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Abstract 

Immobilization of DNA to surfaces offers a convenient means of screening the binding affinity 

and selectivity of potential small-molecule therapeutic candidates. Unfortunately, most surface-

sensitive methods for detecting these binding interactions are not informative of molecular 

structure, information that is valuable for understanding the non-covalent interactions that stabilize 

binding. In this work, we report a method to meet this challenge by employing confocal Raman 

microscopy to quantify the association of a minor-groove-binding antimicrobial peptide, netropsin, 

to duplex-DNA hairpin sequences immobilized on the interior surfaces of porous silica particles. 

To assess binding selectivity, particles functionalized with different sequences of DNA were 

equilibrated with solutions of 100-nM netropsin, and selective association was detected based on 

the presence of netropsin Raman scattering in the particles. The selectivity study revealed that 

netropsin binds to sequences of duplex-DNA having AT-rich recognition regions. To quantify 

binding affinities, these AT-rich DNA sequences were equilibrated with a range of netropsin 

solution concentrations (1 to 100 nM).  Raman scattering intensities of netropsin versus solution 

concentration were well described by single-binding-site Langmuir isotherms with nanomolar 

dissociation constants, in agreement with previous isothermal calorimetry and surface-plasmon 

resonance results. Target sequence binding was accompanied with changes in netropsin and DNA 

vibrational modes consistent with the hydrogen bonding between the amide groups of netropsin 

and adenine and thymine bases in the DNA minor groove. The binding of netropsin to a control 

sequence lacking the AT-rich recognition region exhibited an affinity nearly 4-orders-of-

magnitude weaker than found for the target sequences. The Raman spectrum of netropsin 

interacting with this control sequence showed broad pyrrole and amide mode vibrations at 

frequencies similar to free solution, revealing a less constrained conformations compared with the 

specific binding interactions observed with AT-rich sequences. 
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INTRODUCTION 

Small molecules that target specific sequences or structures of DNA have direct 

applications related to in-vivo sensing in cells,1-4 modulation of gene expression,5, 6 and cancer 

therapies.7-9 Crucial to the discovery, development, and applications of small molecules that bind 

to DNA is quantitative measurement of their association affinity toward respective recognition 

sequences. Surface-based assays are especially well suited to this task, where a small population 

of surface-immobilized DNA can be reacted with molecules that bind with high affinity from small 

volumes of nanomolar solutions. Based on these requirements, surface-plasmon resonance (SPR) 

has emerged as a valuable label-free surface-assay for screening and measuring both affinities and 

kinetics of small-molecule association with surface-immobilized DNA.10, 11 

Despite the attractive attributes of SPR for this application, SPR is unable to provide insight 

into the structure and conformations of the surface-localized molecules.  This information is key 

to understanding the intermolecular interactions that are responsible for the association between 

sequences of DNA and small molecules. Raman spectroscopy is potentially well suited for 

characterization of biomolecular recognition; the method is label-free, quantitative, and 

structurally informative, and water produces little background in the fingerprint region of the 

vibrational spectrum. Previous applications of Raman spectroscopy have included characterization 

of DNA secondary structure,12-15 discerning between differences in DNA duplex primary 

sequence,16, 17 along with characterizing modulations of DNA structure, induced through non-

covalent interactions with small molecules18, 19. Because Raman scattering cross sections are small 

(~10-28 cm2), the small number of biomolecules immobilized in a monolayer on a planar surface 

are extremely challenging to detect. As a result, applications of Raman spectroscopy to investigate 

DNA/small-molecule interactions have been limited to solution-phase measurements with high 

concentrations of both DNA and the corresponding small molecule. 

To address the challenge of applying Raman spectroscopy to study surface-localized DNA, 

we have recently developed a methodology that employs confocal Raman microscopy to 

characterize DNA immobilized on the internal surfaces of individual porous silica particles.20 In 

contrast to conventional 2-dimenional planar substrates where detecting molecules at a surface is 

limited to the area of the excitation laser beam, DNA immobilized on the surfaces of nanoporous 

silica occupy a 3-dimensional volume. When this internal surface within an individual porous 

particle is probed by confocal Raman microscopy, the volume probed contains a ~1,500-fold 

greater surface area compared to a planar surface.20 With this approach, the local internal 

concentration of immobilized DNA within a porous silica particle can be as high as ~30 mM, 

allowing label-free DNA detection by unenhanced, spontaneous Raman scattering.20 This concept 
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has been applied in a hybridization assay capable of quantifying differences in the length and base 

content of target strands that are captured from solution by a probe sequence immobilized on 

porous silica surfaces. The hybridization of two target strands of equivalent length but different 

sequences can also be distinguished, along with a single-nucleotide polymorphism compared to a 

fully-complementary strand. These differences in structure are resolved based on detectable 

differences in respective intensities of base-specific vibrational modes. 20  

In the present work, we apply this method to determine the association selectivity, affinity, 

and interactions of a small molecule, netropsin, with different surface-immobilized DNA hairpin 

sequences. Netropsin is a natural product that was among the first small molecules observed to 

form strong and selective associations (Kd ~ 3–25 nM) with the minor groove of specific AT-rich 

sequences of duplex-DNA.21-23 The AT-rich sequences that produce high-affinity interactions with 

netropsin can be used to assess the selectivity of the Raman spectroscopy measurement, by 

equilibrating netropsin with immobilized DNA that has or lacks these specific sequences. As a 

benefit compared to SPR screening, Raman spectra can reveal the nature of the binding interactions 

between the immobilized DNA and netropsin from frequency shifts and intensity changes in their 

respective vibrational modes. In addition to screening small molecule binding selectivity, the 

affinity of active sequences can be assessed by performing assays over a range of netropsin 

solution concentrations from 1 – 100 nM. Despite the small (nM) concentrations of netropsin in 

solution relative to the ~30-mM concentrations of DNA within individual particles, the netropsin 

solution concentration is not depleted by DNA binding, because the solution volume is more than 

108-times greater than the volume of the small number of porous particles in the sample. 

