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Abstract— Interest to biosensors employing  surface or localized 
plamons is rapidly growing both in research and clinical 
application. Plasmon-based sensors offer extremely high 
sensitivity, only second to the optical detection techniques 
involving fluorescent labeling, but without the necessity to label 
the molecule. In particular, surface plasmon resonance (SPR) 
sensors have been already demonstrated suitable for food-safety 
control, label-free screening for various disease markers in bodily 
fluids, as well as for real-time continuous monitoring of drug 
levels in intensive care environment.  We envisage such sensors to 
be integrated into wireless communication infrastructure for e-
health and environmental monitoring applications.  

One of the important threats in hospital environment is multi-
resistant organisms that are not affected by common antibiotics. 
The growth of multi-resistant infections spurred an interest in 
Antimicrobial peptides that are active against broad range of 
infections including bacteria, fungi and viruses and were shown 
to be capable of treating multi-resistant infection either alone or 
in combination with the conventional antibiotics.  

In this paper , we demonstrate an application of  plasmon based 
biosensors to the study of the interaction of Antimicrobial 
peptide IL4 and DNA. Our results indicate high affinity binding 
between IL4 and DNA thereby preventing DNA replication and 
eventually killing the affected cell. We speculate that this is 
common for a large class of Antimicrobial peptides and can be a 
key point explaining their broad range of activity against various 
pathogens. 
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I.  INTRODUCTION 
First plasmonic effects were discovered in the beginning of the 
20th century as dark bands in the light reflected form metal 
diffraction grating (Wood’s anomaly) and peculiar light 
scattering properties of small metal particles (“Mie 
plasmons”), though the later effect was used by the glass 
blowers to create vibrant colours since at least 4th century AC 
(e.g. famous Roman “Licurgus cup”).  However, it was only 
recognized in 1970s that the plasmonic effects can be used for 
precise measurements of optical properties of thin metal films 
and their surroundings.  This eventually lead to the first 
practical plasmonic biosensors based on surface plasmon 
resonance (SPR) at a metal surface introduced in the early 
1980s[1] .  
Most of the current plasmon biosensors are based on the fact 
that the resonance conditions required to excite the plasmons 
depend on the refractive index of the dielectric medium next 

to the metallic interface or around the metallic nanoparticle. 
Moreover, as the field of the plasmon decays exponentially in 
the surrounding dielectric, the technique is highly sensitive to 
permittivity changes in the close vicinity of the metal-
dielectric interface, typically less than a couple of hundred 
nanometer, depending on the geometry and wavelength used . 
Binding of molecules, such as DNA or proteins, at the metal 
surface changes the permittivity, and the concentration of 
molecules on the surface is directly correlated to the change in 
resonance angle. On the other hand, coupling of plasmonic 
excitations between closely separated objects (e.g. metal 
particles) encompass an order of magnitude shorter distances 
and therefore might provide much more sensitive way to 
detect bio-molecular interaction or even conformational 
changes.   
Detection of small molecules interacting with double stranded 
DNA (dsDNA) linked to a thin metal film has been performed 
with SPR sensors monitoring the refractive index change[2]. 
Still, the smaller the interacting molecule the lower does the 
SPR response become. Therefore, a method for enhancing the 
signal is required. In this respect, coupling of an Ag 
nanoparticle conjugated to the dsDNA would enable coupling 
of the LSP in the nanoparticle and the SPP in the metal film, 
or when off the LSP resonance, scattering of the SPP by the 
nanoparticle is enabled. The coupling has been reported to be 
very sensitive to the distance between the nanoparticle and the 
metal film[3], and a pH sensor based on the phenomenon has 
already been produced[4]. It is hypothesized that this enables 
detection of the binding of molecules which alter the DNA 
conformation at binding to dsDNA interlinking a nanoparticle 
and a metal film.  
Cationic antimicrobial peptides have been isolated from a 
wide range of organisms including mammals, and they are 
part of the innate host defense system. Indolicidin (IL) belongs 
to this class of peptides and it has the amino acid sequence 
ILPWKWPWWPWRR-NH2 (Fig.1). It was first isolated in 
1991 from the cytoplasmic granules of bovine neutrophils, and 
the short sequence makes it the smallest of the known 
naturally occurring linear antimicrobial peptides[5]. The 
structure of IL is unordered in aqueous medium[6]. There 
have been reports on antibacterial, antifungal, antiparasitic, 
and antiviral functions of IL[7]. However, its mechanism of 
action is not completely determined[8]. It has been shown that 
IL works by binding to and permeabilizing cell membranes 
though without lysing the cells[9, 10]. Additionally it is able 
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to inhibit DNA synthesis in Escherichia coli[10]. Other studies 
have shown that IL is able to bind DNA, which may be part of 
the IL mechanism of action[11, 12]. 

