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Molecular dynamics simulations: the 
basics

• We need to describe the interactions 
between all the atoms in the system.

MD simulations of bio-interfaces: 
very challenging, requires vast computing resources.

Access to supercomputing is critical for our research.

Can simulate millions 
of atoms using this 
approach (with 
supercomputing 
facilities).



Biomolecule-materials interfaces:
Possibilities for Bio-sensing

The goal: in-situ real-time monitoring of 
molecular biomarkers for vigilance, stress 
and fatigue.

Non-covalent adsorption of Au nanoparticles by nucleic acid 
aptamers (DNA etc) that bind biomarkers, e.g. cortisol.
→ colorimetric sensor. 

[2] Rothberg et al., J. Am. Chem. Soc., 2004, 126, 10958.



Biomolecule-materials interfaces:
Possibilities for Bio-imaging

Peptide coatings on 
nanoparticles can 
target specific sites 
for imaging, and also 
for delivery of 
therapeutics.

Schliephake and Scharnweber, J. Mater. Chem. (2008)

Khaydukovet al.. Sci. Rep. 2016, 6, 35103

Molecular modelling can help our understanding of how to 
achieve imaging at new limits of resolution, sensitivity and 
specificity.



Peptide Self-Organization and Surface 
Patterning

Simulations performed at 
50% and 70% peptide 
surface coverage

Patterns were measured in 
using ex-situ AFM. We 
predict these do not persist 
in water.

Hughes and Walsh, Nanoscale, 2018



Experimental structural 
determination of the 
aqueous bio-interface is 
challenging.

Nexus of Sequence/Structure(s)/Binding 
in Bio-interfaces:

Peptide sequence matters for materials-selective binding:
AQNPSDNNTHTH vs.      TNHDHSNAPTNQ

Mirau, Naik Gehring, JACS (2011)

  

sequence ↔ 3D structures ↔ binding ↔ properties 

Molecular simulation can help us to unplait the threads of 
this nexus.



Compositionally-selective peptide 
binding: Ag and Au surfaces

•

Peptide adsorption selectivity of gold over silver surfaces:
We used MD simulations to explore experimental binding 
affinity vs. our structural predictions.

Palafox-Hernandex, Tang, Hughes, Li, Siwhart, Prasad, Walsh and Knecht , Chem. Mater. (2014) 



Concept:
Attach a photo-active molecular spacer to 
a chimeric peptide.

Here, the Spacer located between the 
two domains could be reversibly switched 
between stable conformations, to create 
photo-activated, reconfigurable bio/nano
interfaces.

Materials-binding 
domain 1

Spacer

Materials-binding 
domain 2

Adding a photoswitch to a 
materials–binding peptide

Knecht, Walsh, Swihart, Prasad and co-workers.

But….this modification may 
disrupt the materials-selective 
properties of the peptide.



Photoisomerization of Free AuBP1-MAM
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Tang et al., Walsh & Knecht, Nanoscale, 2015.
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Tang, Lim, Palafox-Hernandez, Drew, Li, Swihart, Prasad, Walsh, Knecht, Nanoscale, 2015.

Surface bound AuBP1-MAM on Au NPs can be reversibly switched 
many times. But the switching ratio is lesser than free AuBP1-MAM.

Photoswitching on Au NPs



Au and Ag 
binding 

affinities of 
hybrid peptide-
MAM structures 
are comparable 

to parent 
peptide, in both 

cis and trans
forms

QCM Binding Analysis: Comparison of 
Au to Ag

Molecule Material ΔG
(kJ/mol)

Θ∞
(%)

AuBP1 Au
Ag

−37.6 ± 0.9
−35.3 ± 0.8

97.6 
94.2

tMAM-CAuBP1 Au
Ag

−37.1 ± 1.7
−35.8 ± 0.7

96.0
89.5

cMAM-CAuBP1 Au
Ag

−34.3 ± 0.7
−35.7 ± 1.0

88.5
90.2

AuBP1C-tMAM Au
Ag

−34.8 ± 1.1
−35.6 ± 0.6

90.3
89.6

AuBP1C-cMAM Au
Ag

−35.5 ± 0.0
−34.6 ± 0.6

92.6
85.3

Palafox-Hernandez, et al.,Knecht and Walsh, ACS Appl. Mater. Interfaces, 2016.



Surface-Residue Contact:
Predictions at aqueous Au interface

trans cis

The location and isomerization state of the MAM 
affect the peptide/Au binding, but AuBP1 remains 
enthalpically-driven, with strong anchor sites, for both 
cis and trans.

Palafox-Hernandez, et al.,Knecht and Walsh, ACS Appl. Mater. Interfaces, 2016.