We also use this method to investigate whether netropsin can exhibit less-selective, lower-

affinity interactions with a control sequence that lacks an AT-rich recognition region.  By 

performing experiments at higher netropsin concentrations ranging from 1–50-μM, we quantify a 

binding interaction that is nearly 4-orders of magnitude weaker than the high-affinity association 

with AT-rich DNA. In addition to identifying this much weaker affinity, Raman spectroscopy also 

reveals differences in the netropsin functional groups and DNA bases involved in the high- versus 

low-affinity association. This experiment not only illustrates the range of interaction strengths that 

can be investigated with this methodology, it also suggests that caution should be exercised when 

interpreting solution-phase measurements made at concentrations that are orders-of-magnitude 

greater than the Kd of the interaction.  
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EXPERIMENTAL SECTION 

Reagents and materials.  Spherical chromatographic silica particles were purchased from 

YMC America (Devens, MA) with an average particle diameter of 5-um, a pore diameter of 31-nm 

(plenty of room to accommodate the ~3-nm hairpin DNA), and a specific surface area of 117 m2/g, 

as specified by the manufacturer. The 2,2-dimethoxy-a-thia-2-silacyclopentane used for silica 

surface modification with thiol groups was purchased from Gelest (Morrisville, PA). Samples of 

DNA conjugated with disulfide groups prepared by solid-phase synthesis by the University of Utah 

HSC Care DNA Synthesis Facility, using a 5’-hexyl disulfide-phosphoramidite modifier (C6 SS) 

from Glen Research (Maravai LifeSciences, San Diego, CA). The DNA sequence used in these 

experiments were 4 different 23-base hairpin sequences: (C6 SS)-5’-CCC CGA ATT CGT CTC 

CGA ATT CG-3’, (C6 SS)-5’-CCC CGA AAA CGT CTC CGT TTT CG-3’, (C6 SS)-5’-CCC 

CGA TAT CGT CTC CGA TAT CG-3’ and (C6 SS)-5’-CCC CGT CAG GTT CTC ACC TGA 

CG-3’. 

Water used in experiments was filtered with a Barnstead GenPure UV water purification 

system (ThermoFisher, Waltham, MA) and had a minimum resistivity of 18.0 MΩcm. 1,11-

bismaleimido-triethylene glycol, ethylenediaminetetraacetic acid (EDTA), sodium chloride, 

dithiothreitol (DTT), sodium azide, tris(2-carboxyethyl)phosphine hydrochloride (TCEP), 

netropsin dihydrochloride from Streptomyces netropsis were purchased from Sigma-Aldrich 

(St. Louis, MO); triethylamine from TCI (Tokyo), dimethylformamide (DMF), dichloromethane 

(DCM), hydrogen peroxide, sodium hydroxide, hydrochloric acid, and sodium phosphate dibasic 

heptahydrate (Na2HPO4 7H2O) were purchased from Fisher Scientific. 2-amino-2-

(hydroxymethyl)propane-1,3-diol was purchased from Goldbio (St. Louis, MO).   

Thiol functionalization of silica. Functionalization of porous silica particles with thiol 

groups has been previously described.24 Briefly, a 20-mg sample of silica particles was washed 

with a solution of acid piranha (caution: corrosive, strong oxidizer, can react explosively with 

organics) to remove physisorbed carbon compounds. The particles were then rinsed twice with 

deionized water and ethanol, and five-times in anhydrous DCM.  Particle samples were suspended 

in DCM and reacted with 2,2-dimethoxy-1-thia-2-silcyclopentane for 1 hour. Excess silane reagent 

was quenched with ethanol and the sample was washed in ethanol and deionized water.  Particles 

were stored in deionized water at 2°C and were stable for months.  

Coupling thiol-DNA to the thiolated silica surface.  Samples of 5’-disulfide-conjugated 

DNA prepared by the University of Utah DNA and Peptide Core Facility. As described in detail 

elsewhere,24  the disulfide was reduced in a solution of 50-mM DTT, 1-mM EDTA, and 2% 

trimethylamine, and the DNA was purified by precipitation by the addition of ethanol, followed 
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by centrifugation and ethanol washing to remove excess DTT. The thiol-DNA was reacted with a 

>10-fold molar excess of 1,11-bismaleimido-triethylene glycol in 50/50 DMF/Tris buffer pH 7.4 

with 200-mM NaCl and 500-uM TCEP.  Following reaction, the maleimide-conjugated DNA was 

purified by precipitation by addition of ethanol (-20 C), the precipitate was centrifuged and washed 

with ethanol, DMF, and ethanol. Ethanol was removed by evaporation, and the maleimide-

conjugated DNA was rehydrated with aqueous 400-mM NaCl, immediately diluted with an equal 

volume of DMF, and allowed to react with thiol-functionalized silica particles for 12-hours. 

