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Abstract 

Objective:  We present a method to prepare an amyloid model at scalable quantities for phantom studies to evaluate 
small-angle x-ray scattering systems for amyloid detection. Two amyloid models were made from a plasma protein 
with and without heating. Both models mimic the β-sheet structure of the β-amyloid ( βA ) plaques in Alzheimer’s 
disease. Amyloid detection is based on the distinct peaks in the scattering signature of the β-sheet structure. We char-
acterized the amyloid models using a spectral small-angle x-ray scattering (sSAXS) prototype with samples in a plastic 
syringe and within a cylindrical polymethyl methacrylate (PMMA) phantom.

Results:  sSAXS data show that we can detect the scattering peaks characteristic of amyloid β-sheet structure in 
both models around 6 and 13 nm−1 . The βA model prepared without heating provides a stronger signal in the PMMA 
phantom. The methods described can be used to prepare models in sufficiently large quantities and used in samples 
with different packing density to assess the performance of βA quantification systems.
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Introduction
Non-invasive detection of β-amyloid ( βA ) plaques could 
facilitate the diagnosis and treatment of neurodegenera-
tive diseases such as Alzheimer’s disease (AD). Currently, 
βA plaques cannot be detected antemortem without a 
contrast agent. In order to detect βA plaques in a label-
free way, a technique may be employed that identifies the 
plaques based on unique structural features. In this con-
text, the amyloid model used to evaluate this detection 
technique must contain the same characteristic struc-
tural features of human βA plaques.

Aggregation of βA peptides into fibrils leads to the 
formation of senile plaques. Such βA plaques are rich 
in β-sheets and are characterized by a cross-β structure, 
where the β-sheets run parallel to the fibril axis and the 
constitutive β-strands run perpendicular  [1–3]. This 

distinctive cross-β structure results in a unique X-ray 
diffraction pattern, with a peak at 4.7 Å, corresponding 
to β-strand spacing, and a peak at 10 Å, corresponding 
to β-sheet spacing [3]. Bovine serum albumin (BSA) is a 
readily available plasma protein that can undergo simi-
lar aggregation under laboratory conditions forming 
higher-order fibril structures with cross-β sheets. Upon 
heating a BSA solution, BSA is reported to form an elon-
gated fibril structure with an extensive β-sheet character 
that binds to amyloid-specific dyes [4], making it an ideal 
amyloid model. β-sheet content in BSA has been found 
to increase up to 40% upon thermal aggregation [5]. This 
would facilitate phantom studies where modulation of 
the β-sheet signal is required.

Another consideration for studying an amyloid model in 
phantoms is the performance of the detection technique 
through thick samples. In order to non-invasively detect 
human βA plaques antemortem, the detection method 
must identify β-sheet character through an object the size 
of a human head. Previously, synchrotron-based Fourier 
transform infrared micro-spectroscopy is successfully 
used to detect β-sheet content increase in the brain tissue 
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of transgenic AD mice [6]. Human βA plaques have also 
been studied in thin sections of human brain using X-ray 
diffraction (XRD) [7]. The low energy and limited angular 
range in X-ray diffraction make it difficult to study thick 
samples. Therefore, in this study, we use spectral small-
angle X-ray scattering (sSAXS) to characterize our amy-
loid models. sSAXS is a technique that collects SAXS data 
using high energy polychromatic X rays and a spectro-
scopic detector. sSAXS is suitable to study both thick and 
thin samples as the energy range can be chosen to maxi-
mize coherent scattering per deposited energy. Recently, 
Choi et al. simulated a SAXS-CT system to image amyloid 
plaques in small animals and humans [8].

In this work, we present two practical methods for pre-
paring an amyloid model, with and without heating, that 
mimics the β-sheet structure characteristic of the human 
βA plaques associated with AD. These models are used in 
syringe and phantom studies to evaluate a sSAXS proto-
type ability to detect the β-sheet structure of an amyloid 
model without a contrast agent.

Main text

Methods
Amyloid model preparation
As illustrated in Fig. 1a, we prepared two different amy-
loid models from bovine serum albumin (BSA) powder 

(Sigma Aldrich A7030-100G), one with heating and 
another without heating.