 
 

 Figure 1. Structure of IL-4 antimicrobial peptide 
 

The antimicrobial properties of IL makes it interesting as 
an alternative for antibiotics. This potential use of IL is 
however complicated by the fact that the peptide is relatively 
toxic toward mammalian cells[13]. Indolicidin has been 
reported to cause lysis of erythrocytes and display cytotoxicity 
towards human lymphocytes. In contrary, single tryptophan 
analogs of IL synthesized in [6] exhibit no hemolytic activity, 
whereas the antibacterial activity of the analogs is retained, 
though at a lower potency. The analogs were constructed with 
the 4th (IL-4) 8th (IL-8), or 11th (IL-11) tryptophan retained and 
the remaining tryptophanes substituted by leucines. 
In this paper we will present our results of study the 
interaction between DNA and antimicrobial peptide IL-4 using 
surface plasmon resonance and explore the effect of Ag 
Nanoparticles (AgNP) attached to DNA.   

II. MATERIALS AND METHODS 

A. DNA 
Single stranded DNA (ssDNA) 5’-HOC6S-SC6-
TTTTTTGTGTGTGTGTTTTT-3’ (further abbreviated as 
“thiol-DNA”) and 5’-C*C*C*C*C*C*C*C*C*C*AA 
AAAACACACACACAAAAA-3’ (“pto-DNA”, * marks 
phosphothiolated base pairs) was bought from (Eurofins 
MWG Operon). Analysis of pto- and thiol-DNA using 
OligoAnalyzer 3.1 showed that neither of the two sequences 
are able to form stable secondary structures or homo-dimers.   
The DNA was dissolved in aliquots containing 1nmole DNA 
in sterilized MilliQ water, and finally freeze dryed for storage 
at -20°C.  

B. PREPARATION OF Ag NANOPARTICLES 
Ag nanoparticles were synthesized in solution as follows1mM 
NaBH4 in MilliQ water and 1mM AgNO3 in MilliQ water 
(3:1v/v) were cooled on ice before the addition of NaBH4. The 

mixture was protected from light and cooled on ice while 
stirring for 2h. 
DNA stabilized Ag nanoparticles were synthesized by the 
addition of pto-DNA to the nanoparticle solution (1.43µM or 
2.86µM and 20mM NaCl). The mixture was protected from 
light and incubated at 60 0C for 2h and at room temperature 
overnight.  
DNA stabilized Ag nanoparticles were separated in 1% 
agarose gel at 50V applied for 60min.in 1X TBE running 
buffer. Samples were concentrated by centrifugation at 
12000g for 10min at 20°C and resuspended in 3% of the initial 
volume. The gel was stained with ethidium bromide. 
The absorbance spectra of Ag nanoparticles were measured 
using a VWR International UV-1 UV-Vis spectrophotometer 
in the wavelength range 250-800nm.  

C. ATOMIC FORCE MICROSCOPY 
Immobilization of DNA-protected nanoparticles on the gold 
surfaces used in AFM and SPR experiments was done via 
DNA hybridization to the reverse-complementary strand thiol-
DNA. 10µM thiol-DNA was deprotected with 100mM DTT 
dissolved in 400mM Tris-HCl pH 7.5 for 30min. DTT was 
removed by running the sample through two illustra NAP-5 
columns (GE Healthcare, Little Chalfont, UK). The columns 
were equilibrated with 400mM Tris-HCl pH 7.5. DNA was 
eluted following the manufacturer guidelines. After removal 
of DTT the DNA concentration was estimated to be 1µM. The 
deprotected thiol-DNA was placed in a drop on a newly flame 
annealed Au surface (arrandee™, Werther, Germany) or a Au 
surface of the type used for SPR experiments (XanTec 
Bioanalytics, Lotnr.: SC AU 12 07 P4) and incubated for 2h at 
room temperature in a humidity chamber to avoid evaporation. 
Excess DNA was removed with 10ml MilliQ water, and the 
surface was placed in 1mM mercaptohexanol in MilliQ water 
for 1 hour. Excess mercaptohexanol was removed with 30ml 
MilliQ water, and dried under a nitrogen stream. Ag 
nanoparticles stabilized with pto-DNA were placed in a drop 
on the surface and incubated overnight in a humidity chamber 
at room temperature. The surface was rinsed with 30ml MilliQ 
water, blow dried with nitrogen, and imaged by AFM. 
AFM images weret taken with a Digital Instruments 
Multimode Nanoscope IIIa AFM (Bruker Corp.) operated in 
tapping mode. The microscope was equipped with a “J” 
scanner and OMCL-AC160TS cantilevers (Olympus, k = 
42N/m, f = 300kHz). The microscope was controlled with 
Nanoscope software version 530r3sr3. The captured images 
were plane subtracted and flattened using the Nanoscope 
software, and processed using WSxM 5.0 Develop 1.0 
software[14]. 