Confocal Raman microscopy. The confocal Raman microscope has been described,25 and 

its configuration is as follows. A 647.1 nm excitation beam from a Kr+ laser (Innova 90, Coherent 

Int., Santa Clara, CA) was propagated though a bandpass filter and passed through a x4 beam 

expander (50- 25-4x-647, Special Optics Inc., Wharton, NJ) and reflected off a dichroic beam 

splitter, and directed into a 1.4-NA, 100x oil-immersion objective (CFL PLAN APO, Nikon Inc., 

El Segundo, CA), producing a focus with a ~600 nm diameter beam waist.  Scattered light from 

the confocal probe volume was collected by the same objective, transmitted though the dichroic 

beam splitter, passed thought a long pass filter, and finally focused though the 50-m slit of a 500-

mm focal-length spectrograph (Bruker 500IS) with a 300-line/mm diffraction grating blazed at 

762 nm.  Light diffracted by the grating was focused onto a charged coupled device detector (iDus 

401A, Andor USA, South Windsor, CT). 

Well cells for confocal Raman microscopy were constructed by adhering a ∼12 mm length 

of 10-mm i.d., 13-mm o.d. Pyrex glass tubing to a No. 1 glass coverslip using Devcon 5 min epoxy 

(ITW Devcon, Danvers, MA). To collect spectra, the beam was focused at the solution/coverslip 

interface and adjusted upward in the z-dimension until particles were in the field of view.  The 

stage was then adjusted in the x and y dimensions until the focus and confocal probe volume were 

centered in a single porous silica particle.  All spectra reported in this work represent the average 

of 2-minute integrations collected from 6 different particles.  The collected spectra were truncated 

to the frequency region of interest and baseline corrected with a rolling-circle algorithm.26 Data 

analysis was carried out in Matlab (Mathworks, Natick, MA) using custom scripts. For quantitative 

comparisons, Raman spectra of surface-immobilized DNA-hairpin were normalized to the 

1094 cm-1 phosphate stretching mode, whose intensity is insensitive to base content.12 While the 

particle-to-particle reproducibility of unnormalized Raman scattering intensity is excellent 

(relative standard deviation of 4%), normalization of the spectral intensity to the 1094 cm-1 

phosphate mode drops the relative standard deviation of the DNA scattering intensity to 0.6%; see 

Supporting Information (Figures S1-S2).  



6 
RESULTS AND DISCUSSION 

Surface immobilization of DNA hairpins to porous silica.  To immobilize DNA hairpin 

sequences we use a bismaleimide reagent to cross-link thiol-functionalized DNA to porous silica 

surfaces derivatized with thiol functional groups.24 By first reacting thiol-DNA with a large molar 

excess of the bismaleimide, the primary Michael-addition reaction product is DNA conjugated to 

a maleimide functional group through a thiosuccinimide bond. Following a purification step, a 

second Michael addition is performed by reacting the maleimide-DNA conjugate with thiolated 

porous silica particles (details in Experimental Section). Due to the efficiency of the Michael 

addition reaction, the resulting DNA surfaces densities from this protocol are nearly a full 

monolayer, ~400 nmol/m2,24 producing within-particle concentrations of the immobilized 23-mer 

DNA that are sufficiently high (~30 mM) to be detected with confocal Raman microscopy. 

 To verify immobilization of the 23-mer DNA hairpin, thiol-functionalized silica particles 

were characterized prior to and following reaction with the maleimide-DNA conjugate with 

confocal Raman microscopy. The Raman spectrum of thiol-functionalized silica shows SiO2 

stretching modes (750 – 1000 cm-1), 

a water bend (1650 cm-1), along 

with C-C and CH2 stretching modes 

(1025 – 1500 cm-1); see Figure 1. 

Thiol-functionalized particles 

reacted with the maleimide-DNA 

conjugate show Raman scattering 

from both DNA and the cross-

linking reagent (Figure 1).  Specific 

nucleoside and backbone phosphate 

modes are labeled accordingly.  

Additionally, the distinctive 

thiosuccinimide stretch (1780 cm-1) 

associated with the thiol-reactive 

bismaleimide cross-linker is 

consistent with DNA 

immobilization by the conjugate 

chemistry described above. 

Sensitivity of Raman spectroscopy to DNA base content and primary sequence.  

Raman spectroscopy has previously been used to study the base-content, sequence, and structure 

Figure 1. Immobilization of thiol-functionalized DNA to 
thiolated silica by sequential Michael-addition reactions with 
a bismaleimide linker. Thiol-functionalized silica particle 
before (blue) and after (red) reaction with maleimide 
conjugated DNA. Raman scattering bands from DNA bases 
and phosphate modes are labeled, and S indicates the 
succinimide stretch from thiol-reacted bismaleimide linker. 
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of DNA in free solution.12-19 To investigate the capability of Raman spectroscopy measurements 

to characterize surface-immobilized DNA, we examine changes in the Raman spectra arising from 

differences in base content and sequence of 4 different DNA hairpins. Using the above protocol, 

the following 23-mer hairpin sequences were immobilized on porous silica surfaces: 5’-CCC CGA 

ATT CGT CTC CGA ATT CG-3’ (designated AATT), 5’-CCC CGA AAA CGT CTC CGT TTT 

CG-3’ (designated AAAA), 5’-CCC CGA TAT CGT CTC CGT ATA CG-3’ (designated 

ATAT)and a control sequence lacking repeated A/T base pairing: 5’-CCC CGT CAG GTT CTC 

ACC TGA CG-3’ (designated Control). It should be noted that three of these sequences have 

equivalent base content and only differ in the sequence of the adenine- and thymine-rich 

recognition region. 

