659

EAsT EUROPEAN JOURNAL OF PHYSICS. 3. 659-664 (2026)
DOI:10.26565/2312-4334-2026-3-62 ISSN 2312-4334

QUANTITATIVE TRANSMISSION ELECTRON MICROSCOPY ANALYSIS
OF AMYLOID FIBRIL MORPHOLOGY

V. Trusova'*, ®U. Malovytsia', ®O. Zhytniakivska', K. Chkuaseli', ©S. Bogatyrenko?, ®G. Gorbenko!
!Department of Medical Physics and Biomedical Nanotechnologies, V.N. Karazin Kharkiv National University
4 Svobody Sq., Kharkiv, 61022, Ukraine
’Department of Materials for Reactor Building and Physical Technologies, V.N. Karazin Kharkiv National University
4 Svobody Sq., Kharkiv, 61022, Ukraine
*Corresponding Author email: valerija.trusova@karazin.ua
Received May 5, 2026; revised July 29, 2026; accepted August 12, 2026

Amyloid fibrils are increasingly regarded as versatile protein-based nanomaterials whose functional properties depend not only on their
molecular cross-f architecture but also on their supramolecular morphology. The present study was undertaken to compare the
mesoscale organization of albumin, insulin, and lysozyme fibrillar assemblies using quantitative transmission electron microscopy.
Representative TEM images were analyzed by a standardized image-processing workflow based on segmentation, skeletonization,
orientation analysis, and connected-object morphometry. The resulting descriptors included projected fibril/aggregate area fraction,
skeleton length density, apparent junction/crossover and endpoint densities, local width, object density, Feret length, aspect ratio, and
orientation anisotropy. Insulin displayed the highest projected area fraction, skeleton length density, object density, endpoint density,
and apparent junction/crossover density, indicating a compact and highly fragmented architecture dominated by numerous short rod-
like elements. In contrast, lysozyme fibrils exhibited the greatest median Feret length and aspect ratio, consistent with a stronger
contribution of longitudinal elongation and the formation of more anisometric structures. Albumin showed an intermediate morphology
characterized by comparatively sparse, curvilinear fibrils and lower densities of discrete objects and endpoints. Orientation distributions
were broad for all three systems, and the corresponding anisotropy indices remained low, demonstrating predominantly isotropic rather
than globally aligned organization. These findings indicate that the three protein systems occupy distinct regimes of amyloid assembly,
ranging from fragmentation-dominated architectures to more elongated fibrillar networks. The quantitative framework established here
provides a basis for relating amyloid morphology to surface accessibility, connectivity, mechanical behavior, and the design of fibril-
based hydrogels, biosensors, drug-delivery platforms, and nanocomposites.

Keywords: Amyloid fibrils; Transmission electron microscopy; Quantitative image analysis; Fibril morphology; Supramolecular
organization, Skeletonization; Orientation anisotropy; Protein nanomaterial

Amyloid fibrils constitute a broad class of highly ordered protein assemblies characterized by a conserved cross-f3
structural motif [1,2]. Despite this common molecular architecture, their supramolecular morphology can vary
substantially depending on protein sequence, solution conditions, aggregation pathway, fibril maturation, and sample
preparation [3,4]. Accordingly, amyloid assemblies may form long isolated filaments, short rod-like fragments, laterally
associated bundles, dense interconnected networks, or heterogeneous mixtures containing both fibrillar and non-fibrillar
material. This mesoscale organization is functionally relevant because fibril dimensions, fragmentation, bundling, packing
density, and network connectivity can influence gel formation, mechanical behavior, colloidal stability, molecular
accessibility, and interactions with other biomolecular or nanoscale components [5].

