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Abstract
Wood tracheids and fibers exhibit diverse structures and shapes across plant species. The hierarchical structure and composition of
cellulose, hemicelluloses, and lignin enables wood to withstand high stress. This structural resilience makes wood a versatile mate-
rial for applications ranging from construction to advanced composites. However, a detailed understanding of how delignification
affects softwood tracheid and hardwood fiber morphology is crucial for predicting material behavior and developing modified wood
products. This study investigated the overall structural changes due to delignification, in five wood species, namely, spruce, beech,
balsa, Douglas fir, and poplar. It additionally provides detailed morphology of delignified single tracheids and fibers. Scanning
electron microscopy was used to compare the morphology between untreated and delignified fibers and tracheids. X-ray tomogra-
phy enabled us to reconstruct high-resolution 3D models of delignified single tracheids or fibers, providing information on the pit
arrangements. Moreover, delignification resulted in facilitated separation of fibers and tracheids and frayed wall appearance. We
observed similar tracheid/fiber diameters and wall thicknesses for all five wood species. These findings enhance our understanding
of the wood fiber and tracheid structures across species and the effects of delignification. The 3D models provide a valuable
resource for (1) understanding interspecies differences of fibers and tracheids, (2) optimizing the use of delignified wood in indus-
trial applications (including bio-based and bio-inspired materials), and (3) physical modeling of wood regarding questions of wood
biomechanics and water management.
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Introduction
Wood fibers in hardwood and tracheids in softwood play a
crucial role in the structure and function of vascular plants, par-
ticularly in water conduction and mechanical support [1,2].
They are especially important in gymnosperms, where they
serve as primary conduits for water transport, whereas in
angiosperms, they function alongside vessel elements, contrib-
uting to both axial and lateral water movement by providing
strength of the tissue [3,4]. Tracheids are specialized cells that
are elongated, hollow, and tapered at both ends, forming an
interconnected system that facilitates the transport of water and
nutrients from the roots to the aerial parts of the plant [3].
Depending on the species and function, conifer tracheids are
generally narrow, with varying diameters (8–80 µm) [5].
Overall, vessels and fibers of angiosperms are less uniform with
higher ranges of length than those of gymnosperm tracheids,
whereas gymnosperm tracheids have similar diameters [3,6].

An important feature of vessel elements and tracheids is the
presence of pits in the cell wall, where water moves between
adjacent fibers and tracheids. Pits are distinguished between
simple pits and bordered pits, which are surrounded by a thick-
ened rim of wall material [6,7]. Several plants, such as conifers,
have a torus–margo structure with a thin, porous mesh-like
region (margo) and a thickened central part of the membrane
(torus) that is slightly larger than the pit aperture [4,7].

Similar to other plant cells, fibers and tracheids have a primary
wall (P) composed of cellulose, hemicelluloses, and pectin that
are formed during cell growth [8,9]. Once fully grown, they
develop two secondary walls (S1 and S2) and a tertiary wall (T)
strongly supplemented by lignin. Apart from the middle lamella
(ML) and the primary wall (P), the S2 layer being the thickest
of the three main layers (S1, S2, and T), is the most important
for mechanical support [1,10,11]. Lignin is present in all layers
of the secondary and tertiary wall structure, with varying distri-
bution and concentration across these layers but the highest
proportions generally found in the S2 and T layers (spruce
earlywood: ML 26.8%, S1 10.4%, S2+T 62.8%; spruce late-
wood: ML 18.4%, S1 7.9%, S2+T 73.7%) [12,13]. Moreover,
lignification plays a key role in preventing cell collapse under
high tensile stress or/and inner pressure exerted by the water
column during transpiration [8].

Wood delignification is a crucial process in various industries,
particularly pulp and paper production, biofuel generation, and
the development of advanced wood-based materials [11,14].
This process involves the removal of lignin, which can signifi-
cantly alter the properties of wood, making it more porous, flex-
ible, and amenable to further processing [11]. Several methods
have been employed for wood delignification, including chemi-

cal, enzymatic, and biological approaches [11,15,16]. The appli-
cations of delignified wood are diverse and expanding; they
include, for example, the production of high-quality paper or of
nanocellulose with applications in electronics, biomedical
devices, and advanced composites [11,14]. Recent research has
focused on developing more environmentally friendly and effi-
cient delignification methods [17], as well as exploring novel
applications for delignified wood in fields such as energy
storage, water purification, and sustainable packaging materials
[11,18,19].

Given the high versatility of wood across a wide range of appli-
cations [18,20,21], investigating the hierarchical structures in
fibers and tracheids across different wood species and treat-
ments is essential. By studying delignified fibers and tracheids,
one can gain insights into the specific roles of lignin in main-
taining tracheid shape, arrangement, and connections between
neighboring cells. This knowledge is valuable for optimizing
wood processing techniques, developing new wood-based mate-
rials and improving the understanding of wood anatomy and its
biological function. By removing lignin, it is now possible to
obtain high-resolution 3D models of separated single fibers and
tracheids, revealing previously hidden details about pit arrange-
ments and morphological variations across different wood
species.

Despite the importance of wood fibers and tracheids in struc-
ture and function of wood, detailed 3D models of individual
fibers and tracheids have been largely absent from scientific lit-
erature. Although previous studies have examined wood anato-
my using various imaging techniques, such as X-ray micro-
computed tomography in addition to scanning and transmission
electron microscopy [22-27], high-resolution 3D reconstruc-
tions of single fibers and tracheids across multiple species are
lacking. This knowledge gap has limited our understanding of
the fine structural details and variations in tracheid/fiber mor-
phology.

Therefore, we compared the morphological differences be-
tween the fibers of hardwood and tracheids of softwood of five
wood species in this study by observation of the structural dif-
ferences after delignification. Using X-ray tomography, we
were able to build 3D models of single fibers and tracheids. Ad-
ditionally, we imaged untreated and delignified samples using
scanning electron microscopy for measuring fiber and tracheid
diameter and wall thickness. The 3D models presented in this
study provide novel insights into the tracheid/fiber shape, pit
arrangements, and structural changes after delignification at an
unprecedented level of detail. These results fill the needs for
new wood anatomy research and provide further insights for ap-
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plications in computer modelling of mechanical properties of
fibers and tracheids and for development of novel bio-inspired
materials for the industry.

Material and Methods
Wood samples
Wood samples of five different species were used in this study,
namely, spruce (Picea abies (L.) H.Karst), beech (Fagus
sylvatica L.), balsa (Ochroma pyramidale (Cav. ex Lam.) Urb.),
Douglas fir (Pseudotsuga menziesii (Mirbel) Franco), and
poplar (Populus spp. L.). The wood samples were obtained
from a local DIY supplier (Lower Bavaria, Germany). Wood
identity was ensured by stereomicroscopical investigation of
basic anatomical wood features. The samples were cut accord-
ing to the main anatomical directions for further use. Care was
taken that representative areas for each wood species could be
investigated (softwoods: earlywood and latewood regions; hard-
wood: libriform basic tissue).

Sample preparation
Untreated samples were cut into smaller pieces (1 cm × 1 cm ×
1 cm) without further treatment. For the treated samples, prior
to delignification, wood was prepared by Soxhlet extraction, as
previously reported [28], with minor modifications. The wood
samples were treated with two consecutive extractions, first
using distilled water and acetone (1:6, v/v, ≥99.5%, Carl Roth,
Karlsruhe, Germany), followed by toluene (≥99.5%, Carl Roth)
for 24 h each. Afterwards, toluene was washed out by extrac-
tion with ethanol for 2 h, and the samples were dried at reduced
pressure overnight (15 mbar, 40 °C).