Using confocal Raman microscopy, the four samples of particles, each with a different 

hairpin sequence, were examined, and their Raman spectra are compared in Figure 2. Because the 

number of bases in the four surface-immobilized hairpins are the same, spectra can be normalized 

to the scattering intensity of the phosphate stretch (1094 cm-1), which is insensitive to base 

composition,12  so that differences in the scattering from the DNA bases arising from differences 

in base content and sequence can be assessed on an equal-molar basis.12, 20 The ATAT/TATA-

containing hairpin sequence and the control sequence show distinct differences in the A-T and G-

C base content, where characteristic guanine (685, 1316 and 1491 cm-1) and cytosine (780 and 

1528 cm-1) bands exhibit negative intensities and adenine (730, 1340 and 1375 cm-1) and thymine 

(753, 1375 1674 cm-1) bands show positive intensities in the difference spectrum. 

 In addition to resolving differences in base-content, literature reports suggest that so-called 

adenine tracks (or A-tracks) can affect the structural polymorphism of DNA by modulating the 

stacking and orientation of adenine and thymine nucleotides.27-29 Previous solution Raman 

spectroscopy measurements resolved different melting behaviors and spectral characteristics, 

related to adenine, thymine and sugar-phosphate coupled stretching modes, arising from unique 

folding of Poly(dA)-Poly(dT) and Poly(dAꞏdT)-Poly(dAꞏdT) duplex sequences.16, 17 To date, the 

only in-situ optical technique capable of discerning differences in surface-immobilized DNA 

primary sequences is chiral sum-frequency vibrational spectroscopy.30  

 To determine whether interfacial Raman spectroscopy measurements are capable of 

distinguishing DNA hairpins of equivalent base content that differ in their respective primary 

sequences, the spectra of three sequences were compared.  We first compare the two sequences 

that were anticipated to have the most significant difference: the constant AꞏT (AAAA/TTTT)    
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duplex and alternating duplexes AꞏT/TꞏA (ATAT/TATA). The ATAT/TATA – AAAA/TTTT 

difference spectrum reveals subtle differences, where changes in the intensity of the 840 cm-1 

phosphodiester C5’–O5’–P–O3’–C3’ stretch were observed. The greater intensity of this 

phosphate mode in the A-track sequence is consistent with previous solution-phase Raman 

measurements and was attributed to ordering of the backbone phosphate.16 Additional features 

include the intensity contributed by the thymine stretching modes 1648, 1665 and 1685 cm-1 which 

are coupled to the C4=O, C5=C6 and C2=O stretching modes, respectively16, 31, 32 (see structures 

of the DNA bases in Supporting Information, Figure S3). In addition, we detect greater intensity 

of the 1665 cm-1 thymine scattering of the alternating AꞏT/TꞏA duplex sequence relative to the 

1648 and 1685 cm-1 modes of the constant AꞏT track sequence; these spectral signatures are all 

consistent with prior work distinguishing these sequences.16, 32 We also find a series of changes in 

the intensities of other adenine- and thymine-stretching modes that have not been previously 

reported: 1298, 1337, 1487, 1571, 1554 cm-1. 

In addition to the comparison of the purely alternating AꞏT/TꞏA and constant AꞏT track 

duplex sequences, we also compare a sequence containing a combination of both. Comparison of 

the ATAT/TATA and AATT/TTAA duplexes reveals fewer differences, and the magnitudes of 

the peaks in the difference spectrum are less intense. The smaller difference in the intensities of 

Figure 2. Raman spectra of four surface-immobilized 23-mer hairpin sequences. 
(A)  Spectra from ATAT/TATA (purple), AATT/TTAA (red), AAAA/TTTT (green) and 
control sequences (cyan), all normalized to the 1094 cm-1 phosphate stretch. (B)  Difference 
spectra: ATAT/TATA – AAAA/TTTT (green), ATAT/TATA – AATT/TTAA (red), and 
ATAT/TATA – control (cyan).  
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these bands is consistent with the AATT/TTAA duplex comprising a combination of base stacking 

resulting in a spectrum that is more similar to the ATAT/TATA duplex than the AAAA/TTTT 

duplex. Collectively, these results show the structural sensitivity of Raman spectroscopy since it 

can reveal differences in base content of immobilized DNA while also being sensitive to the DNA 

sequence.  

Sequence selectivity of netropsin binding to surface-immobilized DNA hairpins. 

