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Abstract: An alternating bio-stack of antibodies is polymerized on a gold surface to characterize the 

extent of the plasmon field. The decay in the kinetic binding parameters is attributed to the change in 

the penetration depth and calibrated using the continuous gold surface to derive a stack thickness of 

17.5 ± 0.8 nm. The penetration depth of spherical-shaped nanoparticles with diameter 90 ± 13 nm 

diameter was determined to be 93 ± 10 nm. 
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Biomolecules binding to a plasmon resonance sensor surface formally change the refractive index 

(RI) of the medium above the gold surface explored by the plasmon field. A biosensing event is 

measured as a change in a parameter such as the resonant angle of a propagating plasmon excitation 

on a continuous gold layer for surface plasmon resonance (SPR) instruments, or the optical extinction 

for localized surface plasmon resonance (LSPR) based instruments 1, 2. The interaction with the 

plasmon field, through the polarizability of the adsorbing species, correlates directly with the mass and 

composition. However, the plasmon field penetrates significantly into the medium above a continuous 

gold surface, decaying exponentially with a penetration depth, ld. The radiation intensity is the square of 

the electric field strength and therefore it decays with height 𝑧 above the metal surface as exp(−2𝑧 𝑙d)⁄ ; 

the average probed refractive index <𝜂> can be calculated with the depth integral as: 

〈𝜂〉 = (2 𝑙d⁄ )∫ 𝜂(𝑧) exp(−2𝑧 𝑙d⁄ ) d𝑧
∞

0

 

(1) 

where 𝜂(𝑧) is the RI at height 𝑧. The integration of equation (1, assuming n(z)=nanalyte within a layer of 

analyte thickness d, 0≤z≤d, and n(z)=nbulk, z>d, above it, gives the plasmonic sensor response3, R: 

𝑅 = 𝑚∆𝜂(1 − 𝑒𝑥𝑝(−2𝑑/𝑙d)) 

(2) 

where m is sensor sensitivity (∆I/∆RIU) to changes in the bulk refractive index,  is the difference of 

bulk and analyte refractive indexes and d is the thickness of the adsorbed layer. In the case when the 

whole analyte layer is composed of a number of individual sublayers d = n×di, where n is the number of 

adsorbed sublayers of characteristic thickness di. From equation (2 it follows that bioassays of complex 

media on continuous surfaces, where ld>>d, suffer from bio-noise within the plasmon field above the 10 

nm associated with the surface-bound assay. By contrast, gold nanoparticles (np) have a smaller ld, 

comparable with d, so the sensing volume overlaps the bio-assay more precisely and allows LSPR to 

compete successfully with SPR techniques for the analysis of complex media 4. The ld parameter is 

dependent on the nanoparticle shape and size as well as on the direction and polarization of the 

plasmon excitation radiation. Although the spatial plasmon field can be theoretically calculated, the 
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penetration depth is routinely discussed as a fitted or measured parameter characterizing the average 

decay of the electric field in LSPR measurements 4-6. The size, shape and composition of the 

nanoparticles all contribute to the optical properties 7 and these parameters can be optimized for bulk 

sensitivity but the bio-assay sensitivity optimization would also require knowledge of the penetration 

depth. The fundamental importance of ld for LSPR studies has prompted many attempts to measure it 

experimentally by depositing various material layers (aluminium oxide, alkanethioles, polyelectrolytes) 

onto the nanoparticles while monitoring the sensor response 6, 8, 9. The effect of the coating material 

choice on the apparent ld is not clear because of the limited experimental data. While these methods 

have proved promising in measuring the ld the use of coating the sensor with various materials will 

thereafter render the surface unusable. 

Here we present a method to determine the penetration depth of the plasmon field directly from a 

biological immuno-assay. Two mutually specific antibodies are involved in stepwise polymerization 

process to produce a multilayer surface with controlled step size and thickness: a sequence of goat-

anti-rabbit-IgG and rabbit-anti-goat-IgG allows alternating layers of the antibodies to form a bio-stack. 

The biological integrity and step size is assured as the 3D-epitopes for each of the antibodies are 

preserved giving rise to specific binding. The numbers of antibodies attaching in each layer of the bio-

stack remains constant, controlled by the packing fractions and the vertical spacing in the stack is 

determined by the dimensions of the antibody. The decrease in the observed sensor response is 

therefore attributed to the variation of plasmon field with distance from the surface characterized by the 

penetration depth. Importantly, only ordinary bio-molecules normally involved in standard bio-assays 

are utilized in the measurements, no special coating techniques or materials are required. 

A series of immuno-kinetic binding studies were performed on two platforms: the commercially 

available dual-channel continuous gold surface SensiQ Discovery SPR instrument from ICX Nomadics 

and the gold nanoparticle based light scattering array reader (AR) instrument developed in-house. The 

AR design has been discussed previously in detail elsewhere 10, 11 and will be described only briefly 

below. 

