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Abstract: Surface Plasmon Resonance Imaging (SPRI) is an optical technique emerged as a powerful tool for the simul-

taneous monitoring of interactions of biomolecules arrayed onto gold substrates. To take fully advantage of the SPRI ap-

proach a precise control of the fluidic of the analyte solution is imposed. The diffusion between the flowing buffer and the 

analyte solution which is established within the fluidic system creates a liquid volume where a gradient in the analyte con-

centration is present. Such gradient is shown to affect the kinetics parameters obtained from the SPRI response. We pre-

sent results obtained from a new delivery approach based on the use of air bubbles. The advantages offered by the new 

approach are demonstrated by using two different interacting biomolecular systems: the streptavidin-biotin system and the 

Ricinus Communis Agglutinin lectin-asialofetuin. 

INTRODUCTION 

 Attention towards the control and the manipulation of 
fluids in the microfluidic regime started to appear in the lit-
erature more than twenty years ago [1], but it is only in the 
last few years that the number of papers regarding the use of 
microfluidic networks for manipulating and analyzing bio-
logical liquid samples has been rapidly increased [2,3]. The 
main reason behind such rapid development is that microflu-
idic devices offer potential advantages over conventional 
biosensor instrumentation. A microfluidic device has one or 
more channels with at least one dimension less than 1 mm. 
The reduced dimensions make phenomena such as diffusion, 
surface tension and viscosity ever more important [3]. This 
working environment is suitable for lots of different applica-
tions such as cell patterning [4] and separations [5], DNA 
analysis [6], flow injection reaction analysis [7], enzyme 
reaction kinetics [8] and many others [9]. In recent years, the 
coupling of microfluidic devices, often made in poly(di-
methylsiloxane) (PDMS), with optical techniques such as 
surface plasmon resonance imaging (SPRI) [10] has shown 
to be a powerful tool for the simultaneous monitoring of in-
teractions of arrayed biomolecules. SPRI expands the label-
free capability of the standard SPR technique to rapidly 
evaluate the interaction between an analyte and its bio-spe-
cific ligand immobilized on a metal sensor surface [11,12] 
by allowing a multiplexed approach to the evaluation of 
biomolecular interactions [13,14]. To take fully advantage of 
the SPRI approach a precise control of both the patterning of 
biomolecules onto the sensor surface as well as the fluidic of 
the analyte solution is imposed. In this perspective, the use 
of microfluidic devices provides an SPRI compatible con-
venient mean for both manipulating very small amounts of 
sample as well as for controlling the patterning of a variety 
of different biomolecules. Microscale conditions induce the  
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laminar flow of fluids [3] (the flow of fluids through micro-
channels is characterized by low Reynolds numbers, usually 
lower than 100) and optimize the way in which liquids are 
put in contact to the SPRI sensor surface. Moreover, mixing 
of fluids in microchannels is diffusion rather than convection 
controlled [3]. 

 A typical problem found in SPR experiments raises when 
the speed of the analyte transport from the bulk solution to 
the ligand immobilized onto the sensor surface is lower than 
the ligand-analyte interaction [15]. Increased flow rates are 
often used in order to minimize analyte mass transport ef-
fects [16] that otherwise could cause alterations in the kinet-
ics parameters obtained from SPR experiments. Unfortu-
nately, larger amount of sample volumes are required as a 
consequence of the need to increase the flow rate and to 
maintain proper contact times between the analyte solution 
and the SPR sensor surface immobilized biomolecules. For 
many years there has been a keen interest in finding methods 
for eliminating the problem of mass-transport [17]. Today, 
we know that the mass-transport effect is related to the diffu-
sion coefficient of the analyte (D), the flow rate of the bulk 
solution (f) and the flow cell dimensions [17]. Alternative 
SPR experimental setups have been also proposed to over-
come the above mentioned limitation [18]. For example, 
miniaturized flow cells, such as those obtained by using mi-
crofluidic devices, help in overcoming mass-transport rate 
limitation thanks to the reduced sample volume involved. 
Nevertheless, when fast interactions and large molecules are 
going to be concerned the above methods cannot completely 
eliminate diffusion processes occurring in the Nernst diffu-
sion layer [19], as well as at the interfaces between fluids 
which flow through the tubing system. 

 In this context, some experimental issues such as the way 
by which the analyte solution is put in contact with the sur-
face become ever more important. In a standard SPR appara-
tus, the switching process between different solutions that 
have to enter the SPR flow cell is usually carried out by us-
ing computer-controlled actuators and different sample 
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loops. Unfortunately this method limits the maximal sample 
volume to the size of the injection loops, forbidding the pos-
sibility to study interactions for long times [20]. 