Photoswitching Rate Constant
Free molecules – trans to cis switching is faster.
Adsorbed on NPs – cis to trans switching is faster.

Metal trans-MAM cis-MAM

Au −102.9 ± 3.9 −62.9 ± 8.2 

Ag −45.5 ± 4.7 −29.5 ± 5.5 

*Calculated binding free 
energy (kJ mol-1) 

Switching behaviors can be directly modulated by the metallic 
interface due to the specific interactions between the metal and the 
azobenzene.

Strong interaction between 
metal and trans-MAM 
inhibits trans to cis 
isomerization and 
accelerates cis to trans 
isomerization.

Palafox-Hernandez, et al.,Knecht and Walsh, ACS Appl. Mater. Interfaces, 2016.



Photoswitchable Catalytic Activity

Photoswitching of azobenzene moiety 
modifies surface accessibility, producing 
in a change in catalytic activity

Contact pattern of materials-binding 
peptide changes upon switching of 
MAM component

Lawrence, Scola, Li, Lim, Liu, Prasad, Swihart, and Knecht, ACS Nano, 2016, 9470–9477.



Applications to Non-Linear Optics

LSPR-assisted two-photon induced 
isomerization for peptide-azobenzene by 
non-covalent coupling with Ag nanoparticles. 
Greatest effect for cis state.

Ågren, Prasad, Swihart, Knecht , Walsh, and co-workers, Nanoscale, 2016.
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o-Haloazobenzene Substitution to Tune 
Photoswitching Wavelengths

N

R

N

R

N
NR

R

Repulsion induced 
destabilization of
n-orbital energy
 Red shift of n-π* 

Less repulsive
in cis-isomer

 Blue shift of n-π*

π*

n

π
trans cis

300 400 500 600 700
0.0

0.2

0.4

0.6

0.8

1.0

 

 

No
rm

al
ize

d 
Ab

s.

Wavelength (nm)

 F
 Cl
 Br
 I

MAM

F Cl Br I

MAM F Cl Br I

n-π* λmax (nm) 450 420 470 485 525

Abs. spectra of MAM and 
o-Haloazobenzenes

o-halogen substitution can tune the photoswitching wavelengths; 
competing effects can result in net blue-shift (F) or red-shift (Cl, 
Br, or I)

Hughes, Baev, Prasad and Walsh, Phys. Rev. B, 2017



Biomolecule-materials interfaces:
Possibilities for Bio-sensing

The goal: in-situ real-time monitoring of 
molecular biomarkers for vigilance, stress 
and fatigue.

Non-covalent adsorption of Au nanoparticles by nucleic acid 
aptamers (DNA etc) that bind biomarkers, e.g. cortisol.
→ colorimetric sensor. 

[2] Rothberg et al., J. Am. Chem. Soc., 2004, 126, 10958.



Digression: Modeling Interactions 
Between DNA and Au surfaces – How to 
Validate?

We have adapted and verified 
force-fields for describing the 
interface between nucleic acids 
and gold (and graphene).

Hughes, Drew, Wei, Colombi Ciacchi, and Walsh, Langmuir, 2017.

We used metadynamics simulations to predict the binding 
free energy of nucleic acid components at the aqueous Au & 
graphene interfaces, consistent with Single Molecule Force 
Spectroscopy AFM experimental data.



Digression: Modeling Interactions 
Between DNA and Au surfaces – How to 
Validate?

Hughes, Drew, Wei, Colombi Ciacchi, and Walsh, Langmuir, 2017.



The Cocaine-Binding MN4 Aptamer

Proposed 
cocaine-binding 
site

Junction Bases:
A7, T19, C20, A21, G29, G30



Aptamer Structure: MN4

AFRL researchers have investigated the binding of cocaine to the MN4 aptamer in the 
presence and absence of Au nanoparticles.

Experimental evidence:

Structure of MN4 = stable in the apo and holo forms*.

Evidence of conformational switching upon binding of 
cocaine???

Currently, there is no reported 3D 
atomistic-scale structure (pdb) of the MN4 
aptamer, in the absence or presence of 
cocaine.
We need to test if we can predict these 
structural traits.

* Neves et al, Biochemistry, 2010.

WORKFLOW

Challenge:



Summary & Outlook:

• The key deliverable from our modelling is the ability to establish 
a missing link – detailed structural data – between peptide/DNA  
sequences and the properties of the bio-enabled materials.

• Applications for bio-sensing and targeted bio-imaging 
applications  are the next steps for our integrated program of 
molecular simulations and experimental characterization.

sequence ↔ 3D structures ↔ binding ↔ properties 
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