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Alignment of Au Nanorods Along de novo Designed Protein 
Nanofibers Studied with Automated Image Analysis 

 
Muammer Y. Yamana, Kathryn N. Guyea, Maxim Ziatdinovb, Hao Shenc,d, David Baker c,d,e, Sergei V. 
Kalininb, David Ginger,a,f*

 

In this study, we focus on exploring the directional assembly of anisotropic Au nanorods along de novo designed 1D protein 
nanofiber templates. Using machine learning and automated image processing, we analyze scanning electron microscopy 
(SEM) images to study how the attachment density and alignment fidelity are influenced by variables such as the aspect 
ratio of the Au nanorods, and the salt concentration of the solution. We find that the Au nanorods prefer to align parallel to 
the protein nanofibers. This preference decreases with increasing salt concentration, but is only weakly sensitive to the 
nanorod aspect ratio. While the overall specific Au nanorod attachment density to the protein fibers increases with 
increasing solution ionic strength, this increase is dominated primarily by non-specific binding to the substrate background, 
and we find that greater specific attachment (nanorods attached to the nanofiber template as compared to the substrates) 
occurs at the lower studied salt concentrations, with the maximum ratio of specific to non-specific binding occurring when 
the protein fiber solutions are prepared in 75 mM NaCl concentration.

Introduction

Hierarchically-organized hybrid organic/inorganic structures 
are interesting candidates for developing new advanced 
materials. Using programmable macromolecular building 
blocks such as proteins,1–3 peptoids,4–7 and polymers,8–16 as 
templating agents to scaffold the assembly of functional 
inorganic building blocks is one approach to achieve this goal. 
It can be advantageous, for example, to combine the 
programmable atomic-precision afforded by biomolecular self-
assembly, with the optical and electronic properties of 
inorganic materials. These materials are important in fields 
ranging from plasmonics,11,17,18 to quantum optics,19,20 and 
biosensing,21–23. Kotov and co-workers recently used protein24 
and peptide25 templates to direct the assembly of gold 

nanorods to produce chiroptical structures with record chiral 
dichroism and optical asymmetry g-factors25.

In pursuing such approaches, a key challenge is to 
understand and control the physical interactions between the 
inorganic building blocks and the biological templates, 
especially at the interfaces. Understanding these processes can 
provide guide rules for future design and rational synthesis of 
hierarchical materials.  Electrostatic interactions are classic and 
widely used, yet still interesting area to explore. For example, 
by controlling salt concentration, which affects the 
electrostatic force at the protein–mineral interfaces, Pyles et 
al. showed the orientation proteins prefer to attach to an 
inorganic substrate can be tailored by varying the ionic strength 
of the solution.26 
     Here, we explore the converse problem: what factors 
control the fidelity of alignment of metal nanorods with protein 
fibers acting as the assembly templates.  We use a de novo 
designed protein fiber27 engineered to have a very high density 
of negatively-charged surface residues, under neutral 
condition, as a template to drive the electrostatic assembly of 
positively-charged gold nanorods along the nanofiber axis. We 
conduct a series of experiments varying the external 
parameters such as the aspect ratio of the Au nanorods and the 
salt concentration (ionic strength) to assess how they affect the 
assembly of the Au nanorods on the protein fibers relative to 
an aminosilanized ITO substrate. We develop and apply an 
automated image analysis tool to facilitate analysis of the 
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experimental data. We find that the fidelity of the 
electrostatically-driven self-assembly of Au nanorods onto 
protein nanofiber templates, depends on the aspect ratio of 
the nanorods, as well as the ionic strength of the solution.

Result and Discussion

Fig. 1 (a) shows a schematic of our assembly approach for 
attaching Au nanorods onto pre-assembled de novo designed 
protein nanofibers (see SI for full details).  Briefly, we drop cast 
pre-assembled protein fibers27 onto positively-charged silane-
coated ITO substrates. As a monolayer, t silane, (3-
aminopropyl)triethoxysilane, has a pKa of 7.6.28,29 Thus, when 
the protein is deposited in a pH 8 tris buffer, the silane surface 
remains partially protonated, yielding a net positive charge, to 
which the negatively-charge proteins can attach due to a 
combination of electrostatic and van der Waals attraction29,30 . 
Next, as shown, we exposed these positively-charged surfaces 
to solutions of preassembled protein nanofibers. We designed 
the protein nanofibers to have a high-density of carboxylic acid 
groups on their surfaces,27 decorating them with a net negative 
surface charge in buffer at pH 8. Due to the electrostatic 
attraction, the negatively-charged protein fibers attach at high 
densities to the charged silane. (see the SEM image in Fig. 1a) 
The protein nanofibers attach at much lower density (if at all) 
to substrates without silane treatment (See Fig. 1S)