 In order to solve the above mentioned problems peristal-
tic pumps are often used in common SPRI experimental set-
ups for flowing solutions into PDMS made microfluidic de-
vices that are in contact with the SPRI metallic sensor sur-
face [13]. The resulting diffusion between the running buffer 
and the analyte solution which is established within the 
pump tubing system creates a liquid volume where a gradi-
ent in the analyte concentration is present. Such gradient 
depends not only on D and f, but also on the length of the 
tubing systems and affects the SPRI response in kinetic ex-
periments. The use of air bubbles (ABs) in SPR [18], as 
well as in SPR coupled with MS [21], has been often ap-
plied as a way to separate different solutions. The introduc-
tion of an AB between the running buffer and the solution of 
the analyte in the same buffer has been also proposed as a 
method to minimize the Nernst diffusion layer in a TIRF 
rheometer [19]. 

 In the present paper, we focus only on the diffusion proc-
esses occurring at the liquid-liquid interface. To work under 
conditions that are not limited by mass transport, the flow 
rate was increased to 100 l/min. 

 We firstly demonstrate that the diffusion between differ-
ent solutions occurring inside the tubing system causes a 
concentration gradient that is detectable by the SPRI system 
as a characteristic as well as misleading response. Conse-
quently, we introduce the use of ABs in SPRI measurements 
as a method for obtaining data that are not affected by the 
above mentioned process. The proposed method is shown to 
be particularly advantageous in SPRI studies for monitoring 
real time interactions of molecules with high D values and/or 
high affinity towards the surface immobilized partner. Con-
siderations about how this phenomenon can affect the quan-
titative measurements of important parameters such as the 
kinetic rate constants in the case of different interacting bio-
molecules are discussed. The streptavidin-biotin interaction, 
as well as the binding of the Ricinus Communis Agglutinin 
(RCA120) lectin with asialofetuin (ASF) are used as examples 
to demonstrate the applicability of the new approach to the 
study of biological molecules. The latter are shown not to be 
damaged by the ABs transit in the flow cell. 

MATERIALS AND METHODS 

Materials 

 Reagents were obtained from commercial suppliers and 
used without further purification. Cystamine dihydrochlo-
ride, D-biotin, (+)-biotin N-hydroxysuccinimide ester, 
Dithiobis succinimidylpropionate (DTSP, Lomant's Rea-
gent), triethanolamine (TEA), Ricinus Communis agglutinin 
(RCA120) and asialofetuin (ASF) were purchased from 
Sigma-Aldrich; N-hydroxysuccinimidyl ester of methoxy-
polyethyleneglycol propionic acid (mPEG-NHS, MW=5000) 
and methoxy-polyethyleneglycol amine (mPEG-NH2, 
MW=5000) were purchased from Nektar Therapeutics 
(USA); wild-type streptavidin (SA) was obtained from Invi-
trogen (Italy). Ultra-pure water (Milli-Q Element, Millipore) 
was used for all the experiments. Phosphate buffered saline 
(PBS) solutions at pH = 7.4, (NaCl 137 mM, KCl 2.7 mM, 

phosphate buffered 10 mM, Amresco) were used in the SPRI 
experiments. Absolute ethanol (Sigma-Aldrich) and ultra-
pure water were used for rinsing and for making solutions. 

Surface Plasmon Resonance Imaging Apparatus 

 All the SPRI experiments were carried out by using an 
SPR imager apparatus (GWC Technologies, USA) elsewhere 
described in detail [22]. 

 SPR images were analyzed by using the V++ software 
(version 4.0, Digital Optics Limited, New Zealand) and the 
software package Image J 1.32j (National Institutes of 
Health, USA). SPRI provides data as pixel intensity units on 
a 0-255 scale. As specified by the manufacturer, data are 
converted in percentage of reflectivity (%R), or %R in the 
case of difference images, by using the formula: 

%R = 100 * (0.85 Ip / Is) 

where Ip and Is refer to the reflected light intensity detected 
using p- and s-polarized light, respectively. Kinetic experi-
ments were carried out by sequentially acquiring 15 frames 
averaged SPR images with no time delay between them. A 
15 sec delay was used for prolonged kinetic experiments 
(from 2 to 8 hours). Kinetics data were obtained by plotting 
the difference in percent reflectivity ( %R) from selected 
regions of interest (ROIs) of the SPR images as a function of 
time. To correct raw SPRI data for nonspecific adsorption 
and changes in bulk refractive index, %R for each ROI was 
normalized to the average of the %R measured for the 
background ROIs obtained from adjacent regions where no 
specific interactions were expected to occur. 