The gold nanoparticle surface was functionalised with dithiobis-(succinimidyl propionate) (DSP) to 

allow subsequent peptide coupling of proteins. The SensiQ chip surface was activated with N-(3-
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Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) for 

similar protein functionalisation. Bovine serum albumin (BSA, 98%), and human fibrinogen (60% with 

40% buffer salts; the protein content is >80% clottable fibrinogen) were obtained from Sigma–Aldrich; 

recombinant protein A/G was supplied from Pierce. Rabbit polyclonal antibody to goat IgG-H&L-HRP 

(rabbit-anti-goat-IgG), and goat polyclonal antibody to rabbit IgG-H&L-HRP (goat-anti-rabbit-IgG) were 

supplied by Abcam and used without modification. All solutions where prepared in 18 MΩ-cm deionised 

water, and protein solutions were prepared in standard phosphate buffered saline (PBS: 137 mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4, and 1.5 mM KH2PO4, pH 7.3) unless otherwise stated. 

The experiments on both platforms followed a standard procedure and injection sequence: PBS 

buffer is passed over the sensor surface until a stable baseline is obtained; the first injected antibody is 

captured by protein A/G resulting in primary response; the subsequent n injections of analytes with 

alternating rabbit-anti-goat-IgG and goat-anti-rabbit-IgG content result in a growth of a [IgG]n polymer 

chain stacking away from the surface. The analytes were injected over the sensor surfaces for 20 min 

at a flow rate of 25 µL min-1 (SensiQ) or 100 µL min-1 (AR) to ensure concentration-limited kinetics 10. 

The intermittent PBS wash steps allowed only specific, high-affinity binding of the antibodies to their 

respective epitopes maintaining the 3D-integrity of the bio-stack.  

The sensor responses for each of the array elements (AR) or channels (SensiQ) were calibrated with 

a bulk refractive index switch between PBS and double-concentrated PBS solutions which corresponds 

to an RI of 1.5310-3 refractive index units (RIU), independently measured by a refractometer.  

Array Reader particle plasmon surface 

The arrays are printed on glass substrates with small seed nanoparticles into the 96-spot format 

using an Arrayjet inkjet printer. The seed particles are then chemically grown to produce a population 

of nanoparticle shapes and sizes on each array spot: three distinct shapes including spherical 

nanoparticles (85%), rod shaped nanoparticles (10%) and flatter disc shaped nanoparticles (5%). An 

example of one of the SEM images of the sensor surface used from which the nanoparticle mean size 

and standard deviation were derived (mean ± SD) can be found in the Supporting Information (Figure 

S1). The spherical particles diameter was 90 ± 13 nm, with the disc particles having a diameter of 147 

± 17 nm. The rod-shaped particles are characterized by the length  width of 250 ± 60 nm  65 ± 15 
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nm. The nanoparticle density was calculated at 1 np per 220 ± 60 nm2. The grown gold particle arrays 

are then coated with DSP and returned to the inkjet printer for functionalisation by printing protein A/G, 

BSA and fibrinogen solutions at a concentration of 2 mg mL-1. After 2 hours of incubation, the slides 

were washed with PBS and stored dry at 4 °C. In the AR the arrays are illuminated in a total-internal-

reflection configuration and scattered light normal to the surface is interrogated using a video camera 

to derive the IgG binding response in the immuno-kinetic assay.  

SensiQ propagating plasmon surface 

The proteins were immobilized on the two sensor channels of the SensiQ chip by peptide coupling 

between sensor surface carboxyl groups and free amine groups of the proteins. The SensiQ chips 

used were carboxylated COOH1 biosensors supplied by Labtech. Once installed, the sensor surface 

was first cleaned with 10 mM HCl solution for 10 min at 10 µL min-1. The carboxyl groups were 

activated with 5/25 mM NHS/EDC aqueous solution, injected for 4 min at 50 µL min-1, forming amine-

reactive succinimide ester groups. Immediately after the activation step, 2 mg mL-1 solutions of 

recombinant protein A/G and fibrinogen in 10 mM sodium acetate buffer (pH 4.9) were injected into 

channels 1 and 2, respectively, at a flow rate of 5 µL min-1 for 50 min. Following the protein 

immobilization step, both surfaces were capped with 1 M ethanolamine, and after a 10 mM HCl wash, 

the running buffer was changed to PBS. The plasmon excitation wavelength of the chip is 860 nm and 

the measured range of the reflected angles is 62-74 degrees. 

