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ABSTRACT 

Amyloid-like peptides are an ideal model for the mechanistic study of amyloidosis, 

which may lead to many human diseases, such as Alzheimer’s. The paper reports a 

strong second harmonic generation (SHG) effect of amyloid-like peptides, having a 

signal equivalent to or even higher than those of endogenous collagen fibers. Several 

amyloid-like peptides (both synthetic and natural) were examined under SHG 

microscopy and shown they are SHG-active. These peptides can also be observed inside 

cells (in vitro). This interesting property can make these amyloid-like peptides second 

harmonic probes for bioimaging applications. Furthermore, SHG microscopy can 

provide a simple and label-free approach to detect amyloidosis. Lattice corneal 

dystrophy was chosen as a model disease of amyloidosis. Morphological difference 

between normal and diseased human corneal biopsy samples can be easily recognized, 

proving that SHG can be a useful tool for disease diagnosis.  

 

 

 

 

  



  

 

1. Introduction 

Amyloid-like peptides are responsible for amyloidosis which is an important feature 

for several human diseases, including Alzheimer (AD) [1-2], Parkinson [3], type II 

diabetes [4], cataracts [5], or lattice corneal dystrophy (LCD) [6]. The inhibition of 

amyloid-like peptides production is a promising strategy for the development of 

therapeutic agents to treat such diseases. However, the mechanism of amyloidosis is 

still unclear. One logical mechanistic approach is to study how these amyloid-like 

peptides/proteins fold or misfold [2, 7]. In this direction, ultrashort peptides (having 

only three to seven amino acids) provide us an ideal model for mechanistic studies. For 

example, GGVVIA (GA6) and KLVFFAE (KE7), can self-assemble into amyloid-like 

aggregates [8-9]. The previously mentioned peptides are also known as the core 

sequence of amyloid-β (Aβ). Aβ is the major component in the amyloid aggregates 

responsible for AD. Besides ultrashort peptides that can be found in natural 

peptides/proteins, several designed synthetic ultrashort peptides, such as IVD (ID3) and 

LIVAGD (LD6), have shown similar behavior [9-10]. Both the natural and synthetic 

peptides are amyloid-like peptides. Ultrashort amyloid-like peptides can not only be 

useful for screening of amyloid inhibitors [10-11], but also as a new type of 

biomaterials with desirable properties such as biocompatibility and biological activities 

[8-9, 12-13]. They all form cross-β peptide structure at a molecular level. Mechanically 

they are rigid, with strength comparable to steel [14]. Morphologically they are helical 

fibers of micrometers in length but only 7-10 nm in diameter [15], having a similar 

morphology to collagen fibers [10, 16]. Supramolecular assemblies of collagen in 

tissues have been visualized by SHG microscopy [17]. In particular, collagen I and 

collagen II have been proven to efficiently produce SHG signals [17-18]. SHG has been 

applied to investigate rat and human corneal samples [19-22]. Collagen fibrils in cornea 

were viewed under SHG microscopy without any labelling. The orientation, 



  

 

morphology and submicron heterogeneity of collagen fibrils were quantified by using 

SHG and potentially can be used for in vivo diagnosis of corneal diseases, such as LCD. 

Besides collagen is used as a biomarker for LCD, extracellular deposition of amyloid β 

within cornea is commonly thought as the main reason for LCD. Inspired by these 

findings, we demonstrate here the non-linear optical (NLO) properties of self-

assembled ultrashort amyloid-like peptides [23] and explore their potentials as novel 

organic probes for SHG imaging. Besides significant advantages over the conventional 

fluorescence imaging techniques such as deeper optical penetration, lower photo-

damage and longer observation time [24-27], SHG microscopy provides a simple and 

label-free approach to detect amyloid-like peptides, which can be a useful tool for 

disease diagnosis, especially for LCD.  

 

2. Materials and Methods  

 

2.1 Ultrashort Amyloid-Like Peptides  

Amyloid-like peptides were purchased from the American Peptide Company (purity 

≥95%). The peptide sequences were confirmed by liquid chromatography-mass 

spectrometry (LC-MS).  Net peptide content varied between 70% and 85%. All peptides 

were acetylated at the N terminus. Peptide handling and hydrogel preparation were 

done as reported previously [10, 28]. 