To prepare the unheated model, the lyophilized pow-
der of BSA was crushed into a fine-grained powder and 
packed into either a plastic syringe or a cylindrical phan-
tom. To prepare the heated model, BSA was first dis-
solved in aqueous buffer (10 mM phosphate, 150 mM 
NaCl, pH 7.4) to make 20, 30, and 40 mg/ml of BSA 
solutions. Each BSA solution was heated in a water bath 
for 1 h at 80 ± 1.5  °C followed by cooling the solution/
gel at room temperature for 24 h and drying for 5 days. 
The dried samples were then crushed into powder to fill 
syringes for SAXS measurements (Fig.  1b). The syringe 
was 6.4 mm thick. The packing density of the BSA pow-
der was around 677 mg/cm3.

Data collection and processing
All SAXS measurements were acquired using the spec-
tral SAXS (sSAXS) setup presented in Fig.  1c. A poly-
chromatic X-ray beam from a tungsten source (50 kVp 
and 1 mA) was collimated by two lead pinholes of 2.5 and 
0.5 mm diameters. An 80 × 80 pixels HEXITEC detec-
tor (Quantum Detectors Ltd) made from cadmium tel-
luride crystal was used to measure the position and 
energy of the scattered photons in each pixel. The sam-
ple to detector distance (SDD) was 214 mm. Data were 
acquired for 600 and 1800 s for the syringe study and 

a b

c d

Fig. 1  Model preparation and experimental setup. a Schematic of βA model preparation, heated (left) and unheated (right). b Syringe sample of an 
amyloid model. c sSAXS system setup. d Dimensions of the cylindrical PMMA phantom
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1200 s for the phantom study. Data were analyzed in 
terms of the momentum transfer q. q is related to energy 
(E) and scattering angle (2θ) by q = 4πE sin θ/hc , where 
hc = 1.24 keV nm. The accessible q-range was from 1.3 to 
28 nm−1.

Q-data from 30 to 45 keV was summed for all energy 
bins to obtain counts as a function of q, C(q). The binning 
step was 1.2 nm−1 . The background correction was done 
on the summed q-data to remove background scattering. 
The characteristic Bragg peaks of caffeine powder were 
used to calibrate the sSAXS system and validate the data 
analysis process. A hollow cylindrical phantom was used 
to assess the capability of the sSAXS system to detect 
amyloid targets inside phantoms. The cylindrical phan-
tom was made from polymethyl methacrylate (PMMA) 
with a 1 cm internal diameter and 2.5 cm height (Fig. 1d).

Results
Syringe samples
Results of the syringe study for both the heated and 
unheated βA models show easily distinguishable scatter-
ing peaks around 6 and 13 nm−1 (Fig. 2), corresponding 
to the characteristic peaks of βA plaques or fibrils result-
ing from their cross-β structure  [7, 9]. The peak around 
6 nm−1 corresponds to the β-sheet spacing and the peak 
around 13  nm−1 corresponds to the β-strand spacing. 
600 s data acquisition time was sufficient to identify these 
peaks in both models. In the heated amyloid model, the 
initial BSA solution concentration can be changed to 
increase or decrease the strength of the scattering peaks 
from β-sheets (Fig.  2b). However, there is high uncer-
tainty in measuring those peaks for the 20 mg/ml sample. 
The unheated βA model showed slightly sharper peaks 
around 6 and 13 nm−1 (Fig. 2c). Its background-corrected 
2D scattering pattern is shown in Fig. 2d.

Fig. 2  Characterization of the heated and unheated βA models in a syringe. a Scattering signal of the heated model using 600 and 1800 s data 
acquisition times. b Effect of BSA concentration in the scattering signal of the heated model. Error bar represents standard deviations from n = 3 
measurements. c Scattering signal of the unheated model for 600 and 1800 s from n = 2 measurements. d Representative 2D detector data of the 
unheated model in 30 to 45 keV energy range
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Phantom samples
We then used sSAXS to characterize our βA models in 
the 2 cm thick PMMA phantom. This is relevant for the 
purpose of evaluating the performance of the detection 
technique through thick samples. We found that the 
heated model did not provide sufficient β-sheet signal to 
be reliably used in the phantom study. Therefore, Fig.  3 
shows the results only for the phantom with an unheated 
βA model. The unheated model provided sufficient scat-
tering signal after background correction (Fig.  3c), and 
peaks were identifiable around 6 and 14 nm−1 (Fig. 3e). 
It should be noted that the peaks were recovered without 
accounting for the attenuation effect. Also, as reported 
before  [10], PMMA alone has a strong scattering peak 
around 9.64 nm−1 (Fig. 3d).