PDMS Microfluidic Channels Fabrication 

 Microfluidic channels were fabricated in poly(dimethyl-
siloxane) (PDMS) polymer as described elsewhere [23]. 
Briefly, PDMS microchannels having a volume of about 0.7 

l were created by replication from two masters in polyvinyl 
chloride (PVC), with a pattern of two (80 μm depth, 1.4 cm 
length, 600 μm width) and four (80 μm depth, 1.4 cm 
length, 400 μm width) parallel microchannels, featuring cir-
cular reservoirs (diameter 400 μm) at both ends of each chan-
nel. PEEK tubes (Upchurch Scientific) were inserted in such 
reservoirs in order to connect the PDMS microfluidic cell to 
a Masterflex L/S (Cole-Parmer, USA) peristaltic pump, op-
erating at 100 l/min. Replicas were formed from a 1:10 
mixture of PDMS curing agent and prepolymer (Sylgard 
184, Dow Corning, USA). The mixture was degassed under 
vacuum and then poured onto the master in order to create a 
layer with a thickness of about 3-4 mm. The PDMS was 
then cured for at least 2 hours at 60 °C before it was removed 
from the masters. 

SPRI Experiments 

Water-Ethanol (1%) 

 The mixing caused by diffusion processes between dif-
ferent solutions flowing in a tubing system is easily visual-
ized with an SPRI apparatus by performing an experiment 
where two solutions having different refraction indexes are 
forced to flow one after the other into the SPRI flow cell. In 
order to deliver this simple elution sequence, a switching 
mechanism that allows the change in the eluted solutions has 
to be coupled to the tubing system and a common way to 
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operate when a peristaltic pump is used is to stop the pump-
ing power during the switching step (stopping flow), in order 
to avoid introduction of ABs into the tubing system. In Fig. 
(1) %R is reported as a function of time for a SPRI experi-
ment where a switching between water and a water solution 
containing ethanol (1%) was carried out according to the 
stopping flow method (black line). In the same figure the 

%R variation over time obtained for the same elution se-
quence with the introduction of an AB between each change 
of fluid is also reported (grey line). 

 

Fig. (1). Percent reflectivity variation over time obtained by switch-

ing between water and a water solution containing ethanol (1%) 

with (gray line) and without (black line) the introduction of an AB 

between each change of fluid (pumping power on for 5 seconds at 

100 l/min in air). The gradient in concentration between the two 

different solvents (water = gray, ethanol = black, ABs = white) 

inside the tubing system as it is revealed by the SPRI response is 

depicted above the two graphs. Note the absence of diffusion proc-

esses when ABs take the place of solvent interdiffusion. 

 From the SPRI response recorded for this simple experi-
ment it is clear that there is not detectable air diffusion 
within the two AB separated solutions (Fig. (1), grey line) 
and therefore the introduction of an AB during the switching 
step can in principle allow the acquisition of diffusion-free 
data. 

SA-Biotin 

 SA (from Streptomices avidinii) is a homotetrameric pro-
tein which binds biotin with high affinity (Ka 10

13
 M

-1
) [24]. 

Because of this tight binding, SA has been often used as a 
capturing molecule for in vitro detection, localization and 
immobilization of biotinylated biomolecules [25]. The SA-
biotin system has been widely applied for a wide range of 
applications [26], but it also offers bio-analytical advantages 
as it represents a good model for studying strong biomolecu-
lar interactions for which accurate determination of the ki-
netics binding parameters by SPR is a very challenging task, 
due to the fast time scale in which such interactions take 
place [27]. In order to determine the applicability and reli-
ability of the proposed approach, we investigated the interac-
tion of SA with biotin by using an SPRI apparatus coupled 

with a microfluidic system. The first step of the experiment 
was the immersion of a bare gold chips (GWC Technologies, 
USA) in a 0.1 M cystamine water solution (48 hours under 
inert atmosphere at room temperature) in order to form a 
self-assembled monolayer on the gold surface. The modified 
chips were thoroughly rinsed, respectively, with ultra-pure 
water and ethanol and then dried under a stream of nitrogen. 
A PDMS polymer mold carrying two parallel microchannels 
was then physically attached to the cystamine-modified gold 
surface. A surface pattern was created by flowing the (+)-
biotin N-hydroxysuccinimide ester (biotin-NHS) solution in 
PBS (3.75 mM) through the PDMS microchannels over the 
gold surface. 

 After the biotin immobilization [28], the PBS buffer solu-
tion was flowed into the microchannels until the SPRI signal 
was stable. At this point, the PDMS polymer mold was re-
moved from the surface and the gold chip was immersed in 
an mPEG-NHS solution (4 mM in 0.1 M TEA, pH = 8) for 2 
hours in order to block the unreacted cystamine groups. This 
mPEG-coated background prevents nonspecific adsorption 
of SA during the SPRI experiments. In order to deliver SA 
molecules to the surface, a second set of four PDMS micro-
channels was then attached to the surface perpendicular to 
direction of the first biotin microchannel array [29]. The in-
tersection of the latter with the four microchannels was used 
for monitoring the interaction with SA at four different con-
centrations (0.83 M, 1.66 M, 3.33 M, 5.83 M in PBS 
pH = 7.4, see Fig. (2)), while other adjacent areas were con-
sidered for subtracting the background signal due to non-
specific protein adsorption interactions [30]. 