For delignification, the wood specimens were added to a solu-
tion of NaClO2 (10% (w/v), AppliChem, Darmstadt, Germany)
at 75 °C. The reaction was initiated by the addition of glacial
acetic acid (4.0% (w/v), 100% purity, VWR) and maintained at
this temperature for 6 h, during which the color of the solution
changed from dark brown to yellow. The procedure was
repeated once for 8 h to ensure full delignification of the wood,
as indicated by the complete loss of color of the specimen. The
wood pieces were washed with Soxhlet extraction using
distilled water as solvent for 5 h, followed by freezing in liquid
nitrogen and subsequent lyophilization overnight (−45 °C,
0.080 mbar, Christ Alpha 2–4 LDplus, Christ, Osterode,
Germany).

Scanning electron microscopy
Air-dried wood samples of each of the five species (untreated
and delignified) were glued onto metal (SEM) stubs and
sputter-coated with a 10 nm layer of gold–palladium (Leica
Bal-TEC SCD500, Leica, Wetzlar, Germany). The samples
were then visualized using a scanning electron microscope

(SEM) Hitachi S-4800 (Hitachi, Tokyo, Japan) at an acceler-
ating voltage of 1.5 kV.

Nanotomography and 3D reconstruction
Single fibers and tracheids were easily mechanically separated
from the delignified bulk samples without damaging them using
fine tweezers and glued on top of conical sample holders using
polyvinyl siloxane (President Light Body, Coltene, Altstätten,
Switzerland). The dry fibers and tracheids were imaged (at
22.5 °C and 25% RH) using the X-ray tomography setup at the
nanotomography endstation of beamline P05 of PETRA III at
Deutsches Elektronen-Synchrotron (DESY). The X-ray beam
was monochromatized using a Si(111) double crystal mono-
chromator at an energy of 11 keV with a Zernike phase contrast
[29]. An X-ray sCMOS camera (Hamamatsu C12849-101U,
Pdet = 6.5 µm pixel size, 2048 × 2048 pixel, 16 bit image
depth) with a 10 µm Gadox scintillator was used as the detector.
For high-contrast and low-dose imaging, holotomography was
applied as the phase contrast technique. Here, a gold Fresnel
zone plate with a diameter of 300 µm was used [30]. By varying
the sample-to-detector distance, different magnifications with
fields of view ranging from 48 × 48 µm2 to 320 × 320 µm2 and
effective pixel sizes of the raw data from 21.6 nm to 157.3 nm
were used. At least two samples of each delignified wood
species were scanned, resulting in a total of 35 tomograms. The
most representative examples without obvious deformations
(16 tomograms: spruce n = 4, beech n = 2, balsa n = 4, Douglas
fir n = 2, and poplar n = 4) were selected for presentation.

The phase retrieval was performed using HoloTomoToolbox
[31], while the tomographic reconstruction was performed using
the P05 reconstruction pipeline, which is based on tomopy [32],
as described earlier [30]. The most representative examples
(4× spruce, 2× beech, 4× balsa, 2× Douglas fir, and 4× poplar)
were then segmented manually with the brush tool and semi-
automated with the magic wand tool using Amira 6.0.1 soft-
ware (FEI SAS, Lyon, France). The segmented data were
further processed in Blender software (Blender Foundation,
Amsterdam, Netherlands, https://www.blender.org).

Additional interactive 3D models of two samples for each
species are available online with links for each model in Sup-
porting Information File 1.

Estimation of tracheid/fiber diameter and wall
thickness
Tracheid/fiber diameter and wall thickness were measured from
the nanotomography reconstructions using ImageJ software
(version 1.53, National Institute of Health, Bethesda, USA
[33]). The raw scans were transferred to ImageJ, and the pixel
sizes were set based on the respective effective pixel size of the

https://www.blender.org
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Figure 1: Structure of spruce tracheids. SEM images of untreated and delignified spruce (A–E) and 3D models of delignified tracheids (F–H).
Untreated spruce samples (A,B) with larger tracheids (yellow rectangle; EW, left side), smaller tracheids (yellow rectangle; LW, right side), separated
with a dotted line (black) (A), and connections between tracheids (B). Delignified spruce samples show a loosened structure (C), spaces between the
walls of the tracheids (D, white arrow), and several tracheids with bordered pits (surrounded by a thickened rim of wall material) (E). Single delignified
tracheid of LW in longitudinal view with pits on one side (F) and cross sections (G,H), which show the rectangular shape of a single tracheid of LW (G)
and two neighboring tracheids of EW (H). Abbreviations: EW – earlywood, LW – latewood, p – pits. Scale bars: A – 300 µm; B – 30 µm; C – 100 µm;
D – 10 µm; E – 50 µm; F, G, H – 10 µm.

scan. Because the diameters differed strongly within and be-
tween several wood species, we measured two diameters of
each tracheid and fiber, that is, the long and short axes of the
lumen from cross section per sample and taking both diameters
two times per sample (see Supporting Information File 1, Figure
S1). This resulted in spruce: n (number of individual samples) =
8 per diameter; beech: n = 4 per diameter; balsa: n = 8 per diam-
eter; Douglas fir: n = 4 per diameter; and poplar: n = 8 per di-
ameter. Differing sample size resulted from the quality of the
scans, as some scans were not of sufficient quality for the
purpose of this study. We therefore only worked with the scans
with sufficient quality (16 in total).

Moreover, the diameter and wall thickness were additionally
measured from SEM images of the untreated and delignified
samples (always n = 8 per diameter). For the whole experimen-
tal setup and a scheme for the measurements, see Supporting
Information File 1, Figure S1.

Statistical analyses were performed using RStudio (version
2024.09.0+375). Since the data was not normally distributed,
the median values among the groups were compared using
Kruskal–Wallis one-way analysis of variance (ANOVA) on
ranks and further pairwise comparisons with Dunn’s post-hoc
test and Holm’s correction, with α = 0.05 for each statistical
test. Due to the relatively small and varying sample size, we

decided to only use the unadjusted p-values for our statistical
comparisons [34], but both unadjusted and adjusted p-values,
can be found in Supporting Information File 1, Table S1 and
Table S2.

Results
Morphologies of untreated and delignified
fibers and tracheids of five wood species
SEM images of the samples of each wood species are shown
below in Figures 1–5, enabling comparisons between the mor-
phology of untreated and delignified fibers and tracheids. After
delignification, the single tracheids/fibers could easily be
extracted and prepared for tomography. Using the recon-
structed data, we built 3D models of at least two samples for
each wood species. The shape of the fibers and tracheids and pit
arrangements of each wood species are presented alongside the
SEM images of untreated and delignified fibers and tracheids.

In untreated spruce, both earlywood (EW) and latewood (LW)
were visible, with tracheids in LW having a smaller lumen than
those in EW (Figure 1A, yellow rectangles). Both showed close
connections to the neighboring tracheids (Figure 1B). After
delignification, the tracheids were separated and spaces be-
tween the neighboring tracheids were visible (Figure 1C,D).
Moreover, the tracheid walls appeared frayed (Figure 1D,E).
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Figure 2: Structure of beech fibers. SEM images of untreated and delignified beech (A–F) and 3D models of delignified fibers (G–I). Untreated beech
samples (A–C) with rectangular fibers (yellow rectangles) surrounding the vessels (A), connections between fibers (B), and bordered pits from the
inside of the fiber (C). Delignified beech samples showed a loosened structure (D), spaces between the walls of the fibers (E, white arrow), and two
fibers with bordered pits (F). Single delignified fiber in longitudinal view with pits on one side (G) and cross-sections (H,I), which show the rectangular/
square shape of two beech fibers. Abbreviations: p – pits, v – vessels. Scale bars: A, D, F – 50 µm; B, C – 5 µm; E – 40 µm; G, H, I – 10 µm.

The tracheid showed a rectangular shape with round lumen in
the untreated spruce (Figure 1B), while deformed to rhombus in
the delignified spruce. Such deformation was very likely due to
the mechanical stress applied on the sample during experimen-
tal preparation (Figure 1H). Also, we found rectangular single
tracheids with almost no lumen, which were potentially taken
from LW areas (Figure 1G). On one side of the tracheid, with a
smaller diameter, the pits were arranged longitudinally and in
one column (Figure 1F).