D. SOLID PHASE PEPTIDE SYNTHESIS AND 
PURIFICATION 

IL-4 (ILPWKLPLLPLRR-NH2) was synthesized using 
automated Fmoc solid-phase peptide synthesis (Activo P11 
automated peptide synthesizer Activotec), on rink amide 
MBHA resin (Advanced ChemTech) resulting in amidated 
peptides. The peptide was cleaved off the resin by addition of 
2 mL cleavage solution,(95% TFA, 2.5% TIS, 2.5% Milli-Q 
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water) and 90 minutes shaking. The peptide was precipitated 
by adding ice-cold diethylether. The precipitate was 
centrifuged for 10 min at 5,000 rpm (40C ) and the supernatant 
was discarded. The procedure was repeated 3 times before the 
powder was freeze-dried. 
Purification of IL-4 was done by fast protein liquid 
chromatography (FPLC). The synthesis product was 
resuspended in 5% (v/v) TFA/MilliQ water at a concentration 
of 1.5mg/ml and separated on a Superdex Peptide 10/300 
column on a ÄKTApurifier 10/100 (GE Healthcare) 
equilibrated with 0.1% (v/v) formic acid. The flow rate was 
0.5ml/min and samples were collected as followed by UV 
(215nm, 254nm, and 280nm). The samples were freeze-dried 
and stored at -20°C until further use. Concentration was 
calculated from a molar extinction coefficient of 5690cm-1M-
1 at 280nm[15]. 

E. SURFACE PLASMON RESONANCE 
SPECTROSCOPY 

Binding of IL-4 to dsDNA was monitored by SPR 
spectroscopy with and without AgNPs linked to the DNA. 
SPR measurements were performed on a Reichert SR7000DC 
instrument (Reichert, Depew, NY) ,Reichert SPR V.4.0.17 
software. The flow was maintained with a Harvard Apparatus 
PHD 2000 Programmable syringe pump at 10µl/min, all 
experiments were performed at RT. The bare Au surface 
sensor chips were produced in house. The chips were cleaned 
in an ozone cleaner (BIOFORCE Nanosciences, model 
UV.TC.EU.003) for 30min prior to mounting in the SPR 
instrument. The SPR instrument was calibrated following the 
manufacturer recommendations. The Au surface was 
equilibrated with 2mM Tris-HCl buffer pH 7.5. Several 
injections of 99% EtOH were made in order to rinse the 
surface. Deprotected thiol-DNA with an expected 
concentration of 870nM was injectedin the sample chamber 
only and left for 100 min. After washing excess thiol-DNA, 
1mM of mercaptohexanol dissolved in MilliQ water was 
injected for 20min into both chambers. In order to obtain 
dsDNA on the surface, either Ag nanoparticles stabilized with 
pto-DNA or pure pto-DNA were injected into both chambers 
for 1h.  
Different concentrations of IL-4 dissolved in 2mM Tris-HCl 
buffer pH 7.5 were injectedover a period of 1h. The surface 
was regenerated with 500mM NaCl in 2mM Tris-HCl pH 7.5 
between each IL-4 injection. Binding kinetics of IL-4 binding 
to dsDNA was evaluated using Scrubber2 software version 
2.0b from BioLogic Software. Binding curves were produced 
by subtracting the reference chamber response from the 
sample chamber response. Reflectivity scans, with the 
reflectivity of the two channels measured as a function of the 
angle of the light exciting the surface plasmons, were 
measured before and after the pto-DNA or pto-DNA modified 
Ag nanoparticle injection and after the second IL-4 injection. 
The reflectivity scans were normalized with a scan obtained 
with air in the sample and reference chambers. 