Netropsin is an antimicrobial poly-pyrrole peptide that was originally isolated from the bacterium 

Streptomyces netropsis.33 Netropsin was among the first small molecules discovered to display 

high levels of selectivity towards AT-rich sequences of duplex-DNA. Based on studies of 

selectivity,23, 34 energetics,21 and structure,35-39 netropsin has been shown to associate with high 

affinity to the minor groove of AT-rich sequences though the coordination of hydrogen bonds with 

the C2 carbonyl of thymine and N3 nitrogen of adenine, where the amide groups of netropsin act 

as hydrogen bond donors.39  The inability for netropsin to associate with GC-rich duplex sequences 

has been thought to arise from the presence of the amine at the C2 position of guanine, where due 

to its protrusion from the minor groove, it creates a steric barrier to binding.21, 35, 39 

 For a methodology to be useful in measuring association of small-molecules to specific 

sequences of surface-immobilized duplex-DNA, the interactions must be both detectable and 

specific to a DNA recognition sequence.  Based on the high affinity and selectivity of netropsin 

association with AT-rich sequences of DNA 

derived from NMR,36 x-ray crystallography,35, 

37, 38 and vibrational spectroscopy,18, 32, 40, 41 

the binding of netropsin to AT-rich duplex-

DNA was chosen as a system to test the 

proposed experimental approach. A spectrum 

of netropsin in free solution was collected to 

determine the characteristic vibrational 

modes; additionally, this spectrum serves as a 

standard to compare the bound forms of 

netropsin to an unbound conformation.  The 

molecular structure, functional groups, 

vibrational spectrum, and band frequencies of 

netropsin in a 4-mM solution at are shown in 

Figure 3, where N-methylpyrrole groups are 

noted with orange labels and amide functional groups highlighted in green. Band frequencies and 

Figure 3. Solution Raman spectrum of netropsin, 4-mM in 
aqueous buffer. Embedded in the figure is the structure of 
netropsin along with color-coded band assignments to the 
N-methylpyrrole and amide functional groups, respectively. 
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assignments for netropsin in free solution are included in Table S1 (Supporting Information). The 

detection limit for netropsin is ~150 μM, indicating that netropsin in solution at concentrations 

below this limit will not contribute to measured scattering in the particles. 

To establish whether selective netropsin binding to surface-immobilized DNA hairpin 

sequences can be detected by Raman microscopy, 100-nM netropsin solutions were prepared and 

equilibrated with particle samples functionalized with the 4 different hairpin sequences introduced 

in the previous section. Three of the sequences contain an AT-rich recognition region, where the 

dissociation constant should be in the range of 3 – 25 nM;23 one sequence lacking an AT-rich 

region acts as a control and is anticipated to not form any detectable interactions at 100-nM 

solution concentrations of netropsin.  Raman spectra of each particle sample were acquired prior 

to and following equilibration with netropsin and are plotted in Figure 4.  

In agreement with the 

expected binding selectivity, there is 

no detectable change in the Raman 

spectrum of the control sequence 

(Figure 4) prior to and following 

equilibration with 100-nM 

netropsin. In contrast to the control 

sequence, there are distinct changes 

in the spectra of the other three 

hairpin duplex sequences 

(AAAA/TTTT, AATT/TTAA and 

ATAT/TATA) upon equilibration 

with netropsin.  A benefit of using 

Raman spectroscopy for detecting 

small-molecule association with 

immobilized DNA is that the 

scattering can be assigned to the vibrational modes of specific functional groups. For example, the 

presence of the netropsin N-methylpyrrole group can be affirmed based on the observation of 

distinctive 1578, 1064, ~1413 and ~1437 cm-1 pyrrole-ring stretching modes.18, 40, 41  Additionally, 

netropsin amide functional groups are confirmed by the scattering from the 1530 – 1570 cm-1 

amide II and ~1638 cm-1 amide I stretching modes (see Table S1).18, 40, 41  These results establish 

that the binding of netropsin from a 100-nM solution is specific to sequences that include an AT-

rich recognition region. The results also demonstrate that detection by Raman spectroscopy can 

Figure 4. Comparison of netropsin binding to different 
immobilized hairpin sequences. Each overlaid pair of spectra 
show the sequence prior to (lighter shade) and following 
equilibration with 100-nM netropsin (darker shade). Control 
sequence (cyan), AAAA/TTTT sequence (red), AATT/TTAA 
sequence (purple), and ATAT/TATA sequence (green).
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provide structurally informative evidence of the binding of a small molecule to a DNA sequence 

based on the scattering of its functional groups.   

Netropsin binding isotherms. Having established that high-affinity association of 

netropsin is specific to sequences that include an AT-rich recognition region, we apply this 

methodology to determine association constants and to resolve the differences in affinities that 

depend on the sequence of the DNA duplex. With anticipated dissociation constants in the range 

of 3 to 25 nM,21-23 we quantitatively assess the association of netropsin with the three AT-rich 

sequences by varying the netropsin solution concentration over a range of 1 to 100 nM.  To ensure 

that the solution concentration of netropsin was not depleted at low solution concentrations, 

samples were prepared with sufficient solution volume to provide a >100-fold molar excess of 

netropsin compared to the surface-immobilized DNA in the sample. 

 For each of the particle samples, Raman spectra of six individual particles were acquired, 

averaged, baseline corrected, normalized to the 1094 cm-1 phosphate stretch, and plotted. The 

results in Figures 5 – 7 show the netropsin concentration-dependent Raman spectra for each hairpin 

sequence in the spectral region dominated by netropsin scattering; spectra covering the full 

frequency range are provided in Supporting Information (Figures S4-S7). Strong netropsin 

association is observed for all three sequences, where Raman scattering from netropsin can be 

detected at the lowest (1-nM) solution concentration. To quantify the accumulation of netropsin, 

the netropsin scattering contribution was isolated by subtraction of the spectrum of DNA collected 

in the absence of netropsin. By scaling this isolated netropsin spectrum, the amplitude of the 

netropsin scattering intensity in each concentration-dependent spectrum could be determined by 

least squares fitting (see Supporting Information, Figures S8-S12). Binding isotherms were 

produced by plotting the resulting netropsin amplitude versus the netropsin solution concentration, 

and the results are included in Figures 5 – 7.  Each data set was fit to a Langmuir binding isotherm 

using non-linear least squares to determine the association constant, Ka, and maximum signal, Гmax.  