 

Fig. (2). Difference SPRI image obtained by flowing SA solutions 

at four different concentrations (0.83, 1.66, 3.33 and 5.83 M) in 

the four different microchannels that are positioned perpendicular 

to the two ones where the biotin molecules have been previously 

anchored. The intersection areas are clearly visible as they become 

brighter as a consequence of the change in the refraction index of 

the system, registered by the CCD camera as a change in the lumi-

nosity of the reflected light. Dark areas of the microchannels nearby 

the intersection points have been used for subtracting the back-

ground signal due to non specific protein adsorption interactions. 

 Kinetic data were obtained by plotting the %R as a 
function of time, between the average signals of the intersec-
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tion areas where the biotin molecules were immobilized and 
the average signals of adjacent areas for mPEG background 
(Fig. 3). Further details of similar procedures have been de-
scribed elsewhere [13]. 

 The interaction model for the SA-biotin interaction takes 
into account the possibility to bind one or two biotin mole-
cules to an SA molecule (bivalent model) [31,32]. This 
model is justified by the presence of four binding sites in the 
SA structure. The D2 symmetry of the protein structure sepa-
rates the four subunits as to arrange two of them on one side 
and the other two on the opposite side of the molecule [33]. 
Interaction can thus take place between the surface immobi-
lized biotin molecules and one or two of the binding sites 
present on the SA structure. This mechanism has been 
widely adopted for modeling deviations from simple first-
order kinetics commonly found in the desorption of SA from 
biotinylated SAMs [34]. Therefore, there are two key rate 
constants for the steps involved in the above mechanism. 
The first-order rate constant for the competitive cleavage of 
the bond between SA and one molecule of surface-bound 
biotin and the slower rate constant for the simultaneous dis-
sociation of both SA-biotin bonds or their sequential disso-
ciation. Since the rate constant from the fastest exponential 
component has been usually reported as a conservative esti-
mate of the rate constants for dissociation of SA from sur-
face-bound biotin [35], the curves are generally fitted with a 
single first-order exponential decay. The kinetics constant 
reported as k

app
off in Table 1 was obtained by using this ap-

proach. 

 Moreover, although the dissociation proceeds with a 
faster rate on a surface rather than in a solution, mainly be-
cause of entropic reasons [34], the recourse to mutant SA 
molecules that have a lower affinity towards biotin and 
therefore dissociate on a faster time scale is often necessary 
in order to estimate the SA-biotin kinetics binding constants 
[36]. Alternatively, another approach used for the study of 
the SA-biotin interaction considers the steady-state part of 
the binding SPRI curve, reached when association (kon) and 
dissociation (koff) kinetic rate constants are equal [37]. Both 
the two mentioned approaches do not consider the initial 
adsorption phase of SA with biotin. Normally, when the 
rapid interaction between these two biomolecules is investi-
gated by SPR, an underestimation of the kinetics parameters 
occurs due to both intrinsic limitations of the technique re-
sponse as well as the diffusion processes inside the tubing 
system. In our case, the latter constrain was minimized by 
the introduction of ABs in the elution sequence and the ad-
vantage of considering all the different portions of the interac-
tion curves (including the initial adsorption phase) could 
therefore be exploited. In order to validate our results, data 
obtained from two different SPRI experiments were consid-
ered: 

i) SPRI kinetic data for the adsorption of SA (Fig. 3) 
were fitted with the function resulting from the nu-
merical integration of the differential rate equations 
for the bivalent model [35] (ClampXP data analysis 
software [38]). Four different SA concentrations 
(0.83, 1.66, 3.33 and 5.83 M) provided the average 
values for kon and koff shown in Table 1. Similar ex-
periments were carried out with and without ABs to 
check the reliability of the AB-based method. 

ii) The desorption of the surface bound SA by competi-
tive dissociation with free biotin in solution (1mM 
biotin in PBS buffer) was followed for several hours 
and the kinetic data were fitted (Fig. 6) by using a 
single first-order exponential decay equation as de-
scribed elsewhere [34,35]. 

 The kinetics parameters obtained by the different ap-
proaches are reported in Table 1 where a comparison with 
kinetics parameters available from the literature for analo-
gous systems is also carried out. 

ASF-RCA120 

 Lectins ability to distinguish between variations of oligo-
saccharide structures makes them perfectly suitable as de-
coders for carbohydrate-encoded information involved in 
many biological processes [39] and have been attributed to 
disease progression, making analysis of saccharide-lectin 
binding processes important as a diagnostic tool [40]. The 
lectin from Ricinus Communis Agglutinin (RCA120) is a 
potent cytotoxic protein contained in the seeds of the castor 
bean Ricinus Communis and it has been shown that RCA120 
recognizes -linked galactosyl residues of ASF with high 
affinity KA 1.6 x 10

8
 M

-1 
[41]. 