Beech fibers showed close connections with the vessels and
neighboring fibers in the untreated samples (Figure 2A,B) with
bordered pits longitudinally located on one side of the wall
(Figure 2C). After delignification, the fibers were more separat-
ed, with small spaces between neighboring fiber walls
(Figure 2D,E). Similar to the untreated fibers, the delignified
fibers exhibited bordered pits on one side (Figure 2F). The fiber
had a rectangular/square shape, but less uniform than that of
spruce tracheids (Figure 2B,H,I). The pits were longitudinally
located on one side of the fiber, with a slightly spiral arrange-
ment (Figure 2G).

In the balsa fiber wood SEM images, we observed two shapes
of fibers within a small area of the untreated sample, that is,
rectangular and hexagonal ones (Figure 3A). In comparison
to fibers, the vessels were larger and had thicker walls
(Figure 3B). Similar to beech, the connections between fibers
were close in balsa, but the overall wall thickness was smaller

(Figure 3C). After delignification, the fibers began to separate
from each other and showed spaces between fiber walls
(Figure 3D). These spaces were also visible in the longitudinal
images of several fibers, which showed bordered pits on the
fiber sides (Figure 3E,F). In the tomography data, we found pits
on one side of the rectangular balsa fibers (Figure 3G), whereas
the hexagonal fibers did not exhibit pits. The 3D models show
the same as the SEM images, that is, some fibers had a hexago-
nal shape (Figure 3H), while others showed a rectangular shape
(Figure 3G,I).

Interestingly, untreated Douglas fir samples showed tracheids of
different shapes. In one sample, we found rectangular tracheids
with a wide lumen (EW), as well as oval and squeezed tracheids
(LW) (Figure 4A). Moreover, the inner part of the untreated
tracheid wall exhibited a structure with grooves (Figure 4B),
which was not observed in delignified tracheids of Douglas fir
from both tomography data and SEM images. After delignifica-
tion, it seemed like the tracheids appeared to change in shape;
here, we imaged more oval and bean-shaped tracheids with
wide lumina (Figure 4C). Similar to the observations in all other
wood species, the connections between the tracheids were lost,
resulting in spaces between the tracheids (Figure 4D). In addi-
tion to the 3D models, SEM images showed a large number of
small pits arranged longitudinally on the tracheids (Figure 4E).
Differing from previous species, Douglas fir tracheids had oval
or bean shapes, as well as a smaller ratio of tracheid diameter
and wall thickness (Figure 4F–H). Besides, the pits of Douglas
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Figure 3: Structure of balsa fibers. SEM images of untreated and delignified balsa (A–F) and 3D models of delignified fibers (G–I). Untreated balsa
samples (A–C) with fibers having hexagonal (yellow arrows) and rectangular (pink arrows) shapes (A), fibers surrounding the vessel (B), and close
fiber connections (C). Delignified balsa samples show a loosened structure (D) with spaces between the walls of the fibers (white arrow) and fibers
with bordered pits (E,F). Single delignified fiber in side view (G) and cross-sections (H,I) showing the hexagonal/rectangular shape of two balsa fibers
and pits on one side of rectangular shape (G). Abbreviations: p – pits, v – vessels. Scale bars: A, B, E – 200 µm; C – 5 µm; D, F – 50 µm;
G, H, I – 10 µm.

Figure 4: Structure of the Douglas fir tracheids. SEM images of untreated and delignified Douglas fir (A–E) and 3D models of delignified tracheids
(F–H). Untreated Douglas fir samples (A,B) with tracheids in compressed (LW, lower part of the picture) and widened (EW, upper + center part of the
picture) oval shape (yellow shape) (A), and connections between tracheids with special inner groove structures (B). Delignified Douglas fir samples
showed a loosened structure (C) with spaces between the walls of the tracheids (D, white arrow) and tracheids with pits (E). Single delignified tracheid
in longitudinal view with pits of EW (F) and cross sections of EW (G,H), which show the oval and bean shapes of two Douglas fir tracheids and pits on
two sides (H). Abbreviations: g – grooves, p – pits. Scale bars: A, C, E – 100 µm; B – 40 µm, D – 50 µm; F, G, H – 10 µm.

fir tracheids were smaller and less ordered, and one tracheid had
more pits than the fibers and tracheids of other tree species
(Figure 4F). In addition, one or maybe two pits were visible on
the opposite side (Figure 4H).

Finally, the SEM images of untreated poplar samples showed
differently arranged fibers surrounded by vessels (Figure 5A).
The small fibers were closely connected to the larger fibers
(Figure 5B,C). After delignification, the fibers were strongly
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Figure 5: Structure of poplar fibers. SEM images of the untreated and delignified poplar (A–G) and 3D models of delignified fibers (H–J). Untreated
poplar samples (A–C) with fibers (one example marked in yellow) surrounded by vessels (A) and connections between fibers of different sizes (B,C).
The delignified poplar samples show a strongly loosened structure (D) with various spaces between the walls of the fibers (E, white arrow) and a large
vessel with pits (F) as well as a fiber with pits (G). Single delignified fiber in longitudinal view with pits (H) and cross sections (I,J), which show the
pentagonal shape of two poplar fibers and pits on one side. Abbreviations: p – pits, t – fibers/tracheids, v – vessels. Scale bars: A, D, F – 100 µm;
B – 30 µm; C – 5 µm; E – 10 µm; G – 50 µm; H, I, J – 10 µm.

separated and showed small to very large spaces and connec-
tion losses to neighboring fibers (Figure 5D,E). Vessels, which
were also separated from fibers, showed bulks of pits on the
walls, and neighboring fibers showed pits on the same sides
(Figure 5F). In poplar, single fibers showed frayed outer walls,
which was presumably due to delignification (Figure 5G). Ad-
ditionally, an unusual pentagonal shape was observed here
(Figure 5H–J). The pits were arranged longitudinally on one
side of the fiber (Figure 5H,J).

Comparisons between morphologies of the
fibers/tracheids
Because of the different tracheid and fiber shapes, we measured
two diameters for each tracheid and fiber, namely, major and
minor diameters. Here and below, the length of the long side is
the major diameter (diameter 1), while that of the short side is
the minor diameter (diameter 2). Since the balsa fiber had two
shapes and the hexagonal shape exhibited uniform side length
instead of two different lengths, we measured only one diame-
ter for the hexagonal balsa fibers and reported it separately
(Table 1). We found that within species, both diameters
differed; also, the respective diameters differed after the treat-
ment. For example, both diameters of the oval Douglas fir
tracheids differed significantly in untreated and delignified sam-
ples (Kruskal–Wallis one-way ANOVA on ranks, p < 0.0001;
Dunn’s post-hoc test, Douglas fir delignified diameter 1 vs di-
ameter 2: p = 0.0001, Douglas fir untreated diameter 1 vs diam-
eter 2: p = 0.0002; Figure 6A). In delignified spruce and poplar,
the diameters differed significantly, as well as in untreated
rectangular balsa fibers and untreated poplar (Kruskal–Wallis