The dissociation constant Kd (=1/Ka) determined from each fit is listed in each figure, 

where the reported uncertainty is twice the standard error of the fit, which was found to be 

equivalent to the measurement reproducibility determined from replicates. Using this method, the 

Kd of netropsin binding to the AATT/TTAA, AAAA/TTTT and ATAT/TATA recognition 

duplexes were found to be 4.6 ± 0.8 nM, 5 ± 1 nM, and 16 ± 6 nM, respectively. The affinity of 

netropsin binding to the AATT/TTAA sequence has been previously investigated by isothermal 

calorimetry and surface-plasmon resonance,21, 23 and the dissociation determined in the present 
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work was in agreement with these previous results (comparisons are in Supporting Information, 

Table S2). Our results show that netropsin associations with the AATT/TTAA and AAAA/TTTT 

duplexes are equivalent in strength, whereas our measurements reveal a lower affinity of netropsin 

binding to the ATAT/TATA duplex sequence.  

 

Figure 5. A) Concentration-dependent binding of 
netropsin (0-100 nM) to the AATT/TTAA 
sequence, with 100-nM difference spectrum at the 
top. B) Netropsin magnitude versus netropsin 
solution concentration, fit to a Langmuir isotherm.  

Figure 6. A) Concentration-dependent binding of 
netropsin (0-100 nM) to the AAAA/TTTT 
sequence, with 100-nM difference spectrum at the 
top. B) Netropsin magnitude versus netropsin 
solution concentration, fit to a Langmuir isotherm. 
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The enrichment of the netropsin 

concentration within the particle relative to the 

solution can be estimated from these results. The 

surface coverage of DNA for these particles is 

4.6 x 10-7 mol/m2, determined from the scattering 

intensity of the succinimide stretching mode at 

1780 cm-1 (see Figure 1) relative to a silica 

immobilized phenyl-maleimide standard whose 

surface coverage was found by elemental carbon 

analysis.24 By multiplying the DNA surface 

coverage by the specific surface area of the porous 

silica (117 m2/g) and the silica particle density 

(0.67 g/mL) the within particle concentration of 

DNA was found to be 36 mM.  From the isotherms, 

we have clear evidence that netropsin 

concentration saturates according to a Langmuir 

response. Based on this observation and assuming 

that saturation corresponds to each DNA hairpin 

binding one netropsin molecule, then at a solution 

concentration equal to Kd, half of the DNA 

hairpins are occupied. The concentration 

enrichment of netropsin within the particle relative 

to solution is then given by half the internal 

concentration of DNA in the particle divided by 

Kd. For the AATT sequence, for example, the 

enrichment is 18 mM/4.6 nM = 3.9 x 106, which requires that the solution volume be >107 greater 

than the volume of particles in the sample to avoid depleting the solution concentration. 

Along with reporting the affinities of netropsin binding the specific AT-rich DNA 

sequences, the Raman spectra also reveal base-specific vibrational modes that shift as a function 

of netropsin association. For example, for all recognition sequences, the binding of netropsin was 

correlated with an increase in the intensity of the 725 cm-1 adenine stretch and its shift to 729 cm-1.  

While the 750 cm-1 thymine ring stretch was observed to shift to 753 cm-1 and increase in intensity 

for the AAAA/TTTT and ATAT/TATA duplexes, this band was observed to simply broaden to 

Figure 7. A) Concentration-dependent binding of 
netropsin (0-100 nM) to the ATAT/TATA 
sequence, with 100-nM difference spectrum at the 
top. B) Netropsin magnitude versus netropsin 
solution concentration, fit to a Langmuir isotherm.  
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lower frequencies in the case of the AATT/TTAA recognition region (see high resolution 

difference spectra in Supporting Information Figures S13-S15). 

In addition to changes in adenine and thymine ring-stretching modes, the functional groups 

involved in the association interaction can also be identified from changes in other vibrational 

modes in these spectra.  Specifically, it is understood that netropsin acts as a hydrogen bond donor 

with N3 nitrogen of adenine and C2 carbonyl of thymine in the minor groove.42 Using previously 

published assignments based on DFT calculations,43-45 the following vibrational modes are 

identified and discussed.  In the case of adenine, the 1304 cm-1 (in plane ring stretch, bend: C2-H, 

C8-H, N9-H, str: C6-N1, C8-N9, N3-C4) shifts to lower frequencies and the 1337 cm-1 adenine 

in-plane stretch (C2-N3, C5-N7, bend N9-H) is observed to shift to 1347 cm-1. Although these 

vibrational modes involve a combination of intramolecular motions, both shifts are coupled to the 

N3 nitrogen.  Additionally, these changes are consistent with prior FTIR measurements32 and UV 

resonance Raman40 measurements that have reported distortions and band narrowing of these two 

modes upon polypyrrole peptide binding to DNA.  