A series of experiments was performed to measure the penetration depth of the plasmon field on 

both the nanoparticle array reader platform and the continuous surface SensiQ platform. Analyte 

solution of 50 nM (AR) or 100 nM (SensiQ) in PBS of rabbit-anti-goat-IgG and goat-anti-rabbit-IgG were 

used to accommodate injection loop lengths. A 20-min (AR) or 10-min (SensiQ) analyte injection time 

was followed by a 10-min wash-off. The injection sequence is as follows: primary stack element IgG 

binding to protein A/G followed by an alternating goat-anti-rabbit-IgG or rabbit-anti-goat IgG to build up 

the bio-stack. The stacking sequence involved n number of analyte injection steps: n=9 for the AR and 

n=25 for the SensiQ. After the binding experiment was complete the surface was regenerated with a 4-

min long injection of 10 mM HCl. 



 6 

 

Figure 1 Response of the immuno-kinetic sensors to the sequence of alternating analyte injections of 

rabbit-anti-goat-IgG and goat-anti-rabbit-IgG on a protein A/G surface: Panel (a), AR platform, 

averaged over 48 spots; Panel (b), SensiQ platform. Sensor regeneration steps are indicated by *. 

The change in the scattered light intensity from the array-spot nanoparticles is shown in Figure 1 with 

specific binding of the goat-anti-rabbit-IgG to protein A/G via its six Fc-region specific binding sites 12. 

The first and subsequent stacking steps show the expected antibody-antigen binding kinetics with an 

association rate constant of 2 (± 0.4)  105 s-1M-1 consistent with the preservation of the 3D-epitope 

integrity. The changes in sensor response per binding step of the same IgG appear to decrease with 

increased step number. The same stacking step sequence is shown in Figure 1b for the continuous 

gold surface on the SensiQ platform. The change in ΔRI on the SensiQ for the primary binding step to 

protein A/G is ~2.4 mRIU compared to ~0.7 mRIU on the array reader indicating different surface 

protein A/G densities. The surface regeneration step on both instruments removes the entire antibody 

population to recover the initial protein A/G layer.  
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Each of the epitope-stable binding steps can then be interpreted using the conventional Langmuir 

adsorption isotherm (eq (3) which does not take account of the lateral interactions in the protein biofilm 

layer as it is formed 2: 

𝜃 =
𝜗

𝜗m
=

𝑘a[𝑃]

𝑘a[𝑃] + 𝑘d
(1 − exp−(𝑘a[𝑃]+𝑘d)𝑡) 

(3) 

where 𝜃 is the surface coverage, 𝜗 refers to the experimental observable, in this case change in 

scattered brightness, and 𝜗m corresponds to the maximum brightness change when complete 

coverage of the available active sites on the surface is achieved, [𝑃] is the concentration of antibody in 

analyte solution, and 𝑘a and 𝑘d are the adsorption and desorption rate constants, respectively. 

The [IgG]n chain growth in the present case is determined by polyclonal antibody interactions, where 

more than one specific epitope on the analyte combined with two antibody binding sites, presumably 

result in highly branched and cross-linked polymer structure rather than orderly linear chains. Such a 

structure is expected to be much more stable than a simple 1:1 interaction antibody-antigen complex 

and therefore characterized by a rather small 𝑘d. Indeed, the data collected in this investigation show 

that 𝑘d << 𝑘a[𝑃] and the equation can be simplified to give equation (4: 

𝜗 ≈ 𝜗m(1 − exp(−𝑘a[𝑃]𝑡)) 

(4) 

The initial binding rate is characterized by the combined parameter 𝜗m𝑘a, shown in Figure 2, it is 

better defined in the fitting process than single parameters  𝜗m or 𝑘a. The alternating intensity in each 

step is consistent with a small difference in the properties of the rabbit and goat antibodies. The length 

of the antibody in the stack and the number of epitopes available on each antibody determines the 

thickness of each of the stacking steps and includes the antibody orientation and water content. There 

may also be some variation in antibody size between the rabbit and goat species due to different 

glycosylation patterns 13, mechanical flexibility of the antibody structure, or slight differences in 

molecular weight 14 although this effect is considered to be small. 



 8 

 

Figure 2. Calculated values of 𝜗m𝑘a plotted against stack step number for the protein A/G surface. 

Panel (a), AR platform, averaged over 48 spots; Panel (b), SensiQ platform. 

Common to the observations on both the nanoparticle and continuous gold surface, is the 

approximate exponential decay in the sensor response(2) for each successive bio-stack step, Figure 2. 

Fitting the exponential decay of 𝜗m𝑘a, parameter observed for both the continuous gold surface 

(SensiQ data) and the nanoparticles based surface array data gives a characteristic decay length of 

13.6 ± 0.6 steps for continuous and 5.3 ± 0.3 steps for the nanoparticle surfaces, Figure 3. 