Discussion
Both the heated and unheated βA models mimic the 
cross-β structure of βA plaques. The heated βA model 
is primarily useful in estimation tasks in thin (< 1 cm) 
tissue-mimicking phantoms. For instance, using a heated 
βA model of various concentrations, an X-ray scattering 
system can be calibrated for estimating amyloid plaque 

density in a 5 mm thin phantom representing a brain tis-
sue slice. High concentration of BSA (> 20 mg/ml) was 
required to prepare the heated βA model in order to 
decrease the uncertainty in measuring the characteris-
tic β-sheet peaks. The heated BSA solution at high con-
centration forms β-sheet rich structures in the gel state. 
Mechanistic aspects of BSA aggregation and gelation are 
well-studied [11, 12].

The unheated βA model, on the other hand, is useful 
for evaluating and calibrating an X-ray scattering pro-
totype when detecting β-sheet structure through thick 
phantoms beyond 1 cm. The unheated model represents 
amorphous aggregates of BSA and has sharper and more 
detectable β-sheet scattering signal through thick phan-
toms. The beta-sheet content in the lyophilized BSA is 
approximately 25% [13]. Two characteristic peaks of the 
β-sheets were recovered in our phantom study despite 
the strong scattering from PMMA (see Fig.  3b). How-
ever, the second peak of β-sheet at 13 nm−1 was found 
to be around 14 nm−1. This slight shift in the peak posi-
tion is not significant considering the q-binning step of 
1.2 nm−1.

Fig. 3  Characterization of the unheated βA model in a cylindrical PMMA phantom. a–c 2D detector data before and after background subtraction. 
d Scattering signal from the PMMA phantom with and without the unheated βA model. e Recovered scattering peaks associated with amyloids 
after background subtraction. Error bar represents standard deviations from n = 3 measurements
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Both heated and unheated βA models are useful alter-
natives to testing with human amyloid protein aggre-
gates, since they mimic the β-sheet structure associated 
with βA fibrils, and they can be inexpensively (approx. 
$0.011 per mg) produced in large quantities.

Limitations

•	 No correction for the attenuation effect in the sam-
ples due to self-absorption of X-ray quanta.

•	 High packing density of BSA used compared to real-
istic levels in early AD brains.

•	 Exact percentage of β-sheet content is not character-
ized.

Abbreviations
βA: β-Amyloid; AD: Alzheimer’s disease; sSAXS: Spectral small-angle x-ray scat-
tering; SAXS: Small-angle X-ray scattering; BSA: Bovine serum albumin; PMMA: 
Polymethyl methacrylate; SDD: Sample to detector distance.

Acknowledgements
We thank R. Bidinger (FDA) for fabricating the PMMA phantom. The mention 
of commercial products herein is not to be construed as either an actual or 
implied endorsement of such products by the Department of Health and 
Human Services. This is a contribution of the U.S. Food and Drug Administra-
tion and is not subject to copyright.

Authors’ contributions
Conceptualization: ED, AB; Sample preparation: SB, JC; Data collection: SB 
and JC; Data analysis: SB, JC, ED; Writing (original draft): SB; Review and edit-
ing: all authors; Supervision: ED, AB. All authors read and approved the final 
manuscript.

Funding
SB and JC acknowledge support through the National Science Foundation 
REU program, EEC Award #1757745. ED acknowledges funding by appoint-
ments to the Research Participation Program at the Center for Devices and 
Radiological Health administered by the Oak Ridge Institute for Science and 
Education through an interagency agreement between the US Department of 
Energy and the US Food and Drug Administration (FDA).

Data Availability Statement
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Division of Imaging, Diagnostics, and Software Reliability, Office of Science 
and Engineering Laboratories, Center for Devices and Radiological Health, 
Food and Drug Administration, Silver Spring, MD, USA. 2 Fischell Department 
of Bioengineering, University of Maryland, College Park, MD, USA. 3 Depart-
ment of Materials Science and Engineering, Carnegie Mellon University, Pitts-
burgh, PA, USA. 4 Department of Chemical, Biochemical and Environmental 
Engineering, University of Maryland Baltimore County, Baltimore, MD, USA. 