Transmission electron microscopy (TEM) is among the most widely used techniques for direct visualization of
amyloid fibrils because it enables assessment of their morphology at nanometer-scale resolution [6,7]. However, TEM-
based assessment of amyloid morphology often remains predominantly descriptive, which limits the objectivity,
reproducibility, and cross-sample comparability of structural interpretations. This limitation becomes particularly relevant
when protein systems differ simultaneously in fibril abundance, contour organization, degree of overlap, and local
connectivity. Quantitative image analysis is therefore essential for translating visually apparent morphological differences
into reproducible and biologically interpretable structural descriptors. The need for such analysis becomes especially
evident when fibrillar systems display fundamentally different modes of organization [8]. A relatively sparse population
of elongated filaments cannot be compared meaningfully with a dense field of short overlapping rods using a single
descriptor alone. Likewise, parameters derived from isolated fibrils may not adequately represent highly entangled or
locally bundled networks. A comprehensive comparison should therefore consider several complementary features of the
fibrillar architecture, including projected material coverage, fibrillar density, degree of fragmentation, apparent
connectivity, directional organization, and object elongation.

In the present work, the morphology of albumin (BSAF), insulin (InsF), and lysozyme (LzF) fibrillar assemblies
was examined comparatively using quantitative analysis of representative TEM images. These three systems were
selected because they exhibit markedly different supramolecular organizations, ranging from relatively sparse elongated
fibrils to dense populations of short fragments and extended network-like structures. The study aimed to identify and
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quantify the principal morphological distinctions between the protein assemblies and to establish a coherent framework
for interpreting their projected density, structural organization, connectivity, orientation, and characteristic dimensions.
By integrating complementary image-derived parameters, the analysis provides a more objective description of fibril
morphology than qualitative inspection alone and highlights the distinct modes of supramolecular organization adopted
by the three protein systems.

METHODS

Amyloid fibrils of human insulin, chicken hen egg white lysozyme and bovine serum albumin were prepared by
dissolving 10 mg of corresponding protein in 10 ml of glycine buffer, pH 2.0, followed by incubation at 60 °C for 14
days [9]. Fibril formation was confirmed by transmission electron microscopy. For sample preparation, a 10 puL aliquot
of each fibril suspension was applied to a carbon-coated TEM grid and allowed to adsorb for 1 min, after which excess
liquid was removed by blotting. The grids were subsequently negatively stained with 10 pL of 1.5% (w/v)
phosphotungstic acid for 30 s, blotted, rinsed three times with deionized water, and air-dried. Electron micrographs
were acquired using an EM-125 transmission electron microscope (Selmi, Ukraine). Representative micrographs were
selected for comparative morphometric analysis in Fiji [10]. Each image was cropped to exclude scale bars, labels,
montage borders, and other non-biological elements. The analyzed images had identical dimensions of 1382x876
pixels and were calibrated using a spatial resolution of 0.8 nm per pixel. Accordingly, each field represented an arca
of approximately 0.775 um?, allowing direct comparison of area-normalized descriptors among the three protein
systems. Quantitative image analysis was performed using a standardized digital morphometry workflow designed to
characterize the projected organization of fibrillar assemblies at the field level. The same preprocessing and
segmentation procedure was applied to all images to minimize operator-dependent variability. The analyzed parameters
and their description are given in Table 1.

Table 1. Quantitative descriptors used for comparative TEM morphometry

Parameter

Operational definition

Morphological significance

Projected fibril/aggregate
area fraction, %

Percentage of pixels within the
analyzed field assigned to fibrillar or
aggregate material

Describes the proportion of the projected TEM field
occupied by protein assemblies

Projected skeleton length
density, pm'!