0 5 10 15 20 25
0

4

8


m
k

a
 (

m
R

IU
 s

-1
 M

-1
)

stacking step

0 2 4 6 8 10
0

4

8

12


m
k

a
 (

m
R

IU
 s

-1
 M

-1
)

stacking step

a

b



 9 

 

Figure 3. Exponential fit of the calculated 𝜗m𝑘a values for the protein A/G surface. The exponential fit 

refers to the decay of the plasmon field and can be used to calculate the field penetration depth. (a) 

AR, goat-anti-rabbit-IgG R2 = 0.98, rabbit-anti-goat-IgG R2 = 0.99; (b) SensiQ, goat-anti-rabbit-IgG R2 = 

0.97, rabbit-anti-goat-IgG R2 = 0.98. 

The propagating plasmon field penetration depth may be written:   

𝑙𝑑 =
𝜆0
2𝜋

√|
𝜀m + 2

4
| 

(5) 

where 𝜆0 is the wavelength of the excitation radiation, m is the real part of the relative permittivity of the 

metal film and  is the RI of the medium 15. The RI for IgG has been estimated at 1.41 16. The 

penetration depth, ld,  for a continuous gold surface for the protein layer is calculated from equation (5) 

(𝜆0 = 860 nm (SensiQ specifications), m= 10.0 17,  = 1.41 16), to be 238 nm indicating a step length of 

17.5 ± 0.8 nm. From this stacking step calibration, the plasmon field penetration of the nanoparticle 

surface is 93 ± 10 nm which is comparable to the particle diameter measured by electron microscopy. 

The derived step length range of 17.5 nm is consistent with Guinier analysis of IgG by Mayans et al. 18; 

they developed a method of automated scanning of structures using neutron data from a scattering 

camera which is performed in the liquid phase rather than the crystallized structure. With this they 
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identified the length of the longest axis of IgG to be in the range of 16-18 nm in solution depending on 

the host species. The step length points to the integrity of the IgG molecule on the sensor surface. 

The derived penetration depth is surprisingly close to the measured diameter of the spherical 

nanoparticles of 90 ± 13 nm which make up the majority of the gold nanoparticles present, ~85 %. A 

comparison of the observed ld, of 90 nm can be made with the reported experimental LSPR sensor 

response saturations observed for a range of gold particles sizes and shapes. The sensing depth of 

spherical particles has been determined for a variety of different size particles to be from 24 nm for 

12nm particles, 20-25 nm for 15 nm particles, to 40 nm for 39 nm particles 5, 19, 20, about 1-2 particle 

diameters for the studied size range. The plasmon interaction range is also estimated to be the order of 

the particle diameter for 10, 20, 150 nm diameter particles 8, which is comparable to our result. Flat 

nanoprisms with a side width of ca. 100 nm and a height of 50 nm display saturation of the LSPR 

response when coated with a layer about 30-50 nm thick 6, 21. In some plasmonic systems an extreme 

long-range sensing is reported, 70 nm discs and nanoholes arrays exhibit plasmon sensing at > 300nm 

22. The field extension range can also be indirectly inferred from a study of interacting nanoparticle 

pairs, for 50 nm diameter discs the interaction is insignificant at a diameter of ca. 1.2 particles 23. The 

particle surface density for the gold nanoparticles in the array was determined to be 1 np per 220 ± 60 

nm2, therefore the majority of particles are unlikely to show inter-particle interactions 24, there will 

however be some particles that are in closer proximity that may then interact.  

These ‘sensing’ depths although not identical to the penetration depth are a very similar parameter 

and closely associated with ld. Nanoparticles appear to have a sensing depth of between 1-2 diameters 

but the accuracy of this measurement depends on the independent measurement of the layer 

thickness by AFM. Taking into account that the sensor response saturation tentatively corresponds to 

2ld distance (ca. 86% saturation for exponential function) the present observation of ld  particle 

diameter is in line with the previously reported measurements using the calibrated step size from the 

continuous surface and the assumption of 3D epitope stability in IgG. 

Optimization of an LSPR sensor may include tuning of the particle plasmon field penetration depth in 

order to maximize the contribution from the surface adsorbed analyte to the instrument response. The 

bio-stacking measurement of ld using IgG a potential bio-assay species provides a convenient 
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inevitably requires a convenient method of ld measuring and the antibody bio-stacking approach not 

only allows us to determine the field penetration depth but it also does it by employing the immuno-

assay biological system, which is also the prospective/intended target for the LSPR biosensor. This 

may be particularly beneficial because no other materials apart from proteins coat the nanoparticles 

and thus affect the bio-sensor performance in the course of the ld measurements. This means that the 

penetration depth could be tuned by controlling the nanoparticle characteristics and then measured 

independently before an experiment without inhibiting the sensor surface. 
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