 ASF carrying desialylated fetuin side chains, possesses 
three Gal 1,3GalNAc residues for each polypeptide chain. 
Two of them are close to each other while the third is re-
motely positioned [42]. 

 SPRI experiments were carried out by using the already 
described microfluidic approach. The bare gold chip was 
modified by immersion in a DTSP solution (4mM in DMSO, 
48 hours, under inert atmosphere and room temperature). 
DTSP is a homobifunctional, thiol-cleavable cross-linker 
that introduces a self-assembled monolayers of N-
succinimidyl-3-thiopropionate groups on the gold surface 
[43]. ASF surface immobilization was carried out by flowing 
ASF (1.04 M in PBS) through parallel PDMS microchan-
nels in contact to the DTSP modified gold surface. An ori-
ented immobilization of the ASF with respect to -linked 
galactosyl residue, resulting from its immobilization through 
the peptide moieties, reduced any steric hindrance between 
the surface and the Gal 1,3GalNAc residue [44]. Unreacted 
DTSP groups were deactivated by soaking the surface in an 
mPEG-NH2 solution (4 mM in 0.1 M TEA, pH = 8, for 2 
hours). A set of four PDMS microchannels was used in order 
to study the interaction of RCA120 with the surface immobi-
lized ASF. Four solutions having different RCA120 concen-
tration (100 nM, 200 nM, 400 nM, 800 nM in PBS pH = 7.4) 
were put in contact to the surface immobilized ASF (flow 
rate 50 L min

-1
). The experiments were replicated by intro-

ducing ABs between the running buffer and the RCA120 solu-
tions. Kinetic parameters were obtained by fitting the SPRI 
experimental data according to procedures elsewhere de-
scribed [45] on the basis of a 1:1 interaction model. 

RESULTS AND DISCUSSION 

 In Fig. (1) the variation in percent reflectivity over time 
obtained for the same elution sequence with and without the 
introduction of an AB is reported. The difference in the re-
fractive index of the two solutions ( n = 0.0006) [46] is reg-
istered by the SPRI apparatus with a change of about %R 
=2.8. Although there is a clear-cut division between the two 
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solutions at the entrance of the tubing system, in the absence 
of ABs this is not observed in the obtained SPRI response. 

 A time of about 100 seconds elapses before the switching 
between the two solutions is completed, i.e. diffusion oc-
curred inside the tubing system and a sigmoidal lag phase 
(sample mixing) is observed in the SPRI response as a result 
of the creation of a gradient in the ethanol concentration 
within the liquid volume affected by the diffusion. Although 
the latter could be minimized by optimizing the experimen-
tal setup (length of the tubes, flow rate, use of switching 
valves at the entrance of the flow cell), it cannot be totally 
removed in a standard SPRI experiment. On the contrary, 
the introduction of ABs in the elution sequence removed the 
diffusion problem (Fig. (1), grey line). The size of the ABs 
could be controlled by varying the time of air aspiration by 
the peristaltic pump and 5 seconds was generally chosen as 
the best time interval for our experiments. Therefore, the 
ABs prevented the formation of a concentration gradient 
within the tubing system by maintaining the interface be-
tween two solutions constantly and completely separated. 

 For real biomolecular interactions, generally, whatever 
model is used for fitting the SPRI kinetic data, it is obvious 
that a gradient of the analyte concentration ( A) causes an 
SPRI response that can have negative effects on the interpre-
tation of the data, altering the final value of the kinetics pa-
rameters obtained. A varies depending on the diffusion 
processes that occur in the tubing system, i.e. it depends on 
the diffusion coefficient of the analyte as well as on the par-
ticular conditions used for the experiment, so that the kinet-
ics parameters calculated by fitting the detected SPRI re-
sponse over time can be affected by errors. The latter will be 
higher for small molecules, as they diffuse rapidly into the 
buffer solutions. SPRI studies are often carried out on large 
biomolecules that, by having a low diffusion coefficient, cre-
ate a small A. Nevertheless, problems still arise if the in-
teraction between the immobilized molecules and the flow-
ing analyte is very fast. In this case, the initial slope of the 
detected SPRI response over time has an impact on the data 
fitting parameters, and therefore, in order to obtain reliable 
kinetics data, diffusion processes should be avoided. Al-
though the AB method used in the case of the ethanol solu-
tion experiment previously described showed to be very suc-
cessful for such purpose, the new experimental approach had 
to be verified in the case of a switching between a running 
buffer and a biomolecule containing solution. Furthermore, 
the potential damage that the contact with the air could cause 
to a SPRI sensor chip immobilized biomolecular system had 
to be investigated. A very strong interaction is established 
between the very well-known SA and biotin systems [47]. 
The value of Ka  10