Total length of the skeletonized
fibrillar network normalized to the
analyzed field area

Reflects the amount of projected fibrillar backbone per
unit area

Apparent junction/crossover
density, pm

Number of skeleton junctions
normalized to the analyzed field area

Describes the apparent connectivity or frequency of
projected fibril intersections

Endpoint density, pm

Number of skeleton endpoints
normalized to the analyzed field area

Provides an indicator of fragmentation and object
discontinuity

Orientation anisotropy index

Axial concentration of fibril
orientations on a scale from 0 to 1

Values close to 0 indicate an isotropic or randomly
oriented field, whereas values approaching 1 indicate
strong preferential alignment

Orientation dispersion, °

Angular spread of the fibril-orientation
distribution

Indicates a distribution of orientations

Mask-derived local width,
nm

Local thickness of the segmented
structure estimated from the binary
mask around the skeleton centerline

Provides a comparative measure of apparent projected
thickness

Connected-object density,
um-

Number of spatially separated
threshold-positive objects normalized
to the field area

Reflects the abundance of individually segmented
structures

Feret length, nm

Maximum caliper distance across a
connected segmented object

Represents the maximum projected dimension of an
object and provides an approximate measure of
fragment or rod length.

Aspect ratio

Ratio of the major projected object
dimension to its minor dimension

Describes the fibril elongation

RESULTS AND DISCUSSION

As seen in Fig. 1, all three proteins are characterized by distinct modes of supramolecular organization despite the
common cross-f3 character of amyloid fibrils. Specifically, BSAF formed an open population of long, curved fibrils
separated by large fibril-poor regions. InsF, in turn, produced a markedly denser field dominated by numerous short rod-
like elements, whereas LzF formed fewer, more extended fibrillar objects with occasional crossings and local bundling.
These morphologies reflect different physical states of fibrillar matter rather than simple differences in fibril abundance.
Amyloid polymorphism extends from the molecular packing of protofilaments to their mesoscale length, curvature, lateral
association, and spatial organization, all of which are shaped by the balance among nucleation, elongation, fragmentation,
and fibril-fibril interactions [11,12].

The conservative segmentation and skeletonization outputs are shown in Fig. 2. These images were used primarily
to confirm that the quantified signal followed the visible fibrillar contours rather than broad staining gradients. The
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numerical values therefore represent projected descriptors of the selected TEM fields, not bulk fibril concentration or

three-dimensional network structure.
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Figure 1. TEM images of albumin, insulin and lysozyme amyloid fibrils
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Figure 2. Quality-control representation of the image-analysis workflow. Original TEM images, extracted fibril-associated signal, binary
masks, skeletons, and overlays are shown for each protein. The analysis retained the principal fibrillar structures while limiting inclusion

of the heterogeneous TEM background

The quantitative parameters derived from image analysis are summarized in Table 2. Evaluation of these parameters
revealed that InsF represents the most crowded and fragmentation-rich system. It showed the highest projected area fraction
(14.58%), skeleton length density (30.98 pm™), connected-object density (232.32 um2), endpoint density (2358.01 pm™),
and apparent junction/crossover density (1600.40 um™). Relatively high values of these quantities indicate that the dense
insulin network is generated predominantly by a large number of short fibrillar units rather than by a few massive aggregates.
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From mechanical perspective, the observed pattern of InsF is compatible with an assembly regime in which
longitudinal growth is counterbalanced by breakage, repeated nucleation, or limited fibril maturation. Though TEM
cannot distinguish among these pathways, it clearly demonstrates, however, a high-end-density population. Such a state
can be biologically relevant because fibril ends and newly generated surfaces influence seeding, monomer recruitment,
membrane contact, and cellular handling. Shortening of amyloid fibrils has been associated with enhanced particle number
and altered cytotoxicity in other systems [13], although toxicity cannot be inferred from morphology alone.

