 

antibody would need to be considered, and would depend on the nature of the linker. We 

discuss later that this effect might account for the G5.5 outlier on figure 2C. 

The fluorescence data for the dendrimer series suggest interesting possibilities for 

maximizing specific signal whilst minimizing non-specific signal. For the dendrimer 

series, we observe that the non-specific fluorescence signal was low and constant for G1.5 

to 3.5 then rose for G4.5 and 5.5. The specific signal rose for G1.5 to 3.5 then fell for G4.5 

and 5.5. The non-specific to specific binding signal ratio was worst for G5.5 because the 

specific binding signal had fallen but the non-specific signal had risen. It was best for G3.5 
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because the specific binding signal was maximal but the non-specific binding signal had 

not risen.  

Computational studies show that dendrimers can undergo a temperature-driven 

expansion- collapse transition on a surface, dependent on the linker length and dendrimer 

generation number [46]. At a fixed temperature below the transition temperature, the 

fraction of adsorbed monomers of the dendrimer, reflecting the degree of flattening of the 

dendrimer onto the surface, decreases as the generation number increases. The neutron 

reflection result for the G4.5 dendrimer shows that this molecule was partly (but not 

completely) collapsed, implying that the temperature was above that for the collapse 

transition. Since the transition temperature decreases as generation number increases[46] 

the implication is that the G1.5 dendrimer would be more collapsed, and that the layer 

would progressively expand as the generation number increased.   

The following ideas seem consistent with the data. The G1.5 dendrimer is almost 

completely collapsed and so represents a surface with a density of carboxylate groups on 

which to link antibody lower than that for the tri-acid and PEG4 linkers, and without the 

conformational flexibility of the PEG4 linker. With increase of generation number, the 

surface carboxylate density increases so the amount of bound antibody should increase.  

The increase in amount of bound antibody is reflected in the increase in fluorescence signal 

both for the antibody and for the captured antigen.  However, with further increase of 

generation number, the fluorescence signal due to the antibody falls. Self-quenching due 

to clustering of the antibody was deduced above as the mechanism. This clustering may be 

driven by the increasing charge on the interface as the surface carboxylate density 

increases.  In the extreme the surface might approach the behavior of the oxidized PMMA.  
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Clustering of the antibody leads to both steric effects on antigen capture and self-quenching 

of the captured antigen fluorescence: both effects would decrease the specific signal. Non-

specific binding occurring on the part of the surface not covered with antibody would 

account for the increase in non-specific signal. The balance between all the effects 

discussed here as controlling the fluorescence signals – surface charge, antibody density, 

surface self-quenching, conformational flexibility – seem to have operated optimally for 

the G3.5 surface. These deductions at first sight seem at odds with earlier results 

concerning the use of dendrimers as linkers on nanoparticles, where the binding capacity 

increased steadily with generation number [35]. However, in that case, attachment onto the 

strongly curved surface of a nanoparticle would have mitigated the steric interaction and 

clustering effects that we propose here for a flat surface. 

IV. SUMMARY AND CONCLUSIONS 

When surface-bound antibodies are used in a fluorescence immunoassay, the 

sensitivity can be strongly affected by antibody clustering on the surface and surface self-

quenching. Self-quenching and clustering can be mitigated by use of a binding surface that 

has conformational flexibility. Conformational flexibility also promotes a high antigen to 

antibody binding ratio and hence a high signal. The strongest signal was achieved with a 

PEG4 linker, which caused a conformationally flexible interface. Non-specific adsorption 

was promoted by the antibodies themselves, suggesting the possibility of engineering the 

non-binding regions to minimize this.  Non-specific adsorption onto areas of the surface 

not carrying antibody was also promoted by antibody clustering. With increase of 

dendrimer generation number, surfaces with dendrimers as linkers appeared to progress 

from a collapsed dendrimer layer through layers which were less collapsed. A G3.5 
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dendrimer as linker offered the best combination of high fluorescence signal intensity and 

low non-specific to specific fluorescence signal. The effect appeared to be a balance 

between the effects of antibody loading and antibody clustering. Only by a combination of 

techniques with complementary attributes for measurement of surface properties, here 

fluorescence and neutron reflection applied in-situ, was it possible to resolve the different 

influences on linker thickness, surface activity for antibody binding, antigen to antibody 

binding ratio and surface conformational change. 
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