13
 M

-1
 is widely accepted for such a sys-

tem as one of the highest affinity constant known in natural 
biological systems. It is then obvious that, in the study of the 
SA-biotin interaction, the first part of the SPRI response over 
time has a high impact on the kinetics parameters calculation 
and for this reason the SA-biotin interaction was chosen as a 
model system for our purposes. The SPRI kinetics data (Fig. 
3) obtained from the interaction of surface-immobilized bio-
tin with four solutions having different SA concentration 
were fitted by following the approach described in the Mate-
rials and Methods section. Although the SPRI signal is mo-
mentarily saturated during the ABs transit in the microchan-
nel, this does not affect the overall result, as it is shown in 

(Fig. 4). SPRI saturated signal returns to its original value 
after the AB transit, not affecting the SPRI kinetic data ap-
pearance during the initial stage of the interaction. Therefore, 
the SPRI data after the AB transit can be considered fully 
representative of the interaction and used for kinetics study. 

 

Fig. (3). Kinetics data for SA interaction with surface immobilized 

biotin. An AB was inserted between the running buffer and the SA 

solution. Four different concentrations of SA were used: 0.83 M 

(a), 1.66 M (b), 3.33 M (c), 5.83 M (d). Saturation of the signal 

due to the ABs transit in the microchannels was omitted for sim-

plicity, while dashed lines represent fits obtained as described in the 

text. In the lower part of the graph the residuals are also reported. 

 

 

Fig. (4). Kinetics data for the elution sequence [PBS/(SA in 

PBS)/PBS]. An AB was inserted between each change of solution, 

the surface was previously functionalized with biotin and a concen-

tration of SA of 2.08 M was used. The zoomed area shows that the 

SPRI signal returns very close to its proper value after the satura-

tion spike due to the ABs transit in the microchannel. 

 Analogous results are obtained if a comparison of SPRI 
data registered for SA solutions (SA concentration 2.08 μM) 
eluted with or without ABs (Fig. (5), gray line and black line 
respectively) is carried out. Also in this case, an SPRI re-
sponse affected by an initial diffusion-produced sigmoidal 
lag-phase (Fig. (5), black line) is substituted with a diffu-
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sion-free exponential form when ABs are introduced in the 
elution sequence (Fig. (5), gray line). 

 

Fig. (5). Change in percent reflectivity over time for the elution 

sequence [PBS/(SA 2.08 M in PBS)/PBS] with (grey line) and 

without (black line) the introduction of an AB. Differences in the 

SPRI short-time response (about 40 seconds for the shown experi-

ment. See zoomed graph) cause changes that affect the evaluation 

of kinetic parameters. The introduction of an AB removes data 

artifacts due to concentration gradients inside the tubing system. 

 The average rate constants obtained by fitting the SPRI 
kinetic data for the adsorption of differently concentrated SA 
solutions (Fig. 3) are reported in Table 1 where results from 
different experimental approaches are compared. Before 
going into the details of the specific interaction, it is worth to 
highlight that the calculated kinetic parameters obtained 
from experiments where ABs were introduced in the elution 
sequence are similar to the ones reported in the literature, 
proving already the applicability of the new experimental 
protocol to the SA-biotin system. The AB transit did not 
cause a detectable alteration of the biotinylated surface as the 
latter would have produced a dramatic change of the kinetic 
parameters that was not observed. Kinetic parameters avail-
able from the literature (kon=5.13 x 10

6
 M

-1
s

-1
. See ref. [36]) 

were calculated by assuming a simple bimolecular interac-
tion model. Under analogous conditions data fit provided in 
our case a rather similar adsorption rate constant value (kon = 
9.7 x 10

5 
M

-1
s

-1
). Data fitting carried out on the basis of the 

bivalent interaction model, resulting from the consideration 
that interaction can take place between the surface immobi-
lized biotin molecules and one or two of the binding sites 
present on the side of the SA facing the surface, provided 
faster adsorption rate constants when the experiments were 
conducted by using ABs (k

1
on = 8.7 (±0.3) x 10

4
 M

-1
 s

-1
, k

2
on 

= 2.9 (±0.4) x 10
3
 M

-1
 s

-1
. Table 1). As expected, the desorp-

tion rate constants (k
1

off and k
2
off) obtained by considering 

only kinetic data for the SA adsorption are seriously affected 
by limitations imposed by the high affinity of the interaction 
and significantly differ from values reported in the literature 
from both solution (koff = 5.4 x 10

-6
 s

-1
) [24] as well as con-

ventional SPR desorption experiments (koff = 1.4 x 10
-4

 s
-1 

[35]; koff = 1.4 x 10
-5

 s
-1 

[34]). 

 Although difficulties in comparing SPR data due to the 
different procedures adopted to immobilize biotin molecules 
onto the gold surface and to the different values of surface 

coverage of biotin are expected, it is important to note that 
similar calculations carried out by considering SPRI data 
obtained from experiments conducted with no ABs produce 
results which testify the alteration of the faster adsorption 
rate constant (k

1
on = 1.6 (±0.3) x 10

4
 M

-1 
s

-1
) due to the liq-

uid-liquid diffusion lag. The calculated value produces an 
underestimation of the value obtained from experiments 
conducted with ABs. 