2.2 Peptide Particles  

The preparation of the peptide particles was performed by hydrodynamic focusing, 

method described in previous work [29-31]. The particle size was determined by 

scanning electron microscopy, showing a grain size of around 5 μm.  

2.3 Cell Culture   



  

 

Both HeLa and human dermal fibroblasts were cultured in DMEM supplemented with 

10% fetal bovine serum and 1% penicillin/streptomycin (Life Technologies, Singapore).  

2.4 Human corneal biopsy samples  

The human corneal biopsy samples were provided by Singapore General Hospital. The 

normal tissue was from a seventy-eight year-old Caucasian male. The diseased tissue 

was from a sixty-year-old female who has lattice corneal dystrophy (LCD). The study 

was approved by the institutional review board (IRB) from Singhealth. 

2.5 SHG Imaging  

SHG images were acquired using a commercial laser scanning microscopic imaging 

system (Zeiss LSM 510 META, Jena, Germany) coupled to a mode-locked 

femtosecond Ti: sapphire laser (Mai-Tai broadband, Spectra-Physics), tunable from 

710 nm to 990 nm. To achieve spectral analysis and detect the SHG signal, we used the 

META detector with 32-gated photon counting module [17]. 

 

3 Results and Discussions 

 

3.1 A hexamer peptide is collagen-like and SHG-active 

To test whether these amyloid-like peptides are SHG-active, we first investigated a 

hexamer peptide, Ac-LIVAGK-NH2, (LK6). Peptide powder was dissolved in pure 

water and peptide microparticles were assembled on a microfluidic chip using 

hydrodynamic focusing techniques. The resulting peptide microparicles were examined 

under SHG microscopy. During the whole experiments, only the backscattered 

geometry was employed because it is the only suitable configuration for in vivo imaging 

[26]. We chose collagen I as a control, being shown that SHG microscopy can visualize 

supramolecular assembly of collagen in tissues [26]. Both collagen I and peptide 

particles showed SHG signals with comparable intensity. This is shown in Figure 1a 

where the SHG signal from the collagen fibers of a rat liver tissue was compared with 



  

 

the signal from LK6 peptide particles (instrument settings for both SHG imaging being 

the same). The fine structures of collagen and peptide particles can be clearly seen under 

SHG and SEM- Figure 1b and c. Moreover, LK6 peptide exhibits typical SHG 

characteristics. Excited at 810 nm, LK6 emitted a sharp SHG peak at 405 nm (Figure 

1d). This is a main characteristic of SHG: two photons can be converted into one photon 

at exactly half of the wavelength. We then examined the excitation wavelength 

tunability of SHG signals from LK6 peptide. In Figure 1e, as the excitation wavelength 

was increased from 810 to 890 nm, the wavelength of the SHG signals from the LK6 

peptide particles increased from 405 to 445 nm respectively.  The opportunity of tuning 

the excitation wavelength gives the advantage of best matching with the optical 

properties of the sample. It is known that a biological sample (cells/tissues) presents 

auto-fluorescence. Tuning the excitation wavelength, this auto-fluorescence can be 

avoided. In our experiments, we used excitation wavelength ranging from 810 to 890 

nm, which falls in the so called ̈ therapeutic window¨ or ̈ optical window¨. The common 

problems encounter by conventional fluorescent microscopy are circumvented. In 

addition, a further increase of the penetration depth in tissues can be achieved by simply 

increasing excitation wavelength. Figure 1f showed the emission wavelength data of 

the SHG signal (λex = 850 nm). The data in the graph was fitted to a Gaussian curve 

exhibiting a maximum at 425nm, which is exactly half the excitation wavelength of 

850 nm. The bandwidth (full width at half-maximum of Gaussian distribution, FWHM) 

was narrow (~10 nm) and it obeyed a relationship to the corresponding wavelength 

profile of the fundamental beam (~15 nm). Moreover, the dependence of the output 

signal on irradiation intensity was measured by varying the 850nm excitation intensity. 