one-way ANOVA on ranks, p < 0.0001; for Dunn’s post-hoc
test see Supporting Information File 1, Table S1). In addition,
we compared the two diameters of untreated and delignified
samples between species and found significant differences as
well (Table 1, Figure 6A). Douglas fir had the overall largest
tracheids among the five species (Table 1, Figure 6A) but
showed similar diameters after delignification with a shrinkage
of diameter 1 of 4.8% and an expansion of diameter 2 of 38.4%.
In poplar, diameter 1 slightly shrunk by 10.7% and diameter 2
slightly expanded by 1.7%. Both diameters of spruce and balsa
slightly decreased after delignification with significant dif-
ferences of diameter 2 in spruce (Kruskal–Wallis one-way
ANOVA on ranks, p < 0.0001; Dunn’s post-hoc test, p < 0.01)
and with a shrinkage of diameter 1 of 33.3% and of diameter 2
of 63% in spruce. In balsa, diameter 1 shrunk by 22.1% and
diameter 2 by 9.4%. In contrast, the diameters of beech slightly
increased after delignification, but did not show any statisti-
cally significant difference with an expansion of diameter 1
of 26.5% and of diameter 2 of 52.5%. Moreover, diameters 1
of untreated Douglas fir and of untreated spruce were signifi-
cantly larger than those of untreated beech and poplar
(Kruskal–Wallis one-way ANOVA on ranks, p < 0.0001;
Dunn’s post-hoc test, for p-values see Supporting Information
File 1, Table S1; Figure 6A). Balsa showed the overall second
largest diameters among the species, with a significantly larger
diameter 1 of the untreated samples compared to the smallest in
beech (Kruskal–Wallis one-way ANOVA on ranks, p < 0.0001;
Dunn’s post-hoc test, p < 0.001), directly followed by spruce
(Table 1, Figure 6A). The diameters of delignified spruce and of
all beech and all poplar samples were in similar ranges (approx-
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Table 1: Comparison of the tracheid and fiber morphologies of the studied wood species. Shape, diameter, and wall thickness of the five wood
species and the two treatments. Data shows mean ± standard deviation. All untreated samples were n = 8, exception: balsa hexagonal n = 16. Delig-
nified samples: diameter measurements: spruce and poplar n = 16, beech, balsa rectangular and Douglas fir n = 12, delignified balsa hexagonal n =
24; wall thickness measurements: spruce and poplar n = 16, beech and Douglas fir n = 12, balsa n = 22.

Species Treatment Shape Diameter [µm] Wall thickness [µm]

Diameter 1 Diameter 2

spruce (P. abies)
untreated

rectangular
37.2 ± 9.9 27.4 ± 9.9 4.2 ± 0.6

delignified 29.9 ± 11.4 13.1 ± 8.5 2.2 ± 1.2

beech (F. sylvatica)
untreated

rectangular
17.1 ± 2.6 11.3 ± 2.6 1.3 ± 0.4

delignified 21.5 ± 4.0 16.6 ± 4.2 1.8 ± 0.9

balsa (O. pyramidale)

untreated
hexagonal

33.6 ± 8.9 0.8 ± 0.3
delignified 27.2 ± 5.6 2.4 ± 1.5

untreated
rectangular

35.8 ± 5.6 23.6 ± 5.9 0.8 ± 0.3
delignified 29.2 ± 4.6 22.2 ± 3.9 2.4 ± 1.5

Douglas fir (P. menziesii)
untreated oval 44.2 ± 9.2 14.3 ± 4.6 1.5 ± 0.4
delignified oval 41.7 ± 6.7 17.9 ± 3.6 1.0 ± 0.5

poplar (P. spp.)
untreated

pentagonal
23.2 ± 3.0 14.1 ± 1.8 1.5 ± 0.4

delignified 20.7 ± 2.1 13.5 ± 5.1 1.6 ± 0.4

Figure 6: Fiber and tracheid diameter and wall thickness. Two fiber and tracheid diameters (A) of both untreated (plain boxes) and delignified (dashed
boxes) wood samples. Diameter 1 in darker colors, and diameter 2 in lighter colors. For hexagonal fibers, only one diameter per treatment is provided,
whereas for rectangular balsa, two diameters per treatment are measured. Tracheid and fiber wall thickness (B) of the untreated (plain boxes) and
delignified (dashed boxes) wood samples are provided. Kruskal–Wallis ANOVA and Dunn’s post-hoc test were used for statistical processing of the
data. Different letters indicate statistically significant differences. All statistically significant differences are presented in Supporting Information File 1,
Tables S1 and S2. All untreated samples were n = 8, exception: balsa hexagonal n = 16. Delignified samples: diameter measurements: spruce and
poplar n = 16, beech, balsa rectangular and Douglas fir n = 12, delignified balsa hexagonal n = 24; wall thickness measurements: spruce and poplar
n = 16, beech and Douglas fir n = 12, balsa n = 22.

imately 13–29 µm; Table 1, Figure 6A). All p-values for statis-
tically significant differences are provided in Supporting Infor-
mation File 1, Table S1. For the shrinking/expansion ratios of
the diameters see Supporting Information File 1, Table S3.

Since the wall thickness was homogenous within the species,
we reported only one value for each species and treatment
(Table 1, Figure 6B). No significant differences were found in
the wall thickness between treatments of most examined tree
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species, except for balsa and spruce. In balsa, we observed that
delignification significantly increased the wall thickness in
comparison to the untreated balsa samples with an expansion of
165.8% (Kruskal–Wallis one-way ANOVA on ranks,
p < 0.0001; Dunn’s post-hoc test, p < 0.009; Table 1,
Figure 6B). In contrast, the wall thickness significantly de-
creased in spruce after delignification with a shrinkage of
58.4% (Kruskal–Wallis one-way ANOVA on ranks, p < 0.0001;
Dunn’s post-hoc test, p < 0.05; Table 1, Figure 6B). When
comparing untreated samples, spruce had overall the highest
value for wall thickness and significantly higher than all other
wood species (Kruskal–Wallis one-way ANOVA on ranks,
p < 0.0001; Dunn’s post-hoc test, for p-values see Supporting
Information File 1, Table S2; Table 1, Figure 6B). Comparing
delignified samples, balsa and spruce had a significantly larger
thickness than beech, Douglas fir, and poplar (Kruskal–Wallis
one-way ANOVA on ranks, p < 0.0001; Dunn’s post-hoc test,
for p-values see Supporting Information File 1, Table S2;
Table 1, Figure 6B). All p-values for statistically significant dif-
ferences are provided in Supporting Information File 1, Table
S2. For the shrinking/expansion ratio of wall thickness see Sup-
porting Information File 1, Table S4.

Discussion
The results presented in this study provide distinct insights into
the structural differences in wood fibers and tracheids across
various species before and after delignification and novel data
on high-resolution 3D morphology of single delignified fibers
and tracheids. Tracheid and fiber shapes can vary strongly
across the five tree species studied. We identified four distinct
shapes, namely, rectangular tracheids and fibers in spruce
(Figure 1), beech (Figure 2), and balsa (Figure 3), oval tracheids
in Douglas fir (Figure 4), pentagonal fibers in poplar (Figure 5),
and hexagonal fibers in balsa (Figure 3). The presence of two
fiber shapes in balsa sets it apart from the other species, which
exhibited only one shape. However, variations in lumen size are
evident within softwood, as seen in the smaller lumina of
latewood (LW) tracheids and the wider lumina of earlywood
(EW) tracheids in both spruce (Figure 1A) and Douglas fir
(Figure 4A).

Such variation in lumen size may reflect the evolutionary adap-
tations of different tree species to specific environmental condi-
tions and their different functional requirements. For instance,
larger lumina typically form in earlywood during optimal envi-
ronmental conditions, while latewood tracheids develop
narrower lumina as a response to limited growth resources
[35,36]. It seems that larger lumina in earlywood enhance water
transport efficiency during growth seasons, enabling the trees to
support rapid growth. Conversely, narrower lumina in latewood
provide superior mechanical support during periods of reduced

growth, ensuring structural stability. However, across the five
species studied here, the hardwood fibers, in general, show
wider lumina than softwood tracheids. Environmental factors,
such as higher environmental temperatures and less compact,
well-aerated soils also promote the development of fibers and
tracheids with larger lumina [37,38], which very likely result
from high evaporation, as well as suitable environmental condi-
tions for growth. In brief, tracheid dimensions are not static;
they vary within individual trees or between species and are
influenced by multiple factors, including environmental condi-
tions and seasonal growth patterns [37,39].