In addition to adenine, there is also a distinctive decrease in the C2=O carbonyl stretching 

frequency of thymine from 1685 cm-1 to 1674 or 1677 cm-1 upon netropsin association. Previous 

FTIR measurements reported an equivalent shifting of the C2=O stretch to lower frequencies upon 

netropsin binding.32  In our work, the 1674 cm-1 band is a noticeable feature in the netropsin-bound 

spectrum in the AATT/TTAA duplex, with slightly weaker intensity at 1677 cm-1 for 

AAAA/TTTT duplex, and weaker still when netropsin is bound to the ATAT/TATA duplex 

sequence. Previous structural analysis has revealed that netropsin forms fewer hydrogen bonds 

with thymine when bound to the ATAT/TATA duplex, compared to the AATT/TTAA duplex 

sequence.35-38 The difference in the behavior of the C2=O thymine carbonyl band likely relates to 

differences in the number and/or strength of hydrogen bonds that netropsin forms with a target 

sequence, which in turn impacts differences in the observed affinity. For example, our results show 

that netropsin forms the lowest affinity interaction with the ATAT/TATA duplex and the lowest 

intensity of the C2=O thymine stretch (relative to the higher affinity sequences) may reveal the 

importance of this particular functional group as it relates to primary sequence selectivity. 

Lower selectivity binding of netropsin to an off-target sequence.  In addition to the high 

affinity interactions of netropsin with AT-rich sequences, there is evidence that netropsin may 

form less specific and weaker interactions with DNA when present at higher (micromolar) solution 

concentrations.34 The ability to characterize lower affinity interactions of small molecules with 

DNA is crucial to distinguish the behavior at high solution concentration regions that may drive 

less-specific, off-target interactions. Additionally, nearly all structurally-informative spectroscopic 
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assays that are carried out in free solution for characterizing association interactions require the 

solution concentrations of DNA in the range of 20 – 60 mg/ml to achieve detection, with 

correspondingly high (millimolar) concentrations of the small-molecule required to equilibrate 

with the DNA in the sample.19, 32, 40, 41 These high concentrations of both DNA and the small-

molecule needed for detection in free solution are, in many instances, up to 6 orders of magnitude 

greater than the Kd of a high-affinity interaction that is being investigated. Cases where the small 

molecule being studied has potentially more than a single binding mode46 raise the question: does 

the detectable association with DNA that is measured at high solution concentrations arise purely 

from a single high-affinity interaction, or does it sample associations that derive from a distribution 

of affinities?   

As shown above, the netropsin associations with AT-rich sequences measured at 

nanomolar concentrations follow a single binding-site Langmuir isotherm, and from this result, we 

can confidently assert that that the observed interaction between netropsin and these target 

sequences arises from a single, high-affinity association. To assess the possibility of lower affinity 

interactions of netropsin with DNA might occur at much higher netropsin concentrations, particles 

functionalized with the off-target control sequence (that exhibited no detectable netropsin binding 

at 100 nM) were dispersed in high concentration solutions (up to 50-μM) of netropsin and 

characterized with confocal Raman microscopy. Note that non-specific interactions of netropsin 

with the thiolated-silica surface without immobilized DNA can be observed at high solution 

concentrations; however, control experiments rule out its influence on surfaces having a full 

monolayer of immobilized off-target DNA (see Supporting Information, Figures S16-S18).  

As shown in Figure 8, there is a clear increase in the intensity of netropsin scattering due 

to its association with the control sequence from solution concentrations in the micromolar range. 

The presence of netropsin is verified by the appearance of its characteristic vibrational modes, 

including the N-methylpyrrole related modes: 1065, 1352, 1410, 1439, 1481 and 1587 cm-1 and 

characteristic 1285 cm-1 amide III, 1580 cm-1 amide II and 1640 cm-1 amide I (Table S1). 

Compared to the netropsin spectra associated with high-affinity AT-rich sequences, there are clear 

differences in the band ratios and frequencies of the netropsin amide modes as well as distinct 

changes in the characteristic of the pyrrole modes, discussed in the next section. 
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Plotting the bound netropsin 

scattering intensity against its solution 

concentration shows a response that can 

modeled by a Langmuir isotherm. The 

dissociation constant from the fit of these 

data was found to be 20 ± 4 μM, 4-orders 

of magnitude weaker affinity than the high-

affinity association with AT-rich 

sequences.  The reported Kd is in the 

concentration range where less sequence-

selective binding of netropsin has been 

observed with DNA foot printing by 

cleavage inhibition.34 To our knowledge, 

this analysis marks the first observation of 

different small-molecule binding states to 

dsDNA informed by structural analysis 

combined with a measurement of binding 

affinity with Raman spectroscopy. 

Conformational analysis of 

netropsin. In the previous sections, we 

have established that netropsin binds at low 

nanomolar concentrations to AT-rich 

sequences, while also capable of forming 

lower affinity, less specific interactions 

with a control sequence at micromolar 

solution concentrations. It is clear from the comparison of the resolved netropsin spectra in 

Figure 9 that each spectrum is unique with respect to band intensities, frequencies, and peak 

shapes. We first compare the vibrational spectra of the 3-high high affinity recognition regions to 

the unbound solution netropsin spectrum.  Focusing on the amide vibrational modes, the binding 

to DNA is accompanied with significant band narrowing and shifts in frequency. In all instances, 

the amide III mode narrows and shifts from 1280 cm-1 to ~1286 cm-1, the amide II narrows, and 

splits from the 1578 cm-1 to form a shoulder peak ranging in frequencies 1530 – 1570 cm-1 and the 

amide I mode significantly narrows and shifts from 1622 cm-1 to 1636 cm-1. In addition to the 

changes in the amide modes, there are also significant changes in the relative intensities of the 

Figure 8. A) Concentration-dependent binding of 
netropsin (0-50 µM) to the control sequence, with 
50-µM difference spectrum at the top. B) Netropsin 
magnitude versus netropsin solution concentration, fit 
to a Langmuir isotherm. 
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pyrrole-derived modes.  Both the 1409 

cm-1 and 1477 cm-1 pyrrole ring 

stretching modes decrease in their 

respective intensities (relative to the 

predominant 1439 cm-1 pyrrole ring 

stretch) and narrow in their respective 

bandwidths. 