Table 2. Quantitative morphometric parameters of amyloid fibrils obtained from TEM images

Metric BSAF InsF LzF

Projected fibril/aggregate area fraction, % 10.41 14.58 9.85

Skeleton length density, pm-! 21.09 30.98 19.34
Apparent junction/crossover density, pm-=2 929.27 1600.40 984.76
Endpoint density, pm-2 1201.59 2358.01 1259.67

Connected-object density, pm=2 101.96 232.32 80.02
Orientation anisotropy index 0.0027 0.0653 0.0634

Mean mask-derived local width, nm 5.77 5.06 5.77

Mean Feret length, nm 43.54 44.32 48.84

Mean aspect ratio 2.36 2.66 3.15

The same architecture may also be advantageous in engineered amyloid materials. A large number of short fibrillar
objects provide abundant accessible surface and terminal sites for molecular adsorption or functionalization. Conversely,
the limited contour length of individual rods may reduce their capacity to bridge large distances unless the particle
concentration is sufficiently high to produce frequent contacts. The elevated junction density observed for InsF suggests
that this requirement is met within the deposited layer, making the system potentially suitable for dense composite phases
or highly populated interfacial coatings rather than sparse load-bearing networks.

In turn, LzF displayed the opposite tendency. Its projected coverage and object density were lower, yet the median
Feret length (48.84 nm) and aspect ratio (3.15) were the highest among the three proteins under study. This combination
indicates an elongation-dominated organization in which fewer fibrils extend over larger distances. Lysozyme is known to
form extended amyloid fibrils under acidic conditions and to propagate through seeded growth, while protofibril association
may also contribute to fibril development [14]. In physical terms, increased aspect ratio improves the ability of a fibril to
connect spatially separated regions and lowers the concentration required for entanglement or network spanning.
Accordingly, the lysozyme morphology is more compatible with reinforcement, bridging, and scaffold formation than the
highly fragmented insulin architecture, although direct rheological or mechanical measurements would be required to test
this prediction.

Fig. 3 illustrates the orientation plots which describe how frequently fibrillar segments are aligned at each angle
within the image plane. A narrow histogram with a pronounced peak would indicate that a large fraction of fibrils shares
a common preferred direction, whereas a broad or nearly uniform distribution reflects a predominantly isotropic
arrangement with no dominant macroscopic alignment. The anisotropy index provides a complementary scalar measure
of the same behavior: values approaching 0 correspond to random orientation, while values approaching 1 indicate strong
directional ordering. As seen from this figure, all proteins exhibited broad orientation distributions. Furthermore, BSAF
showed anisotropy index close to zero, whereas insulin and lysozyme displayed only slightly higher values, both below
0.07. These results indicate that none of the fibrillar populations formed a globally aligned architecture within the analyzed
fields. Instead, the fibrils were distributed over many directions, consistent with isotropic deposition and local network
formation. Although individual fibrils or bundles may exhibit locally coherent orientation, such local alignment does not
translate into long-range orientational order at the scale of the full TEM field. In the present context, it should be noted
that macroscopic alignment of amyloid fibrils emerges only when orientational interactions between elongated objects
are sufficiently strong, typically at high effective concentration and aspect ratio or under external fields, flow,
confinement, or surface-mediated ordering. In the absence of these conditions, fibrils may remain globally isotropic even
when individual filaments are rigid and highly elongated. The broad histograms observed here, therefore suggest that the
dominant differences among the three systems arise primarily from fibril abundance, fragmentation, elongation, and
connectivity rather than from nematic-like ordering. This orientational isotropy also has functional implications.
Accordingly, isotropic fibrillar networks are expected to exhibit more direction-independent mechanical and transport
properties, whereas highly aligned assemblies may display anisotropic stiffness, diffusion, and molecular accessibility.
Thus, the weak global orientation observed in all three samples indicates that their projected architectures are unlikely to
impose a strong directional bias on interactions with solvent, biomolecules, or nanoscale cargo. Nevertheless, the distinct
differences in fibril density and network connectivity among the samples may still lead to substantial variation in gelation
behavior, surface accessibility, and mechanical reinforcement.