Using 3D models, we additionally showed pit arrangements of
single fibers and tracheids with unprecedented 3D details in
spatial distribution compared to traditional methods such as
SEM, which, however, show more details of the pit structures
[40-42]. Unlike those conventional imaging methods, nano-CT
3D models provide a comprehensive view of pit distribution
and spatial organization, enabling a deeper understanding of
their role in water transportation and potential mechanical side
effects [25-27]. However, due to the small sample size, we can
only speculate on the real pit distribution and only show an
insight into a small number of 3D-reconstructed fibers and
tracheids. To make better conclusions about the pit distribution,
a higher sample size and results from several methodologies are
needed. In our data, we found that the pits could be located
either on only one side of the tracheids and fibers, for example,
in spruce (Figure 1), beech (Figure 2), or on multiple sides of
the fibers, for example, in balsa (Figure 3) and poplar
(Figure 5), which does not correspond with the descriptions of
Richter and colleagues [43]. Usually, beech has pits on tangen-
tial and radial walls, while fiber pits of poplar appear only on
radial walls [43]. In Douglas fir, the pits were generally smaller,
more frequent and less ordered compared to the other four
species (Figure 4). Moreover, the pit arrangements and distribu-
tions vary with tree age and tracheid/fiber characteristics. For
instance, in Pinus radiata, the number of pits per tracheid is
related more to tracheid length in the first ten years of growth,
whereas it primarily correlates with wood age [44]. Additional-
ly, tracheid diameter and pit diameter can have a positive linear
relationship, with larger fibers or tracheids containing larger
pits [44,45]. This complies with our observation when
comparing spruce and balsa samples to the poplar samples. The
functional implications of pit arrangement for water transporta-
tion across species remain unclear. Nevertheless, it is worth
mentioning the general climatic backgrounds of the five species
as this provides an ecological context for interpreting their
wood anatomical features. In general, all five species in this
study prefer humid and moist environments. Spruce and beech
generally favor cool temperatures and adequate rainfall during
growth season [46,47], Douglas fir and poplar perform better
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with moderate temperatures, but are able to adapt to various
environments [48,49], while balsa trees favor tropical and
subtropical climates [50].

Across all wood types studied, delignification results into
(1) facile separation of fibers and tracheids with visible spaces
between neighboring walls (removal of the lignin-rich middle
lamella) and (2) a frayed appearance of tracheid/fiber walls.
These observations underline the crucial role of lignin in main-
taining the structural integrity and cohesion between fibers and
tracheids in wood [51,52]. In contrast to the overall arrange-
ment changes of the wood after delignification, we did not
observe significant dimensional changes of the fibers or
tracheids. While Bao et al. [53] measured a decrease in wall
thickness after delignification, our results showed that the wall
thickness remains mostly unchanged after delignification,
except for balsa, where wall thickness increased after delignifi-
cation (Figure 6B). This increase might be due to differences in
wood samples and possible discrepancies between EW and LW.
The stability of the tracheid/fiber dimensions after delignifica-
tion suggests that hemicellulose and cellulose may play an im-
portant role in maintaining the basic single tracheid/fiber struc-
ture after removing lignin [54,55]. This is also reasonable from
a materials perspective since the elastic modulus of cellulose is
15 times that of lignin [56,57]. Moreover, lignin might contrib-
ute more to the bonding of fibers or tracheids instead of increas-
ing the stability of a single tracheid since the wall thickness
remained the same after delignification, but spaces between
fibers and tracheids appeared. In addition, gaps between adja-
cent fibers and tracheids after delignification have also been re-
ported previously [41,43]. Overall, by delignification of the
samples and the following nanotomography, we were able to
show 3D models of single tracheids and fibers, by easily sepa-
rating them without further destruction of the tracheids or fibers
and whole samples. We were able to show models of neatly
separated tracheids and fibers with clean walls. Using nanoto-
mography in combination with delignified samples can improve
our understanding of tracheid/fiber and pit distribution of single
cells, which was not possible to differentiate and separate in
previous tomographical imaging studies [41].

This study represents a high-resolution 3D imaging approach to
delignified single fibers and tracheids, paving the way for more
effective modeling applications, such as finite element
modeling or computational simulations of fluid flow or heat
transfer, aiding in development of various industrial applica-
tions of delignified wood. Accurate 3D models provide valu-
able insights into tracheid and fiber morphology, offering impli-
cations for wood processing techniques and the development of
innovative wood-based materials, including bioinspired materi-
als. This study also holds the potential for shedding light on

evolutionary adaptations and taxonomic relationships among
species. Still, as the sample size was relatively small, our results
show a trend. As wood is a highly variable material depending
on the growth conditions, further studies with higher sample
sizes could help in verifying those trends or showing discrepan-
cies to samples with differing growth conditions.

In conclusion, this study demonstrates the diverse structural
adaptations of wood fibers and tracheids across different tree
species and the critical role of lignin in maintaining the wood
structure. These findings have implications for understanding
wood properties, processing techniques, and potential applica-
tions in various branches of industry.
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Abstract
DNA nanostructures are promising drug delivery platforms but often suffer from limited structural stability and high production
complexity. Cisplatin can cross-link DNA and act as a therapeutic agent, offering a simplified approach to stabilize DNA nano-
structures while incorporating therapeutic functionality. Here, we explore cisplatin-mediated compaction of a single-stranded DNA
scaffold to form stable nanoparticles and evaluate their potential as radiosensitizers. Cisplatin-induced cross-linking produced
compact DNA nanoparticles with size and morphology controlled by mixing ratio and incubation time, reaching maximum loading
near a 1:1 cisplatin-to-nucleotide mixing ratio, resulting in 0.28 ± 0.06 bound Pt atoms per nucleotide. The nanoparticles showed
high thermal stability with the onset of thermal degradation between 80 and 90 °C and remained structurally stable at 4 °C storage
for months. Clonogenic assays in FaDu cells demonstrated radiosensitization, with a dose enhancement ratio of 1.17 ± 0.07 at 10%
survival. Cisplatin-mediated cross-linking provides a simple and effective method for producing stable DNA nanoparticles without
complex origami assembly. The resulting structures retain the radiosensitizing properties of platinum while offering improved
stability and storage characteristics. These platinated DNA nanoparticles represent a promising platform for further development of
scalable DNA-based radiosensitizers with high drug loading, monodispersity, stability, and versatility for further functionalization.

1117

Introduction
DNA-based nanomaterials are widely investigated as drug
delivery platforms [1-4] because of their inherent biocompati-
bility [5], low immunogenicity [6], high spatial addressability

[7,8], and environmental responsiveness [9]. While DNA self-
assembly techniques such as DNA origami allow for the precise
arrangement of ligands and functional groups [10,11], these
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complex structures often suffer from rapid enzymatic degrada-
tion and structural dissociation in physiological environments
[12,13]. These stability issues, occurring both in vitro and in
vivo, remain a bottleneck preventing the transition from labora-
tory prototypes to viable clinical applications. Another issue
preventing the bench-to-bed translation of DNA-nanostructure-
based drug delivery systems is commercial feasibility. While
the economics of DNA-based drug delivery systems benefit
from novel nanostructure mass-production methods [14] and
high achievable loading yields [15], the production complexity
of sequence-based DNA nanostructure assemblies as well as
regulatory issues persist [16,17].

Cisplatin serves as a primary chemotherapeutic agent for
various malignancies [18], yet its clinical utility is frequently
limited by high systemic toxicity [19,20] and development of
tumor resistance [21]. Because the drug lacks a specific
targeting mechanism, it is distributed broadly throughout the
body, leading to significant off-target effects in healthy tissues.
Effective sequestration of the drug within a delivery vehicle is
essential to ensure that the payload is only released upon
reaching the lower-pH or enzyme-rich tumor microenviron-
ment [22,23]. DNA nanostructures are highly suitable for this
purpose. Our prior research demonstrated that cisplatin can
perform a dual role by acting as both the therapeutic payload
and a stabilizing cross-linker that reinforces the DNA matrix
[24].