 The general observation of band 

narrowing is consistent with the 

netropsin adopting a more constrained 

conformation upon association with the 

minor groove of DNA. Additionally, the 

decreases in the intensities of the 

pyrrole-related modes are likely a 

consequence of the pyrrole group 

transitioning from a high dielectric 

aqueous environment to the minor groove of the DNA, where it is sequestered from water. The 

significant frequency shifting of the amide vibrational modes is consistent with loss of hydrogen 

bonding with water molecules and the active involvement of these functional groups in the 

coordination with DNA.   

In addition to the differences between the vibrational spectrum of netropsin between the 

unbound and high-affinity bound state, there are also discernable differences in the spectra of 

netropsin bound to the three AT-rich sequences investigated.  Specifically, there are clear 

difference in the ratios of the amide I and II modes along with differences in the resulting peak 

splitting of the amide II stretch, where the shoulder peak intensity spans 1548 – 1562 cm-1. 

Previous crystal structure and solution NMR analysis have shown that not only do the number of 

hydrogen bonds that netropsin forms differ between recognition sequences, but the specific amide 

functional group coordinating the hydrogen bond differs depending on the sequence of the AT-

rich recognition region. The distinct differences in the amide II and I modes observed in the current 

work are consistent with the amide functional groups forming a series of unique interactions with 

the AATT/TTAA, ATAT/TATA and AAAA/TTTT duplex sequences. 

 In comparison to the netropsin bound to the three high affinity AT-rich sequences, the 

low-affinity netropsin association state exhibits different spectral behavior. Specifically, the 

pyrrole vibrational modes (1405, 1440 and 1477 cm-1) are nearly equivalent in their respective 

Figure 9. Comparison of resolved netropsin spectra. Top to 
bottom: netropsin (4 mM) in free solution, netropsin bound to 
control sequence from 50-μM solution, netropsin bound to the 
AT-rich sequences from 100-nM solution: ATAT/TATA 
sequence, AAAA/TTTT sequence, AATT/TTAA sequence. 
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bandwidth and ratios to the solution netropsin spectrum.  However, there are changes in the peak 

ratios of the amide II and I vibrational modes along with shifting of the amide III and amide I 

modes that differ from both the solution spectrum and high-affinity association state.  Although 

subtle, there is a slight distortion of the amide III mode upon association.  Additionally, although 

the 1578 cm-1 amide II stretch remains unchanged in its frequency (relative to the solution 

spectrum), the 1620 cm-1 amide I stretch is observed to split by forming a shoulder at 1640 cm-1.   

Based on the distortion of the amide III stretch and the splitting of the amide I stretch, we 

conclude that the low affinity association interaction involves the amide functional group.  

However, due to the peak remaining broadened, this is consistent with a weaker, less constrained 

conformation adopted by netropsin. Additionally, in contrast to netropsin bound to the high-

affinity sequences, our results suggest that the pyrrole group must largely remain solvated in 

aqueous solution due to the unchanging features of these bands relative to the spectrum of 

netropsin in aqueous solution. The less constrained conformations of the amide groups compared 

to high-affinity binding and the pyrrole remaining in contact aqueous solution are consistent with 

a 4000-fold weaker affinity determined for netropsin association with the off-target sequence. 

Conclusions.  In this work, we have developed a new experimental approach to carry out 

Raman spectroscopic characterization of small-molecule association with surface-immobilized 

DNA. The methodology takes advantage of high surface area of porous silica supports, which 

provide readily detectable (~30-mM) local concentrations of the immobilized DNA in the interior 

of individual particles that can be probed by confocal Raman microscopy. Unlike conventional 

solution-phase spectroscopic measurements, this approach allows the characterization of 

association interactions at nanomolar solution concentrations of small-molecules in the range of 

the dissociation constants for strong binding affinities. The method confirmed the selectivity of 

netropsin binding to adenine and thymine-rich sequences, whereas no detectable netropsin 

association was detected at nanomolar concentrations with an off-target control sequence having 

only isolated AT-base pairing. This measurement was also shown to be capable of producing 

binding isotherms over a wide range of Kd, from low nanomolar to high micromolar, allowing the 

determination of netropsin binding affinities to both AT-rich and off-target sequences. Finally, 

from changes in the vibrational frequencies and intensities of both the immobilized DNA and 

bound small-molecule target that accompany association, insight can be gained into the nature of 

the interactions responsible for their interaction. 

This work has many potential avenues of application that have yet to be explored. For 

example, longer and more complex sequences containing multiple recognition regions could be 

assessed.  Additionally, the ability to resolve subtle changes in the vibrational spectra of both the 
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small molecule and the immobilized DNA upon binding creates an opportunity to gain deeper 

insight into the structure and interactions responsible for their interaction when combined with 

DFT calculations.  Finally, this work also has to the potential to screen libraries of small molecules 

for their association with specific sequences of DNA. 
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