The linear regression, applied to the log-log plots (Equation 1), revealed a quadratic 

power dependence of SHG intensity to power intensity, as shown in the Figure 1g. 



  

 

      (1) 

The intensity of SHG signal is proportional to the square of the incident laser intensity. 

This confirmed the two-photon nature of the emission from LK6 peptide. 

 

3.2 Cytocompatibility of a hexamer peptide 

In order to use LK6 for bioimaging applications, such as in vitro cells monitoring or in 

vivo imaging, we assessed the cytotoxicity of LK6 using MTS test and live/dead assay 

with two human cell lines, human epithelial carcinoma cells (HeLa) and primary human 

dermal fibroblasts (HDF) (Figure 2). Cells were exposed to cell culture media 

containing different concentrations of LK6 solution (0.1 to 1000 µg/mL) and incubated 

for 48 h. Cell viability at various LK6 concentrations was either equivalent to or even 

higher than that of untreated cells over the whole concentration range which was tested 

in this study (Figure 2a). To further confirm these results, we stained cells with or 

without peptide exposure using solutions containing a mixture of calcein AM and 

ethidium homodimer-1 (EthD-1). Calcein AM can penetrate cell membrane and be 

converted within the cell to membrane impermeable green fluorescent calcein, while 

red fluorescent EthD-1 is unable to permeate the intact cell membrane of living cells.  

Figure 2 b shows the representative live/dead images of cells in response to LK6 

solutions (1 and 1000 µg/mL). LK6 displayed no toxicity to both HDF and HeLa cells, 

in agreement with the results of the MTS assays. 

 

3.3 Comparison of synthetic and natural amyloid-like peptides under SHG microscopy 

Several other amyloid-like peptides, including both natural amyloidogenic core 

sequences (NL6, DF5, GA6, and KE7) and designed synthetic peptides (LD6, IS6 and 

IK3) were examined under SHG excitation. The peptide sequences are listed in Table 

log[I425]= 0.45+2.01´ log[I850 ]



  

 

1. All these peptides are SHG-active. We used a powder technique developed by Kurtz 

and Perry [32] to evaluate the SHG efficiency of these second-order nonlinear optical 

materials. Sucrose was chosen as control to evaluate SHG efficiencies [33]. In Table 1, 

all tested amyloid-like peptides showed higher or equivalent SHG efficiency compared 

to sucrose. These can be explained through their molecular structures. LD6 is known to 

form hydrogel at much lower concentrations compared to LK6.  The trimer IK3 has 

larger dipole moment compared to LK6.  Human collagen subtypes I to V were also 

examined (Table 1) for their SHG activity. Only Collagen type I and II showed positive 

results, aspect that is in concordance with the previous findings reported in the literature 

[18, 34]. Moreover, some amyloid-like peptides such as IVK, LIVAGD or even 

ILVAGS showed even higher SHG efficiency than collagen subtypes (I and II). This 

suggests the opportunity of using these materials as SHG probes. 

The investigation of the SHG efficiency for four natural amyloidogenic core sequences 

indicates the following order: KE7 > GA6 > DF5 > NL6 (Table 1 and Figure 3).  KE7 

(KLVFFAE), containing its diphenylalanine (FF) motif, showed the highest SHG 

efficiency among these four peptides. However, its SHG efficiency is similar as that of 

IK3. It is noteworthy that IK3 is an aliphatic peptide. Aromatic residues such as tyrosine 

and tryptophan are known to be used as an endogenous molecular probe of peptides 

and proteins for SHG at the air-water interface [35]. However, our results indicated that 

aromatic residues are not necessary for higher SHG efficiency. LD6, IS6, LK6 and IK3 

are all aliphatic and lacking aromatic residues, clearly makes them a unique type of 

peptides for SHG applications. These peptides are amphiphilic [10, 16], consisting of 

an aliphatic amino acid tail of decreasing hydrophobicity and a hydrophilic head. They 

can self-assembly via parallel-antiparallel α-helical pairs and subsequent stacking into 

β-turn fibrils, which show striking similarity to collagen fibers [16]. We reasoned that 



  

 

the origin of these amyloid-like peptides’ SHG activity comes from their nanostructures. 