CONCLUSIONS
In summary, quantitative analysis of electron microscopy images demonstrated that albumin, insulin, and lysozyme
fibrils adopt distinct modes of supramolecular organization despite sharing a common amyloid-like structural framework.
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The main findings are as follows: i) insulin exhibited the highest projected area fraction, skeleton length density, object
density, endpoint density, and apparent junction/crossover density, indicating a compact and highly fragmented architecture
dominated by numerous short rod-like elements; ii) lysozyme showed the highest median Feret length and aspect ratio,
consistent with the formation of more elongated fibrillar objects and a stronger contribution of longitudinal growth; iii)
albumin displayed an intermediate morphology characterized by relatively sparse, curvilinear fibrils and lower densities of
discrete objects and endpoints; and iv) all three systems were globally weakly oriented, as reflected by broad angular
distributions and low anisotropy indices, indicating predominantly isotropic rather than nematically ordered assemblies.
From the perspective of amyloid physics, these results suggest that insulin occupies a fragmentation-dominated regime with
a high density of fibril ends and potential interaction sites, whereas lysozyme is characterized by more extended anisometric
objects that may favor the formation of continuous fibrillar pathways. Albumin represents an intermediate organizational
state between these two regimes. Such differences are expected to influence surface accessibility, intermolecular association,
network connectivity, diffusion within fibrillar matrices, and the mechanical behavior of amyloid-based materials. The
combined use of projected area fraction, skeleton length density, endpoint density, apparent connectivity, local width, Feret
length, aspect ratio, and orientation analysis provides a coherent framework for comparative fibril morphometry. These
descriptors may support the rational selection of protein fibrils for hydrogels, biosensing, biomolecular immobilization, drug
delivery, and nanocomposite development.
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KIJIbKICHUI AHAJII3 MOP®OJIOTTT AMIJIOITHUX ®IBPUJI METOJOM
TPAHCMICIHOI EJTEKTPOHHOI MIKPOCKOMII
Bauepist Tpycosa', Yasna Manosuus', Onbra dKurnskiscbka', Katepuna Ukyacedi',
Cepriii Borarupenko?, I'anuna TopGenko’
'Kagpeopa meouunoi gizuxu ma biomeduunux nanomexnonozit, Xapriecoxuii nayionansnuti ynisepcumem iveni B.H. Kapasina, m.
Ce0600u 4, Xapxis, 61022, Yrpaina
’Kagheopa mamepianie peaxmopobyodyeanns ma izuunux mexnono2iti, Xapkiecokuii nayionanonuii ynieepcumem imeni B.H.