Beyond its conventional role in chemotherapy, cisplatin acts as
a potent radiosensitizer [25,26] by reacting with low-energy
secondary electrons generated during radiotherapy to amplify
DNA damage within tumor cells [27,28]. While this dose-en-
hancement effect is well characterized for free cisplatin [29],
the translation of this synergy into DNA-based delivery systems
is not yet established. This study investigates whether cisplatin-
loaded DNA nanoparticles retain their radiosensitizing efficacy
when sequestered within a nanostructured vehicle. Furthermore,
this research provides a foundation for exploring the radiothera-
peutic potential of other DNA-templated metallized nanostruc-
tures [30,31].

Moreover, for situations that do not require intricate shapes
(strict distance-dependence of nanostructure decoration), DNA
origami may not be the most cost-effective system. Instead of
assembling intricate folded structures, we thus utilize only
the scaffold and induce compaction through cisplatin-
mediated cross-linking. This method produces stable nanoparti-
cles while significantly reducing the amount of synthetic
“staple” strands required, thereby lowering production costs.
We have optimized the synthesis by systematically varying
cisplatin concentration and incubation periods to achieve

maximum loading efficiency. Furthermore, we demonstrate the
robustness of these nanostructures, confirming both their ther-
mal stability and long-term shelf life in unbuffered environ-
ments.

Experimental
Nanoparticle synthesis
Solvent exchange to H2O was first performed on a 100 nM,
100 μL p7249 scaffold supplied in 10 mM Tris buffer with
1 mM EDTA (Tilibit nanosystems) by centrifugal filtration
through 100 kDa molecular weight cut-off Amicon filters three
times, each time adding 400 μL of Milli-Q water (Millipore,
USA). This stock solution was then mixed with the appropriate
concentration of cisplatin solution to achieve the desired mixing
ratios. The resulting mixture was then allowed to incubate at the
desired reaction times without agitation. A final centrifugal
filtration was performed to remove excess cisplatin and purify
the platinated DNA nanoparticles. The DNA concentration of
the mixtures was estimated by measuring their UV absorbance
at 260 nm using a Denovix DS-11 FX+ spectrophotometer. The
Pt content measured by ICP-MS was calibrated to the ratio of
the absorbances at 230 and 260 nm (A230/A260) showing strong
linear dependence above A230/A260 = 0.5 (Supporting Informa-
tion File 1, Figure S3). This allows for a faster estimation of Pt
loading of platinated DNA nanoparticles.

Agarose gel electrophoresis
Gels with 1% agarose were prepared by dissolving 350 mg
agarose (Serva) in 35 mL 0.5× TAE (Sigma-Aldrich) buffer
with heating. A 3.5 μL drop of 10,000× SYBR Green I nucleic
acid gel stain was added to the warm mixture and mixed thor-
oughly before pouring the gel in the cast. The gel was then
allowed to solidy. The platinated DNA nanoparticle samples
were diluted to 6 nM in a 10 μL solution. Two microliters of 6×
DNA gel loading dye (Thermo Scientific) was then added to the
solution and mixed properly before loading into the gel wells.
The gel was then run at 100 V for 35 min at room temperature
under 0.5× TAE buffer.

Stability experiments at elevated
temperatures and in serum-supplemented
buffer
For stability tests at different temperatures, platinated DNA
nanoparticle and pure ssDNA scaffold solutions (12 nM) were
heated up to the desired temperature (23, 50, 60, 70, 80, and
90 °C) in a heating block and allowed to stay at that tempera-
ture for 6 min. The samples were then quickly moved to and
stored in an ice bath (4 °C) before analysis. A microliter of the
samples was used for atomic force microscopy (AFM) analysis,
and the rest was used for agarose gel electrophoresis (AGE)
analysis.
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For stability tests in a serum-supplemented buffer, platinated
DNA nanoparticle and pure ssDNA scaffold solutions were first
buffer-exchanged into 1× phosphate-buffered saline (PBS; Carl
Roth, pH 7.4) by three rounds of spin filtration using 100 kDa
molecular weight cut-off Amicon filters. The final solutions
were then prepared by adding fetal bovine serum (FBS; Gibco)
to 10% (v/v), along with the appropriate amounts of 10× PBS
stock and Milli-Q water to achieve a final composition of 1×
PBS and a DNA concentration of 12 nM. Incubations were
carried out at different time points ranging from 0 to 24 h, with
the longest incubation initiated first to allow for simultaneous
analysis by AGE. FBS was added only at the start of each
respective incubation time point. AGE was subsequently per-
formed to assess potential degradation of the DNA scaffolds
and nanoparticle structures.

Atomic force microscopy
Si substrates (∼7 × 7 mm2) were first plasma-cleaned using a
Roplass RPS40+ apparatus. One microliter of the platinated
DNA nanoparticle solution (12 nM) was then dripped onto the
surface of the plasma-cleaned Si substrate and subsequently
added with 15 μL of 10× TAE with 125 mM MgCl2. The result-
ing droplet was allowed to rest for at least 30 min on the sur-
face before washing it with 1 mL of 50% ethanol solution and
finally dried using N2 gas. Imaging was then performed in air
using the Dimension Icon AFM (Bruker) PeakForce Tapping
Technology and ScanAsyst probes (40 kHz, 0.4 N·m−1).

Particle size distribution
Atomic force microscopy (AFM) images of the different sam-
ples, acquired over a scan area of 3 × 3 μm2, were first flat-
tened using the Gwyddion software by applying the following
preprocessing steps: automatic data leveling through mean-
plane subtraction, row alignment using the median method, and
horizontal scar correction. The minimum height value was set to
zero, and the color scale was stretched to a range of 0–6 nm to
enhance the contrast between the particles and the background.
The processed images were then saved and analyzed in ImageJ
for particle detection and area measurement. Each image was
first converted to an 8-bit grayscale image, after which image
segmentation was performed by adjusting the threshold to
70–255. Particles were automatically identified using the
“Analyze Particles” function with the circularity parameter set
to 0–1, while excluding particles that intersected the image
edges. A binary mask was also generated to verify that all parti-
cles had been correctly detected. This procedure produced
a table containing the projected area of each particle, calibrated
in square nanometers according to the image resolution.
The equivalent particle diameters were then estimated
from the measured projected areas by assuming a circular
particle geometry. Finally, a histogram of the calculated

particle diameters was generated to obtain the particle size dis-
tribution.

Inductively coupled plasma mass
spectrometry
The inductively coupled plasma mass spectrometry (ICP-MS)
analysis of Pt content in the samples was performed using a
NexION 5000 spectrometer (PerkinElmer, USA). Pt stock solu-
tion (Astasol®, Analytika Ltd., Czech Republic) with a concen-
tration of 1000 ± 2 mg·L−1 was used to prepare calibration solu-
tions. All solutions were acidified with nitric acid (Analpure®

grade, Analytika Ltd., Czech Republic) and diluted with Milli-
Q water (Millipore, USA).