A recent study showed that the origin of SHG signals from collagen fibers possibly lies 

in their peptide bonds [36]. The collagen fiber building blocks were mimicked by tri-

amino acid peptides PPG and GGG (P and G are the one letter code for Proline and 

Glycine respectively). 

 

3.4 A hexamer peptide as a second harmonic probe for in vitro cell imaging 

Another possible application for LK6 is to use it for high-resolution cell imaging. To 

this end, HeLa cells were incubated with biotin-conjugated LK6 for 4 h and then fixed 

for immune staining. LK6 peptides were visualized by both SHG and confocal 

fluorescence microscopy. In Figure 4, biotin-conjugated peptides displayed green color 

when DyLightTM 488-conjugated NeutrAvidinTM (Thermo Scientific, Singapore, Prod 

#: 22832) was added. Meanwhile, amyloid-like peptides displayed pseudo red color 

under SHG. These results revealed two interesting features of the investigated amyloid-

like peptides: 1) they can be visualized under SHG without any label; 2) they can be 

up-taken by cells. We want to point out that when attaching additional labels such as 

chromophores to the amyloid-like peptide structure for bioimaging purposes, it may 

easily change the molecular properties of the native peptide molecules. Thus, additional 

changes of the peptide molecule are time consuming and asking for more costly 

synthetic approaches. Hence, using amyloid-like peptides in their native structure for a 

label-free SHG bioimaging technology could certainly be useful as an attractive and 

minimal-invasive diagnostic tool. 

In addition, a molecular-level property of the nonlinearity, i.e., the first 

hyperpolarizability, β, was measured by Hyper Rayleigh Scattering (HRS). The first 

hyperpolarizability of these trimers was about 0.087 × 10-30 esu [36]. However, the first 



  

 

hyperpolarizability of collagen I was found to be (1250 ± 20) × 10-30 esu [36], which 

could be viewed as ten thousand trimers combining together. In terms of SHG signals, 

collagen consist a triple helix structure, which shows very strong SHG signals. Single 

collagen amino acid such as glycine, proline and hydroproline does not show SHG 

signals as strong as collagen fibrils. We hypothesize that the aggregation of these 

tripeptides gives the much stronger SHG signals in comparison with isolated tripeptides. 

Based on the non-linearity of the intrinsic peptide bonds and their aggregation 

capability, these amyloid-like peptides can generate SHG signals, just like collagen.  

 

3.5 Diseased and normal human corneal biopsy samples examined by SHG 

microscopy 

More interestingly, when we examined the human corneal biopsy samples (Figure 5a 

and 5b), both amyloids (indicated by arrow) and collagen can be seen. The human 

corneal biopsy samples were provided by Singapore General Hospital. The normal 

tissue was from a seventy-eight year-old Caucasian male. The diseased tissue was from 

a sixty-year-old female who has lattice corneal dystrophy (LCD). Under SHG, the 

normal corneal sample showed collagen fibrils aligned as parallel straight lines in 

stroma. By contrast diseased samples showed collagen fibrils became curved and 

thicker. The thickened collagen fibrils could be due to amyloid deposits [37]. Thus, 

SHG provides us a new diagnostic tool for lattice corneal dystrophy (LCD) that is 

superior to the existing histological staining methods: SHG being a label-free method. 

 

 

4. Conclusions 

We demonstrated that amyloid-like peptides are nonlinear optical materials showing 

strong SHG signals and a quadratical dependence of SHG intensity to power intensity. 