Kapasina, m. Ceoboou 4, Xapxis, 61022, Vkpaina
Awminoinai ¢ibpunn nemanmi dacrimie po3rISIAIOTH SK yHiBepcanbHi OUTKOBI HaHOMaTepiand, (QyHKI[IOHANbHI BIACTHBOCTI SKHX
BH3HAYAIOTHCA HE JIMIIE MOJICKYJSIPHOIO KPOC-B-apXiTeKTYporo, a i OCOOMUBOCTIMHU IXHBOT HaAMOICKYIISIPHOT Mopdoorii. MeToro
uiei poOoTu Oyno TOpIBHSHHA Me30MacIuTaOHOI oprasizauii (GiOpwIsipHHX arperaTiB anbOyMiHy, iHCYNiHY Ta Ji30omuMy i3
3aCTOCYBaHHSAM KUIBKICHOI TpaHcMiciiiHOi emekTponHOi Mikpockomii (TEM). PenpesenratuBHi TEM-300pakenHs Oyio
MIPOAHATI30BaHO 32 JONOMOTIOI0 CTAaHIAPTU30BAHOIO aJTOPUTMY LU(GPOBOi 0OpOOKHM, IO BKIIOYAB CETMEHTAIII0, CKEJICTH3Alilo,
aHami3 opieHTaUil Ta MOpPQOMETPil0 3B’SI3HUX KOMIIOHEHTIB. BH3Ha4YeHO NpOEKLiiHY 4YacTKy Iutomli, 3aiHATY (ibpuinamu i
arperaTtaMy, LIUIBHICTh JNOBXHHU CKEJIETH30BAaHUX CTPYKTYD, YSABHY IIUIBHICTH BY3JIB/IIEPETHHIB i KIHIEBUX TOYOK, JIOKAIBHY
LIMPUHY, MITBHICTh 00’ €KTiB, 10oBXKHY Depe, CriBBIAHOIICHHS CTOPIH Ta aHi30Tpomito opieHTaii. s iHCyniHy Oyi10 BCTAHOBJICHO
HaWBUIL 3HAYCHHS MPOEKIIIMHOT YaCTKH UIOLI], IIIBHOCTI JOBKHHU CKEIETH30BaHUX CTPYKTYP, LIIJIBHOCTI 00’ €KTIB, KIHIIEBUX TOYOK
1 ySBHUX BY3JIiB/IIEPETHHIB, IO CBITYUTH MpO (pOpMyBaHHS KOMIIAKTHOI, BUCOKO(pPAarMEHTOBAHOI apXiTEKTypH 3 IMepeBakaHHAM
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YHUCIICHHUX KOPOTKHUX MaINYKONOAIOHNX eneMenTiB. HatomicTb, GiOpuitu mi301uMy XapakTepu3yBaiics HailOUTbIIMMU MeliaHHIMHU
3HAYCHHSIMU T0BKUHU Depe Ta CITiBBiIHOIICHHS CTOPIH, 10 Y3TOKYETHCS 3 OLIBLI BUPAKESHUM MO3I0BKHIM POCTOM i POpMyBaHHIM
AHI30METPUYHUX CTPYKTYp. st anpOymiHy Oysio BHSBIECHO MPOMDKHHMN THUI MOPQOIOTrii, sIKMHl XapaKTepu3yeThbCsl MOPiBHIHO
PO3pLIKEHUME KPHBOMIHIHHAME (hiOpHIIaMH Ta HIDKYOKO HIUTBHICTIO TUCKPETHUX 00’ €KTIB 1 KIHIEBHX TOYOK. J[JIs BCiX TphOX cHCTEM
CIIOCTEpITranucs MUPOKI PO3NOAUIN Opi€HTALIH 1 HU3bKI 1HAEKCH aHi30TPOIIii, IO BKa3y€e Ha MEPEBAYKHO i30TPOIHY, a HE TII00AIEHO
BIIOPSAKOBaHy opraizanito. OTpuMaHi pe3yabTaTH CBiI4aTh, IO JOCIIDKEHI OLIKOBI CHCTEMH Peai3yIoTh Pi3HI PEKHMMH aMiJIoiTHOT
caMooprasizatii, BiJ apXiTeKTyp i3 HOMiHyBaHHSIM (parMeHTamii X0 OLIBII HMPOTHKHUX (QIOPIILIPHUX MepeX. 3arporoHOBaHUM
KUTBKICHHI MIZXiJ] CTBOPIOE OCHOBY JUISi BCTAHOBJICHHS B3a€MO3B’S3Ky MDK MOPQOJIOTI€I0 aMiNOifiB, IOCTYNHICTIO MOBEpPXHi,
3B’SI3HICTIO, MEXaHIYHUMH BJIACTHBOCTSIMHU Ta MPOEKTYBaHHAM (GiOPMISIPHUX TiIporesiB, 6i0CEHCOPIB, CHCTEM JOCTaBKH JTiKAPCHKHX
3aco0iB i HAHOKOMITIO3HUTIB.

KurouoBi ciioBa: aminoioni ¢ibpunu; mpancmicitina erekmponna Mikpockonis,; KilbKiCHull ananiz 306pasicens; mopgonoeis giopun;
HAOMOJIEKYIAPHA OP2aHi3ayis, cKeremu3ayisa, anizomponisa opienmayii; 6inkoei Hanomamepiaiu