 To better evaluate the contribution of the desorption onto 
the SA-biotin equilibrium and in order to further prove the 
conserved integrity of the biological system we decided to 
run experiments where the SA-biotin interaction was fol-
lowed for few hours in the desorption phase. Due to the ex-
ceptionally high affinity of SA for biotin, SA was desorbed 
from surface-bound SA molecules by competitive dissocia-
tion with free biotin in solution. This was achieved by the 
injection of 1 mM free biotin in PBS buffer at the end of 
injection of the SA sample and the dissociation of SA was 
monitored for few hours. A similar experimental condition 
was also used to avoid rebinding of SA during the long-time 
desorption. The %R variation over time obtained is re-
ported in Fig. (6). 

 

Fig. (6). Kinetics data for the desorption of surface bound SA by 

competitive dissociation with free biotin in solution (1mM biotin in 

PBS buffer). Streptavidin was immobilized at 3.33μM (a), 5.83μM 

(b) concentration on the biotinylated surface. Dissociation started at 

about 800 sec. Saturation of the signal due to the ABs transit in the 

microchannels was omitted for simplicity. The best fit (R
2
 = 0.99) 

single first-order exponential decay desorption process (red line) led 

to a desorption rate constant value of k
app

off = 1.5 (±0.4) x 10
-4

 s
-1

. 

 According to procedures described elsewhere [35], SPRI 
kinetic data for the long-time desorption of SA from the bi-
otinylated surface were fitted by using a single first-order 
exponential decay equation. An average value of dissociation 
rate constant of k

app
off = 1.5 (±0.4) x 10

-4
 s

-1
 was obtained in 

this case. This value is in the range of values reported for the 
SA desorption process from biotinylated surfaces (Table 1) 
[34,35]. 

 These results were considered a confirmation that the 
described method can be safely applied to biological systems 
and that ABs inside the flow channels do not cause any SPRI 
detectable damage to the surface immobilized biotin (as con-
firmed by the results reported in Fig. (4)). Moreover, the 
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calculated kinetic rate constant values are in the expected 
range for the SA-biotin interaction, demonstrating that no 
SPRI detectable damage to the biomolecules system oc-
curred. Moreover, different fitting procedures and data 
evaluations helped to support the conclusion that SA inter-
acts with biotin by establishing equilibria with rate constants 
that have values within the expected range for such a system. 

 In order to further prove the applicability of the AB 
method to real biomolecular systems, the interaction of 
RCA120 with the surface immobilized ASF was used as a 
second model system for the SPRI real-time binding kinetics 
monitoring. The chosen interaction is not as fast as the SA-
biotin one and the diffusivity of RCA120 is lower than that of 
SA (DSA= 9.7 10

-7
 cm

2
 s

-1
; DRCA= 7.5 10

-7
 cm

2
 s

-1
. T=25°C. 

Values calculated with the ClampXP software). Both the 
above mentioned points are expected to minimize the influ-
ence of the lag-phase over the SPRI kinetics data. Fig. (7) 
shows the SPRI data obtained when the ASF-RCA120 inter-
action was investigated by using a specific RCA120 solution 
(RCA120 concentration 400 nM). The experiments were car-
ried out with or without AB (gray line and black line respec-
tively.). Also in this case the initial diffusion-produced sig-
moidal lag-phase (Fig. (7), black line) is substituted with a 
diffusion-free exponential form (Fig. (7), gray line) but the 
advantage offered by the diffusion-free environment is  
 

 

Fig. (7). Change in percent reflectivity over time for the elution 

sequence [PBS/(RCA120 400 nM in PBS)/PBS] with (gray line) and 

without (black line) the introduction of an AB. Differences in the 

SPRI short-time response (about 30 seconds for the shown experi-

ment. See zoomed graph) cause changes that affect the evaluation 

of kinetic parameters. The introduction of an AB removes data 

artifacts due to concentration gradients inside the tubing system. 

minimized and very similar kinetic behaviors are to be pre-
dicted from the SPRI data evaluation. Kinetic SPRI experi-
ments were carried out in order to further prove the conserved 
integrity of the surface immobilized biological system after 
the AB transit. Fig. (8) shows SPRI kinetic data obtained from 
the interaction of surface-immobilized ASF with four solu-
tions having different RCA120 concentration (100 nM, 200 
nM, 400 nM, 800 nM in PBS pH= 7.4). The SPRI kinetic data 
for the interaction of ASF with a 400 nM RCA120 solution 
obtained without AB are shown for comparison (Fig. (8), red 
line). The %R variation over time following the signal satu-
ration due to the AB transit was used to calculate the rate con-

stants (Table 2). The calculated values are in agreement with 
data reported in the literature [40] even if a slower dissociation 
rate was observed in our case (koff =3.48(±0.02) x 10

-4 
s

-1
 to be 

compared to koff =2.1(±0.1) x 10
-3

 [41]). The difference cannot 
be a consequence of an AB generated surface degradation 
since a quite similar SPRI kinetic response was observed 
when no ABs were used (Fig. 8). However, different experi-
mental parameters have been reported to significantly affect 
the dissociation rate constants for the RCA120 interaction with 
human erythrocytes [48]. 