Next, following attachment of the protein nanofibers, we 
exposed the substrates to solutions of Au nanorods synthesized 
by the method of Ye et al.31. Terminated with cetyl trimethyl 
ammonium (CTA) cations, these Au nanorods have a net 
positive charge,32 and thus are candidates for electrostatically-
driven self-assembly onto the protein nanofibers. Due to the 
large density of the Au nanorods, we performed the nanorod 
attachment step with inverted substrates (Fig. 1) in order to 
allow the assembly process be dominated by short-range 
interactions while eliminating the potential for gravitational 
sedimentation.

We then gently washed the substrates with distilled water 
to remove the excess Au nanorod solution, and imaged the 
resulting structures using scanning electron microscopy (SEM). 
Fig. 1 (b) shows the resulting Au nanorod decorated protein 
nanofibers.  In these images the nanofibers appear clearly as 
black lines stretching for several microns, while the Au 
nanorods appear as bright white cylindrically-shaped objects. 
We used the ITO substrate to perform SEM imaging on a 
conductive surface without the need to sputter over the 
structures.  However, the grain structure of the ITO is also 
faintly visible in the background.  While the ITO grain 
boundaries also appear as black lines, they are much lighter 
and thinner than the protein nanofibers, and are easily 
distinguished from the protein.

We observed that protein nanofibers attached on 
functionalized ITO at a reasonably high density (2.5 ± 1.3 µm 
protein nanofibers/µm2 area) (See Fig. 2S A) for solutions with 
different concentrations of salt between 25 mM and 1M, and 
the average density of protein fibers at each solution are quite 
similar. On the contrary, the Au nanorods were attached to 
primarily to the nanofibers or to the substrate with different 
densities in 25 ± 13 particles/ µm2 area, which are depending 
on the sample and attachment conditions (See Fig. 2S B).

In order to explore how different variables affect the fidelity 
of the assembly of Au nanorods along the protein nanofibers, 
we performed a number of experiments as a function of 
nanorod aspect ratio, and ionic strength of the solution. In 
order to efficiently generate statistically-robust data sets and 
to automate the workflow for future experiments, we utilized 
a python-based automatic image analysis tool.33,34 In this 
context, the goal for such an image analysis tool is to 
automatically recognize the protein fibers and label Au 
nanorods as attached to protein fibers or substrate under 
different experimental conditions. Here we consider binding to 
the protein fibers as specific binding, and to the substrate as 
nonspecific binding. In addition, the image analysis tool should 
provide additional information concerning the angle of each Au 
nanorod on protein fibers, the size distribution of nanorods, 

Fig 1.  a) Schematic representation of the assembly process and a SEM image of protein fibers on a silane-treated ITO substrate. The protein fibers were drop cast onto the 
silane-coated ITO substrate and then the substrate was put upside-down on the top of the chamber filled with Au nanorods in solution (to avoid attachment by sedimentation). 
The substrate was gently washed and dried for imaging.  b) A SEM image of Au-decorated de novo designed protein nanofibers. 
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and the length of protein fibers. All this information together 
should help to analyze each individual particle and hopefully 
will contribute to our understanding of local surface-surface 
interactions at the nanoscale. 

Fig. 2 shows the workflow of the automated image analysis 
tool.  Firstly, the contrast of the images was adjusted and then 
filtered regional maxima to find bright gold particles in the 
image. Next, we utilized a fully convolutional neural network 
(FCNN) to separate the protein fibers from the rest of the 
image.34,35 Specifically, the FCNN perform a semantic 
segmentation of the input images by categorizing every pixel in 
the image as belonging to a fiber or to a background.36 The 
FCNN structure is based on the custom-build dilnet 
architecture,37 which uses only a single max-pooling (and the 
corresponding up-sampling) operation to preserve the 
maximum amount of information and utilizes dilated 
convolutions to reduce the total number of weights to train. 
The latter reduces a computational cost and allows training the 
FCNN for the large-size images. To train the FCNN, we created 
image-mask pairs by hand labelling a small subset of 
experimental images and performing the standard data 
augmentation procedure, which included random cropping, 
rotation, and horizontal/vertical flipping. The FCNN weights 
were optimized using the Adam extension38 of the stochastic 
gradient descent algorithm using with the binary cross-entropy 
loss objective. Once the loss reaches a plateau (with the value 
of ~0.1), the predicted morphology of protein fibers is adopted 
for further analysis. Finally, the new image was automatically 
regenerated from both outputs.  