III. RESULTS 

A. STABILIZATION OF Ag NANOPARTICLES WITH 
DNA 

The band position and bandwidth of nanoparticle LSPs is 
determined by the nanoparticle size and the presence of 
adsorbed molecules at the nanoparticle surface. In the free-
electron limit the LSP extinction band of metals can be fitted 
to a Lorentzian curve[16]. Therefore, the measured absorbance 
spectra of AgNPs have been fitted to Lorentzian curves to 
determine the plasmon band full width at half maximum 
(FWHM) and, when possible, also the wavelength of 
maximum absorbance (λmax)[17]. The LSP band of unmodified 
AgNP is situated around 400nm. 
 
The absorbance spectra of Ag nanoparticles stabilized with 
pto-DNA present at concentrations of 1.43µM and 2.86µM 
may be observed in Fig.2. The graph also shows the spectra of 
“as-produced” Ag nanoparticles and the nanoparticles after 2h 
heating at 60 0C, i.e. a procedure similar to DNA 
functionalization conditions.  

Figure 2. Absorbance spectra of Ag Nanoparticles without pto-DNA 
stabilization and functionalized with 1.43µM and 2.86µM of pto-DNA. 
 
From the absorbance spectra it appears that heating of Ag NPs 
causes the LSP peak to disappear almost completely. It was 
succeeded to fit a Lorentzian curve to the spectrum of the 
heated particles, though the fit was inaccurate. Compared to 
the unheated nanoparticles, stabilization of AgNPs with DNA 
resulted in a red-shift of λmax and an increase of the FWHM. 
The presence of pto-DNA at concentrations of 1.43µM and 
2.86µM entailed a λmax red-shift of 7nm at both concentrations 
and an increase in the FWHM of 9 and 8nm, respectively, 
when compared  to unheated particles.  

B. ATOMIC FORCE MICROSCOPY 
AFM was used in order to determine the ability of pto-DNA 
stabilized AgNPs to bind to the gold surface modified with 
ssDNA. Images of pto-DNA stabilized AgNPs linked to flame 
annealed and SPR surfaces by hybridization of pto-DNA and 
thiol-DNA linked to the surface are depicted in Fig.3.  Both 
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flame-annealed and multicrystalline SPR surface yield high 
relatively concentration of gold nanoparticles attached. The 
height of the nanoparticles closely matches the nanoparticle 
size expected from the synthesis conditions and absorption 
curves.  
Figure 3. Absorbance spectra of Ag nanoparticles without pto-DNA 
stabilization (“as produced” and heated for 2h at 60C) and functionalized with 
1.43µM and 2.86µM of pto-DNA. 

C. IL4 BINDING ASSAY 
Binding of IL-4 to dsDNA with and without AgNPs was 
monitored in real-time by SPR spectroscopy in order to 
determine the association and dissociation constants of the 
interaction. The individual binding curves measured in the 
sample and reference chamber (reflecting non-specific 
binding) were aligned at the injection time, corrected for the 
blank injections (injections of the running buffer to 
compensate for the pressure fluctuation). The final dataset was 
obtained by subtraction of the reference response from 
corresponding binding curves. Association rate constants (ka), 
dissociation rate constants (kd), and maximum responses 
(Rmax) of the binding of IL-4 to dsDNA are obtained by fitting 
the binding curves to a 1:1 reaction model. An equilibrium 
binding constant (KD) for the interaction was calculated as a 
ratio of kd over ka.  
Contrary to the measurements on native indolicidin [11], 
which showed complete regeneration of dsDNA (in other 
words, complete dissociation of indolicidin from DNA) just 
upon flowing the running buffer and without any additional 
regeneration buffer, we couldn’t achieve complete removal of 
IL-4 even upon injection of 500mM NaCl. Hence, only the 
injection at the highest IL-4 concentration (7.5 uM) was used 
for fitting, shown in Fig.4. The data fit yields the association 
rate constant of 432 M-1s-1 and dissociation constant of 2.10-5 
s-1 for the experiment performed with plain pto-DNA and 
association rate constant of 252 M-1s-1 and dissociation 
constant of 1.10-4 s-1 for the case of AgNP present. The 
presence of AgNPs results in equilibrium dissociation constant 
somewhat higher than when no AgNPs are present, and the 

binding capacity of the surface is reduced, which is 
demonstrated by the lower Rmax.  

 
Figure 4. Binding curves corresponding to injection of 7.5 µM IL-4 with a 
substrate containing immobilized dsDNA or dsDNA with an attached Ag 
nanoparticle. The insets show the calculated values of association and 
dissociation rate constants as well as maximum response (Rmax) and residuals 
of the fits made to experimental data.(Res.sd.)  
 