Clonogenic assay
FaDu (#305033, squamous cell carcinoma of the hypopharynx)
cell line was acquired from Cytion (Germany). Cells were
cultured in RPMI-1640 medium (#21875‑091, Gibco, USA)
supplemented with 10% FBS (#10270106, Gibco, USA) and
1% penicillin/streptomycin (#LM-A4118/100, Biosera, France).
Cells were maintained at 37 °C in a humidified atmosphere with
5% CO2. Cells were authenticated by the vendor using STR
profiling, and all mycoplasma tests were negative. The FaDu
cells (700 cells per well in 1.5 mL RPMI media with 10% FBS)
were then plated in 6-well plates and allowed to adhere
overnight. The cells were treated with either the p7249 scaffold
or platinated DNA nanoparticles by replacing the cell medium
with that containing 5 nM p7249 scaffold or platinated DNA
nanoparticles (equivalent cisplatin concentration of 10 μM).
The treated cells were allowed to incubate for 24 h and subse-
quently irradiated with gamma rays at a dose rate of 1 Gy·min−1

using a 60Co source (Chisostat, Chirana, Czech Republic). After
the irradiation, the medium was replaced by fresh medium to
wash off extracellular nanoparticles or scaffold DNA. After two
weeks, the colonies were fixed, stained with sulforhodamine B,
and then counted by taking photos of the wells using a camera
(BASLER, type acA2440-35uc) and counting the colonies by
binary image segmentation and particle analysis using the
ImageJ software. Image acquisition and particle detection pa-
rameters are specified in Figure S4 (Supporting Information
File 1). The survival fraction represents the number of colonies
grown after each irradiation dose with respect to the unirradi-
ated control within each treatment group. Irradiation was done
at doses of 2, 4, and 8 Gy for two independent experiments for
the platinated DNA nanoparticles and the scaffold DNA and
three independent experiments for the control (cells only) treat-
ment.

The survival fractions (SF, n = 2–3) were plotted as a function
of dose and fitted to the linear-quadratic (LQ) model in Python
3.14.2 using the “scipy” package and Equation 1. The fitted α



Beilstein J. Nanotechnol. 2026, 17, 1117–1127.

1120

Figure 1: Schematic representation of the proposed platinated DNA nanoparticle assembly. A simplified model illustrates the compaction of the
ssDNA scaffold driven by progressive cisplatin-mediated cross-linking, which could be initiated via localized loop formation. The upper panel displays
the approximate number of cisplatin molecules bound per nanostructure. The lower panel shows representative AFM images; each circular crop has a
radius of 250 nm for scale.

and β parameters, along with their corresponding standard
errors, were obtained from the regression analysis and used to
calculate the dose required to achieve 10% survival (D10) ac-
cording to Equation 2. The dose enhancement ratio (DER) was
subsequently calculated as the ratio between the D10 value for
the control condition (cells only) and that of the corresponding
treatment system (platinated nanoparticle or P7249 scaffold), as
described in Equation 3. The uncertainty in D10 was estimated
by propagating the standard errors of the fitted α and β parame-
ters using the first-order error propagation method (Equation 4).
The uncertainty in DER was calculated by propagating the
uncertainties associated with the D10 values of the control and
corresponding treatment systems according to Equation 5. The
reported uncertainties represent the propagated standard errors
of the LQ model fit parameters and provide an estimate of the
precision associated with the calculated D10 and DER values
based on the regression analysis. These uncertainties reflect the
confidence in the fitted model parameters and their derived
quantities.

(1)

(2)

(3)

(4)

(5)

Results and Discussion
The nanoparticle design concept and the suggested assembly
mechanism are illustrated in Figure 1. The approach is based on
the controlled compaction of a circular single-stranded p7249
DNA (isolated from an M13mp18 lac phage vector) scaffold of
defined length through cisplatin-mediated cross-linking. The
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Figure 2: Size dependence on cisplatin concentration. Particle size distribution based on estimated diameters of particles detected in a 3 × 3 μm AFM
image (A), AGE micrograph (B), Pt content (C), and representative 1 × 1 μm AFM images, scale bar = 250 nm (D) of platinated DNA nanoparticles
synthesized with various cisplatin/DNA scaffold mixing ratios.

circular ssDNA could be treated as a flexible polymer chain that
can potentially undergo a progressive coil-to-globule transition
as cross-links are introduced. Typically, the formation of intra-
molecular cross-links in polymers reduces chain entropy and
promotes localized loop formation, which subsequently evolves
into a compact, collapsed structure as the cross-link density in-
creases. Utilizing a circular scaffold of fixed length constrains
the conformational space of the polymer, which could result in
narrower nanoparticle size distributions as opposed to ap-
proaches relying on short oligonucleotides or fragmented
genomic DNA. This strategy could therefore enable controlled
nanoparticle formation through a combination of polymer
collapse and cross-linking-driven compaction. The next subsec-
tions describe the optimization of the parameters for the synthe-
sis of the platinated DNA nanoparticles, driven by this design
concept.

Effect of mixing ratio
The initial cisplatin/DNA scaffold mixing ratios were explored
by varying the cisplatin concentration while keeping the scaf-
fold concentration (12 nM) and incubation time constant (16 h).
The resulting samples were analyzed by AGE and AFM to de-
termine particle size and distribution. The cisplatin content of
purified samples was estimated using the ratio of UV–vis absor-
bances at 230 and 260 nm (A230/A260) calibrated against ICP-
MS measurements of total Pt content of test solutions.
Figure 2A shows the particle size distribution derived from

3 × 3 μm AFM images (representative cropped areas are shown
in Figure 2D) of particles synthesized at different mixing ratios.
A general reduction in particle size is observed as the cisplatin/
DNA scaffold ratio increases. However, a transition occurs
around a 4000 cisplatin/DNA scaffold ratio, where structures
temporarily increase in size before becoming more compact
again at 8000 cisplatin/DNA. Both AGE and AFM analyses
reveal structural features that help explain this behavior.

In H2O, with only residual salts from DNA scaffold purifica-
tion, the DNA scaffold exists primarily in a relaxed form, al-
though collapsed or super-coiled structures arising from second-
ary interactions may also be present. In Figure 2B, these two
forms are evident in the control lane (pure DNA scaffold): The
relaxed structure appears as an intense broad band, while the
super-coiled form appears as a fainter, higher-mobility band.
Both structures are also visible in the AFM image of the control
sample, although additional super-coiling may occur due to the
presence of divalent salts required for deposition. At cisplatin/
DNA scaffold ratios between 1000 and 4000, these bands
remain visible. Since all samples were loaded at equal concen-
trations, the observed decrease in band intensity reflects
cisplatin binding, which interferes with intercalation of the
nucleic acid stain (SYBR Green I). At these ratios, no signifi-
cant mobility shifts are observed. However, corresponding
AFM images reveal taller and more compact structures, particu-
larly at 2000 and 4000 cisplatin/DNA scaffold ratios.
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Figure 3: Size dependence on incubation time. Particle size distribution based on estimated diameters of particles detected in a 3 × 3 μm AFM image
(A), AGE micrograph (B), and representative 1 × 1 μm AFM images, scale bar = 250 nm (C) of platinated DNA nanoparticles synthesized with differ-
ent incubation times. In (B), the lane at incubation time 0 corresponds to the pure scaffold without the addition of cisplatin, while 0* represents the
sample with cisplatin added immediately before loading into the gel well.

Cisplatin cross-links seem to localize within specific regions of
the scaffold, forming loop-like structures observed at the
2000 cisplatin/DNA scaffold ratio, while less extensively
cross-linked segments remain relatively extended. AFM images
of salt-free deposition on a mica substrate (Supporting Informa-
tion File 1, Figure S6) better highlight these features. Similar
formation of small loops has been reported in double-stranded
DNA upon cisplatin loading [32]. The smaller apparent particle
size distribution compared to the 4000 cisplatin/DNA scaffold
ratio is also influenced by limitations in the particle detection
method and image resolution, which cannot fully resolve the
“free”, extended portions of the ssDNA scaffold. As a result,
only the condensed looped regions are detected as discrete par-
ticles. At a 4000 cisplatin/DNA scaffold ratio, however, these
localized loops already appear to occupy most of the scaffold,
resulting in the formation of larger clumps. Some of these
larger structures may also arise from intermolecular cross-
linking between two or more scaffolds or from aggregation
induced by substrate interaction or deposition conditions.
Increasing the ratio further to 8000 leads to complete struc-
tural collapse into more cross-linked, compact nanoparticles.
A sketch of the proposed mechanism of scaffold compaction
by increasing cisplatin binding/cross-linking is shown in
Figure 1.