After assigning the position of the nanofibers using the 
FCNN, and the positions of the bright white Au nanorods using 
thresholding, we then analyzed the resulting labeled images. 

We used custom automated image analysis tools to compute 
properties, such as Au nanorod particle size and aspect ratio, 
and to quantify specific Au nanorods attachment on protein 
fibers, and nonspecific Au nanorods attachment to the 
substrate. We also used these tools to compute the angle that 
the axis of each specifically attached Au nanorod made with 
respect to the tangent to the local protein nanofiber axis.

After developing the automatic image analysis tool, we first 
investigated the effect of solution ionic strength on the 
attachment of the Au nanorods to the protein fibers. We used 
25 mM, 75 mM, 150, and 1 M NaCl solutions. We note that 
these NaCl concentrations were those applied to the protein 
buffer conditions during assembly, and that the salt 
concentrations were lower at the final stages of assembly 
because of the washing steps – but we anticipate that at by 
washing step the assembly was mostly completed (as verified 
by the significantly differences in particle assembly results 
based on ionic strength). Fig. 3(a) shows the resulting 
morphologies of the final assembled nanofiber/nanorod 
solutions. Those images were generated using the image 
analysis tool, with the protein nanofibers were labelled with a 
gray line, and the Au nanorods were labelled with a white rod 
shape. Fig. 2S shows the corresponding raw SEM images. 

Fig. 3 (b) shows the number of Au nanorods specifically 
bound to protein fibers at varying salt concentrations. We 
quantified the results from the regenerated images as done by 
the automated image tool. To get statistically-robust results, 
we analyzed multiple regions on the substrates ensuring that 
the total number of analyzed particles is more than 500 
particles for each sample. The x-axis shows the NaCl 
concentration while the y-axis (the green bins) shows the 
number of Au nanorods specifically attached per 1 m protein 

Fig. 2. a) Schematic representation of our automated SEM image analysis tool. b) Training process of the Fully Convolutional Neural Network (FCNN) model for recognizing 
the protein fibers. 
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fibers. The average length and width for the Au nanorods from 
this solution are 45 ± 9 nm and 19 ± 5 nm, respectively. Thus, 
the maximum loading density of 45 nm-long Au nanorods is 22 
nanorods (22 = 1 m/45nm) per micron of nanofiber if the Au 
nanorods were to stack perfectly head-to-tail along the protein 
fibers. We constrained the density to one particle per section 
of the protein fiber, because the protein fiber and Au nanorods 
have similar diameters (15 nm), however in other work with 
larger fibers it is possible to assemble multiple nanorods on 
fibers of sufficient width.16 The highest specific Au attachment 
to protein fibers was observed when the protein fiber solution 
is prepared in 75 mM NaCl concentration. As the salt 
concentration increases, the number of specifically attached 
Au nanorods first increases at moderate concentration (75 mM 
NaCl) to maximize the specific electrostatic attraction and then 
decreases at higher concentration (150 mM and 1 M NaCl) 
within the limits of experimental uncertainty, we propose this 
trend can be explained by a balancing of competing factors.  
When the ionic strength is too low the nanorods can repel each 
other, and also see repulsion from the background substrate, 
reducing the attachment density.  At intermediate salt 
concentrations, the rods are screened from all but the shortest-
range interactions and can achieve a higher density of 
attachment to the fibers, while above 75mM, all electrostatic 
forces are screened too greatly, resulting in poor particle-
substrate repulsion and poor particle-fiber attraction, and 
leading to non-specific van der Waals attraction as the driving 
force of assembly. Here, we see that the maximum value 

reaches 6 for the 75mM NaCl solution, indicating that the 
nanorods are occupying just under 1/3 of the available protein 
surface.

Fig. 3c shows the quantitative results for non-specific 
attachment of Au nanorods (NRs) to the silane-treated ITO 
substrate. In this case, the y-axis shows the number of attached 
Au particles per area (1 m2) and the area for each image is 9 
m2. The number of nonspecifically attached Au nanorods 
(shown in red bins) increases as the salt concentration 
increases. However, the number of attached Au nanorods 
decreases at the highest salt concentration (1 M NaCl), most 
likely because at such high salt concentrations, the Au 
nanorods quickly aggregate and settle down to the bottom of 
the reaction chamber due to the gravitational force. We did not 
observe any aggerated Au nanorods on the substrate except 
when the protein fiber solution is prepared in 1 M NaCl. The 
aggerated Au nanorods were labelled with yellow lines in Fig. 
3a). 