The effect of the AgNPs was further verified by taking the 
reflectivity spectrum on the sample chamber before and after 
the injection of pto-DNA as shown in Fig.4. As may be 
observed the binding of neither pto-DNA nor IL-4 causes 
significant changes to the width or the reflectivity at the 
minimum of the surface plasmon reflectivity dip. In the case 
of pto-DNA modified AgNP, the nanoparticle injection causes 
an increase of the reflectivity at the minimum of the surface 
plasmon reflectivity dip while the width of the dip is not 
affected. The subsequent binding of IL-4 does not appear to 
change neither the width nor the reflectivity at the minimum 
of the dip. 

IV. DISCUSSION 

 
The application of DNA as a stabilizing agent for 
nanoparticles has been proven in several cases[18,19,20]. 
Modification of AgNPs with pto-DNA significantly improves 
the stability of the nanoparticles. This is evident as the 
intensities measured at λmax of the samples heated with DNA 
present are higher than that of AgNPs heated without DNA. 
The binding of the DNA strands on the AgNP surfaces is 
indicated by the red-shifted λmax of the particles with DNA 
when compared to unheated particles[21]. Furthermore, the 
fact that the LSP peak of the AgNPs remains symmetric when 
DNA is added, indicates that the nanoparticle solutions remain 
monodisperse after DNA addition  
AFM imaging shows, the binding of pto-DNA modified 
AgNPs via hybridization with thiol-DNA is feasible, leading 
to a nanoparticle density of 569particles/µm2. In the SPR 
experiment, the efficiency of pto-DNA modified AgNPs 
binding to the Au surface was confirmed by a strong increase 
in the SPR spectrophotometer signal.  
The reflectivity at the resonance angle increases upon AgNP 
binding, was not observed at pto-DNA binding. According to 
the theory, the resonance angle is affected by changing the 
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dielectric permittivity above the metal surface, whereas the 
reflectivity at the resonance angle is not affected by dielectric 
permittivity changes. Hence, the change in reflectivity at the 
resonance angle indicates increased scattering of surface 
plasmons by AgNPs.  
Binding of IL-4 to the thiol-/pto-DNA dimer linked to a Au 
surface yielded association and dissociation rate constants of 
432M-1s-1 and 2.10-5s-1, respectively. In comparison, in [11] ka 
and kd constants of 761M-1s-1 and 0.146s-1 were observed for 
native IL. The binding of IL-4 to dsDNA is indicated to be 
slower than that of IL, though when bound, IL-4 appears to 
interact stronger with the DNA. According to literature [6], the 
antibacterial activity of IL-4 is lower than that of IL, which 
correlates well with our results. The lowest concentration of 
IL-4 binding to thiol-/pto-DNA dimer was 0.1µM. However, 
reliable data fits could not be obtained.  
The faster dissociation rates observed for DNA AgNP 
conjugates may be caused by binding of IL-4 to single 
stranded pto-DNA stabilizing the bound AgNPs and 
adsorption of the cationic peptide on the negatively charged 
Ag particles. The binding to ssDNA and the adsorption to the 
nanoparticles are both expected to be weaker than the binding 
to dsDNA, matching the observed higher effective 
dissociation rate. Lower Rmax values indicate a lower density 
of dsDNA at the Au surface when the dsDNA is linked to the 
AgNPs due to steric hindrance from the NPs. In contrary, it 
was expected that the nanoparticle scattering of the metal film 
surface plasmons would be sensitive to the metal film-
nanoparticle distance[3], and that IL-4 would change this 
distance due to conformational changes in the DNA upon IL-4 
binding. Hereby, the binding of IL-4 to dsDNA might be 
expected to be observable as a change in the width of the 
reflectivity dip in the reflectivity scans from the metal film. 
However, no significant change in the appearance of the 
reflectivity scan was observed upon IL-4 binding. This may be 
caused by a weak coupling of the plasmonic excitation of the  
Au surface and the AgNPs at the wavelength used, as well as 
small conformational changes induced by IL-4-DNA binding. 
In the future the sensitivity will be optimized by using a 
wavelength closer to the wavelength of the nanoparticle LSP. 
In summary we found that the Antimicrobial peptide IL4 
irreversibly binds to dsDNA forming stable complexes 
contrary to native indolicidin. Stable AgNP stabilized with 
DNA present a valuable mean for the potential increase of 
sensitivity of SPR assays. 
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