 

Fig. (8). SPRI kinetic data obtained from the interaction of surface-

immobilized ASF with four solutions having different RCA120 con-

centration (100 nM, 200 nM, 400 nM, 800 nM). The SPRI kinetic 

data for the interaction of ASF with a 400 nM RCA120 solution 

obtained without AB are shown for comparison (red line). 

 The above reported discussion for both SA-biotin and 
ASF-RCA120 interactions shows that it can be quite difficult 
to compare SPRI results from different experimental proce-
dures. Nevertheless, we believe that our results showed a 
significant advantage in using the new AB approach, which 
is clearly demonstrated by comparing kinetic constants ob-
tained within the same SPRI setup for different biomolecular 
systems. 

Table 1. Adsorption (kon) and Desorption (koff) Kinetic Rate 

Constants for SA-Biotin System Obtained by Differ-

ent Experimental and Fitting Procedures, as De-

scribed in the Text 
 

 k
1
on (M

-1
s

-1
) k

1
off (s

-1
) k

2
on (M

-1
s

-1
) k

2
off (s

-1
) 

Adsorption 
with AB 

(8.7±0.3)  
x 104 

(7.2±0.5) 
x 10-2 

(2.9±0.4) x 103 (6.9±0.3) x 10-3 

Adsorption 

without AB 

(1.6±0.3)  

x 104 

(2.9±0.9) 

x 10-2 
(1.3±0.5) x 103 (3.3±0.2) x 10-3 

Long- Time 

Desorption 
 

(1.5±0.4) 

x 10-4 a 
  

Literature 5.13 x 106 b 

5.4 x 10-6 c 

1.4 x 10-4 d 

1.4 x 10-5 e 

  

k1 and k2 refer to kinetic constant calculated according to a bivalent interaction model 
that consider the SA interaction with one (k1) or two (k2) biotin molecules respectively. 
a kapp

off obtained by fitting with a single first-order exponential decay equation. b From 

ref. [36]. Value obtained by using a 1:1 interaction model. koff was not determined in 
this paper. c From ref. [24]. Value obtained from solutions. d From ref. [35]. Desorption 

rate constant reported as kapp
off. 

e From ref. [34]. 
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Table 2. Adsorption (kon), Desorption (koff) Rate Constants 

and Affinity (KA) Constant for ASF-RCA120 System 

Obtained by Introducing ABs in the Elution Se-

quence as Explained in the Text 

 

 kon (M
-1

 s
-1

) koff (s
-1

) KA (M
-1

) 

Adsorption 
with AB 

(2.27±0.03) x 105 (3.48±0.02) x 10-4 (6.5±0.09) x 108 

Literaturea  (3.4 ±0.1) x 105 (2.1±0.1) x 10-3 (1.6±0.1) x 108 

Literature values are also reported for comparison. a From ref. [41]. 

 

CONCLUSIONS 

 We have shown that the diffusion inside the tubing sys-
tem leads to misleading SPRI data processing. When fast 
interaction processes and/or analytes with high diffusion 
coefficient are going to be investigated by SPRI, problems of 
altered kinetics parameters arise and the first part of the 
SPRI kinetic response is the most affected by the concentra-
tion gradient formed inside the tubing system. The introduc-
tion of ABs in the elution sequence completely removes the 
formation of a concentration gradient and liquid-liquid diffu-
sion-free responses are produced. Different elution se-
quences were tested in order to assess the applicability of the 
new experimental procedure. For the elution sequence where 
water was switched to a water solution containing ethanol 
(1%) the diffusion between the two solutions was completely 
removed and a perfect clear-cut step was observed in the 
SPRI response curve. Analogous results were obtained when 
a switching between a running buffer and a protein buffered 
solution was carried out. 

 The new experimental method was applied to the SA-
biotin and the ASF-RCA120 systems and the relevant SPRI 
kinetic data were used in order to calculate the kinetics pa-
rameters characteristic for the specific biomolecular interac-
tions. The acceptable accordance with the data reported in 
the literature demonstrated that the biomolecules are not dis-
rupted by ABs, showing that the new approach can be ap-
plied to real biological systems. 

 This work demonstrated that in order to produce SPRI 
kinetic parameters that approach diffusion-free data, the use 
of the ABs procedure coupled with a proper experimental 
setup (high flow rate, use of microchannels, etc.) is revealed 
to be advantageous. 
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