Received: 2 January 2020   Accepted: 21 February 2020

References
	1.	 Shivu B, Seshadri S, Li J, Oberg K, Uversky V, Fink LA. Distinct beta-sheet 

structure in protein aggregates determined by atr-ftir spectroscopy. 
Biochemistry. 2013;. https​://doi.org/10.1021/bi400​625v.

	2.	 Morris K, Serpell L. From natural to designer self-assembling biopolymers, 
the structural characterisation of fibrous proteins & peptides using fibre 
diffraction. Chem Soc Rev. 2010;39(9):3445–53.

	3.	 Rambaran RN, Serpell LC. Amyloid fibrils: abnormal protein assembly. 
Prion. 2008;2(3):112–7. https​://doi.org/10.4161/pri.2.3.7488 PMID: 
19158505.

	4.	 Dahal E, Choi M, Alam N, Bhirde AA, Beaucage SL, Badano A. Structural 
evaluation of an amyloid fibril model using small-angle X-ray scattering. 
Phys Biol. 2017;14(4):046001.

	5.	 Holm NK, Jespersen SK, Thomassen LV, Wolff TY, Sehgal P, Thomsen 
LA, Christiansen G, Andersen CB, Knudsen AD, Otzen DE. Aggrega-
tion and fibrillation of bovine serum albumin. BBA Proteins Proteom. 
2007;1774(9):1128–38. https​://doi.org/10.1016/j.bbapa​p.2007.06.008.

	6.	 Klementieva O, Willén K, Martinsson I, Israelsson B, Engdahl A, Cladera 
J, Uvdal P, Gouras G. Pre-plaque conformational changes in Alzheimer’s 
disease-linked a β and app. Nat Commun. 2017;8(1):1–9.

	7.	 Liu J, Costantino I, Venugopalan N, Fischetti RF, Hyman BT, Frosch MP, 
Gomez-Isla T, Makowski L. Amyloid structure exhibits polymorphism on 
multiple length scales in human brain tissue. Sci Rep. 2016;. https​://doi.
org/10.1038/srep3​3079.

	8.	 Choi M, Dahal E, Badano A. Feasibility of imaging amyloid in the brain 
using small-angle X-ray scattering. Bristol: Biomedical Physics & Engineer-
ing Express; 2019.

	9.	 Gremer L, Schölzel D, Schenk C, Reinartz E, Labahn J, Ravelli RB, Tusche 
M, Lopez-Iglesias C, Hoyer W, Heise H, et al. Fibril structure of amyloid-β 
(1–42) by cryo-electron microscopy. Science. 2017;358(6359):116–9.

	10.	 Alam N, Choi M, Ghammraoui B, Dahal E, Badano A. Small-angle X-ray 
scattering cross-section measurements of imaging materials. Biomed 
Phys Eng Exp. 2017;3(2):025023.

	11.	 Dmitriev A, Vashchenkov V, Fedoseev A, Lushnikov S. Phase transforma-
tions of bovine serum albumin: evidences from Rayleigh–Brillouin light 
scattering. J Raman Spectrosc. 2019;50(4):537–47.

	12.	 Bhattacharya M, Jain N, Mukhopadhyay S. Insights into the mechanism 
of aggregation and fibril formation from bovine serum albumin. J Phys 
Chem B. 2011;115(14):4195–205.

	13.	 Abrosimova K, Shulenina O, Paston S. Ftir study of secondary structure of 
bovine serum albumin and ovalbumin. In: Journal of physics: conference 
series, vol. 769. Bristol: IOP Publishing; 2016, p. 012016.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1021/bi400625v
https://doi.org/10.4161/pri.2.3.7488
https://doi.org/10.1016/j.bbapap.2007.06.008
https://doi.org/10.1038/srep33079
https://doi.org/10.1038/srep33079

	sheet2
	s13104-020-04969-8
	Small-angle X-ray scattering characterization of a -amyloid model in phantoms
	Abstract 
	Objective: 
	Results: 

	Introduction
	Main text
	Methods
	Amyloid model preparation
	Data collection and processing

	Results
	Syringe samples
	Phantom samples

	Discussion
	Limitations
	Acknowledgements
	References