We also prepared different Au nanorod solutions with 
different aspect ratios ranging from 2 to 5, (see ESI Materials 
and Methods section, Table 2S) to examine the effects the 
aspect ratio of Au on the attachment process. While we 
hypothesized that the aspect ratio of the nanorod might play a 
role, we observe similar behavior in all cases over the size range 
that was readily accessible experimentally. (See Fig. 3S and Fig. 
4S).

Finally, after analyzing the attachment density of the Au 
nanorods, we further explored how the attachment angle of 

Fig. 3. a) Processed and labelled SEM images at different NaCl concentration from 25 mM to 1M (from left to right). The gray lines show protein fibers and the white particles 
show the Au nanorods. The aggerated Au NRs were labelled with yellow lines. b) Boxplots show the results from the images analyzed with our automated image analysis tool. 
The x-axis shows the NaCl concentration whereas the y-axis (the green bins) shows the number of specific Au nanorod attachment per 1 m protein fibers c) Boxplot of results 
the above images from the automated image analysis tools. The y-axis (the red bins) shows the number of nonspecific Au nanorod attachments per the 1 m2 substrate.
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the nanorods with respect to the protein fibers axis and the 
inter-rod distance changed with the solution salt 
concentration. The automated image analysis tool creates a 
sub image for each individual gold particles and then finds the 
best fit line for the orientation of the protein fibers in the sub 
image using Hough Line Tranform.39 It then calculates the angle 
at the intersection between Au nanorod and protein fiber for 
each particle. Fig. 4 shows the resulting normalized angular 
distributions of the attached Au nanorod to the protein fibers. 
We clearly see that at 25 mM, 75 mM salt concentration, the 
Au nanorods are preferentially aligned with the nanofibers 
(with nearly 60% of the nanorods aligned with less than a 20° 
angle with respect to the particle axis). However, when we 
increase the salt concentration, both mean and median angles 
of the distribution increase and the spread in attachment 
angles of the Au nanorods also increases, indicating that 
attachment becomes more random and less specific at higher 
salt concentration. By the time we reach 1 M salt 
concentration, the probability of the attachment angle of the 
Au nanorod to the protein fiber is almost equal and there is no 
favorable attachment angle. 

We calculate pair distribution functions (PDFs) for the Au 
nanorods as a function of ionic strength in Fig. SI 7. Notably, the 
PDF at lower salt concentrations has a peak at smaller 
distances, which we interpret as reflecting the preferential 
assembly along the nanofibers at low ionic strength leading to 
more closely spaced rods.  At higher salt concentration that 
random distribution of rods across the entire surface leads to a 
shift to larger distances, while at very high (1M) salt the 
extremely high density of random attachment leads to a shift 
back to smaller values. 

Both results from Fig. 4 and Fig. SI 7 are consistent with our 
observations of a transition from specific electrostatic 
attachment to the protein fibers at low salt (25 mM and 75 
mM) to non-specific binding to the substrate at higher salt (150 
mM and 1 M). At low salt concentrations, the Au nanorods tend 
to maximize the favorable electrostatic attraction between the 
length of the rod and the length of the fiber by aligning the 
same direction, whereas at higher salt concentrations, they are 
randomly aligned and really have little preference for the 
protein fiber over the substrate.  It is possible that at lower salt 
concentrations the particles are able to move more freely to 
find the orientation of lowest potential energy whereas at high 
ionic strength, with the Coulomb repulsion terms that prevent 
nanorod attachment to the glass substrate screened, nanorods 
tend to stick where they first attach, with more random 
orientations. 

Conclusions
In summary, we show that de novo designed proteins with high 
surface charge densities can be used successfully to assemble, 
and align, Au nanorods. We further show that the salt 
concentration can be tuned to achieve ordered and disordered 
assemblies. The optimum salt concentration of 75 mM for 
these nanofibers likely achieves as balance between particle-

particle and particle-substrate interactions, without resulting in 
significant particle aggregation and non-specific binding. 
Importantly, we developed, and have made publicly 
available,40 image analysis tools utilizing a fully convolutional 
neural network to analyze experimental data and gain 
geometrical information from each nanorod and nanofiber. 
This work is an important step towards reliable self-assembly 
of functional inorganic building blocks along these designer 
protein templates. Future studies may explore alternative de 
novo designed proteins combining both electrostatic and 
covalent interactions, as well as seek to explore the emergent 
optoelectronic properties of these systems. Develop optical 
screening methods that allow particle assembly to be analyzed 
in real time and in situ during assembly, without requiring ex 
situ electron microscopy analysis would also be valuable.
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