Amyloid-like peptides show no cytotoxic effect to human cells and can be observed 



  

 

inside cells without fluorescent labelling, which make them suitable as second 

harmonic probes. Amyloid-like peptide nanomaterials hold great potential in 

nanotechnology and nanomedicine. We assembled amyloid peptide microparticles via 

hydrodynamic focusing on a microfluidic chip. We could encapsulate small molecule 

drugs, DNA or RNA when we assembled them on chip. Their nonlinear optical 

properties hold promise for new bioimaging applications. The development of SHG 

microendoscopy [38] could open more opportunities for using amyloid-like peptides as 

a SHG probe for more bioimaging applications. The imaging capability in combination 

with therapeutic capability via drug encapsulation will make these amyloid-like 

peptides interesting theranostic agents.    
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Figure 1. (a) Comparison of the SHG signal intensity from endogenous collagen I to 

LK6 peptide particles. Five spots from each image were chosen and the SHG signal 

intensity was normalized to collagen I (mean ± standard deviation, n=5); (b) SEM 

image of collagen fibers; (c) SEM image peptide particles. d) SHG signal spectrum of 

LK6 peptide. Signal was ranging from 380 to 550 nm with excitation wavelength of 810 

nm and peak emission wavelength was shown at 405 nm; (e) Spectral peaks at various 

excitation wavelengths spanning a broad spectral region (810-890 nm); (f) Emission λ-

scan of the SHG signal (λex = 850 nm) acquired from SHG imaging of LK6 peptide 

particles. The solid spheres represent back scattering SHG data and the solid line 

represents a Gaussian fit. The full width at half-maximum of the fitted curve bears a 1/

√2 relation to the spectral profile of the corresponding beam; (g) Log-log plot of the 

above SHG signal measurements demonstrating a log[I425] = 0.45 + 2.01 × log[I850] 

dependence, quadratic to a good approximation, consistent with nonlinear second order 

optical upconversion. 

  



  

 

Figure 2. Cytotoxicity studies of LK6 peptide treated HDF and HeLa cells. (a) Cell 

viability at 48 h of HDF and HeLa cells incubated with cell culture media containing 

LK6 peptide solutions, as determined using MTS assay (mean ± standard deviation, 

n=9). Concentrations ranged from 0.1 to 1000 µg/mL. (b) Cytotoxicity determined by 

Calcein AM/EthD-1 (live/dead, green/red) staining method after 48 h treated with 1 

and 1000 µg/mL LK6 peptide solutions using non-treated cells as control. Scale bars: 

100 µm. 

  



  

 

 

Figure 3. SHG images of four pristine peptides with natural amyloidogenic core 

sequences. The whole window was covered with pristine peptides. However, only part 

of the peptides can be visualized under SHG microscopy. The SHG intensity follows 

the order of KE7 > GA6 > DF5 > NL6.  Scale bar = 50 µm.  

  



  

 

 
 

Figure 4. Cellular uptake of biotin-conjugated LK6.  Upper panel:  HeLa cells exposed 

to biotin-conjugated LK6 peptide containing medium. Peptides in HeLa cells displayed 

pseudo red color (SHG) and green color (fluorescence). Lower panel:  HeLa cells 

exposed to normal medium without peptide (control). Scale bars: 50 μm 



  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. SHG images of human corneal biopsy samples. (a) Sample from a normal cornea 

(control); (b) Sample from a patient who has Lattice corneal dystrophy (LCD) disease. Collagen 

fibrils can be seen under SHG (green). Arrow indicates the formation of an amyloid.  Scale bar 

= 20 µm. 
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Table 1. Powder SHG efficiencies of various amyloid-like peptides and human collagen 

subtypes.  

Amyloid-like peptides / 

human collagens 
I2ω/I2ω(sucrose)a) 

IVK (IK3) 3.31  ±  0.57 

LIVAGD (LD6) 3.06  ±  0.65 

ILVAGS (IS6) 1.96  ±  0.58 

LIVAGK (LK6) 

 
0.95  ±  0.19 

KLVFFAE (KE7)                      3.18  ±  0.67 

GGVVIA (GA6)                     1.52  ±  0.43 

DFNKF (DF5)                     0.89  ±  0.33 

NFGAIL (NL6)                     0.76  ±  0.21 

Collagen Type I                     1.23  ±  0.36 

Collagen Type II 0.41  ±  0.13 

Collagen Type III                           N.D. b) 

Collagen Type IV   N.D. b) 

Collagen Type V   N.D. b) 
a) Value = Average ± standard deviation; b) N.D. = not detected. 
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