The band corresponding to the 8000 cisplatin/DNA scaffold
ratio in AGE (Figure 2B) is nearly invisible because of a variety
of factors that can be associated with the reduced access of the
nucleic acid stain through the compact nanostructure for inter-

calation and possible fluorescence quenching. This band is also
observed at a higher mobility, consistent with a more compact
structure compared to lower-loading variants. This trend is
further supported by the particle size distribution shown in
Figure 2A. Consequently, as seen in Figure 2C, maximum
compaction and loading can be achieved at an cisplatin/DNA
scaffold mixing ratio of approximately 8000, corresponding to
2000 ± 400 bound Pt atoms per nanostructure (0.28 ± 0.06 Pt
atoms per nucleotide). The system where the mixing ratio was
set to one cisplatin per nucleotide (7200 cisplatin/DNA scaf-
fold mixing ratio) was evaluated; already under these condi-
tions, the maximum loading is achieved after 16 h of incuba-
tion.

Effect of incubation time
We used the 2000 cisplatin/DNA scaffold ratio to investigate
the effect of incubation time on nanoparticle formation. This
ratio was selected because the structures remain visible by gel
electrophoresis, enabling easier monitoring, and because it lies
below the saturation regime. As expected, compaction in-
creased with incubation time, with particle size decreasing as
more time was allowed for cisplatin binding (Figure 3A).

Formation of discrete nanoparticles began at approximately 4 h
(Figure 3D), where the cisplatin uptake also begins to slow
down (Figure 3C). At 16 h, the AGE results (Figure 3B) still
show two bands corresponding to the supercoiled and relaxed
states, indicating that the structures remain partially compacted,
suggesting localized cross-linked regions and extended loops.
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Figure 4: Thermal stability of platinated DNA nanoparticles. Particle size distribution based on estimated diameters of particles detected in a 3 × 3 μm
AFM image (A), AGE micrograph (B), and representative 1 × 1 μm AFM images, scale bar = 250 nm (C) of platinated DNA nanoparticles heated to
different temperatures from room temp to 90 °C.

After 24 h, further binding and compaction are observed, albeit
some larger structures are present due to agglomeration either in
solution or during deposition. It is also worth noting that they
reproduce structures similar to those obtained at 4000 cisplatin/
DNA scaffold ratio incubated for 16 h.

Stability
To evaluate thermal stability, solutions of platinated DNA
nanoparticles (prepared using 8000 cisplatin/scaffold mixing
ratio and 16 h incubation time) were heated to temperatures up
to 90 °C for 6 min and then quickly quenched in ice to mini-
mize reassembly and drastic conformational changes. The parti-
cle size distributions obtained after heating are shown in
Figure 4A with corresponding AFM images in Figure 4C. No
significant changes in particle size were observed across the
temperature range, indicating that the nanoparticles remain
structurally intact under elevated temperatures for a few
minutes. At 90 °C, however, the size distribution maximum
appears slightly skewed toward smaller diameters. This shift
may reflect either limitations in AFM resolution at smaller par-
ticle sizes or the onset of partial structural degradation. Consis-
tent with this observation, AGE analysis shows a slight mobility
shift for samples heated to 90 °C, suggesting minor structural
changes at this temperature (Figure 4B). This shift may there-

fore represent the approximate threshold at which thermal deg-
radation begins to occur.

For comparison, the unmodified DNA scaffold was exposed to
the same heating conditions (Supporting Information File 1,
Figure S1). In this case, AGE profiles reveal pronounced degra-
dation already at 80 °C in unbuffered solution. The improved
thermal stability of the platinated nanoparticles therefore indi-
cate that cisplatin-induced cross-linking and compaction can
stabilize the DNA structure up to a certain extent. This en-
hanced stability exceeds the one typically observed for conven-
tional DNA nanostructures, which generally exhibit lower ther-
mal tolerance under similar conditions [33].

Furthermore, we evaluated the stability of the platinated DNA
nanoparticles under near-physiological conditions by incu-
bating them in PBS (pH 7.4) supplemented with 10% FBS at
37 °C for 1–24 h, followed by analysis using gel electrophore-
sis (Supporting Information File 1, Figure S2). Compared with
the free DNA scaffold, which shows evidence of degradation
after 1 h of incubation, the gel band corresponding to the plati-
nated DNA nanoparticles shows no detectable smearing or sig-
nificant loss of intensity throughout the 24 h incubation period,
indicating improved stability under these conditions. This could
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Figure 5: Long-term stability of platinated DNA nanoparticles in refrigerated storage. Particle size distribution based on estimated diameters of parti-
cles detected in a 3 × 3 μm AFM image (A), Pt content estimated UV–vis measurements (B), and representative 1 × 1 μm AFM images, scale bar =
250 nm (C) of platinated DNA nanoparticles stored at 4 °C for different durations. In (B), the uncertainty in Pt content measurements derived from
UV–vis measurements as calibrated from ICP-MS measurements is shaded in blue.

extend the application of the platinated DNA nanoparticles for
in vitro and in vivo drug delivery explorations.

We also evaluated the long-term stability of the nanoparticles
by monitoring particle size and cisplatin content for samples
stored in H2O at 4 °C over a period of two months. AFM analy-
sis (Figure 5A and 5C) revealed minimal changes in particle
size distribution throughout the storage period, indicating that
the nanoparticles remain structurally stable under these condi-
tions. In addition, the measured variation in cisplatin content
remained within the uncertainty of the Pt quantification derived
from UV–vis absorption measurements, suggesting negligible
loss of bound cisplatin over time (Figure 5B). Collectively,
these findings demonstrate good long-term stability of the plati-
nated DNA nanoparticles during storage at 4 °C in aqueous
solution, offering a practical storage advantage compared with
conventional therapeutic agents.

Radiotherapeutic potential
Platinum-based nanoparticles have been widely investigated as
radiosensitizers in radiotherapy, motivating us to evaluate the
potential of the platinated DNA nanoparticles in this context. A
proof-of-concept radiosensitization assay was employed by

using the FaDu cell line, a model for head and neck cancer.
Survival fractions were plotted as a function of radiation dose
(Figure 6). The resulting survival curves were fitted using the
LQ model (Equation 1, Experimental section), where α and β
represent the coefficients of the linear and quadratic compo-
nents and are associated with direct (single-track) and indirect
(cumulative) damages, respectively. From these fits, the dose
required to achieve 10% survival D10 was determined, and the
DER was calculated by comparing D10 values of treated sam-
ples to the cell-only control (Equation 2–Equation 3, Experi-
mental section). The values are listed in Table 1.

The D10 values obtained were 7.03 ± 0.13 Gy for the cell-only
control, 7.04 ± 0.05 Gy for the free ssDNA scaffold, and
6.03 ± 0.33 Gy for the platinated DNA nanoparticles. The
nearly identical D10 values for the control and free DNA scaf-
fold indicate that the scaffold itself does not significantly influ-
ence radiosensitivity, confirming its suitability as an inert
carrier. In contrast, the reduced D10 observed for the platinated
DNA nanoparticles corresponds to a DER of 1.17 ± 0.07 com-
pared to 1.00 ± 0.02 for the free ssDNA scaffold. This repre-
sents an enhancement in radiosensitivity of approximately
10–24%, considering the experimental uncertainty. The ob-
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Table 1: Parameters (α and β ± SEM) of the dose-response curve fits for the systems studied as well as the calculated effective dose (D10 ± SEM)
and dose enhancement ratios at 10% survival (DER ± SEM).

Sample α [Gy−1] β [Gy−2] D10 [Gy] DER

control (cells only) 0.020 ± 0.009 0.044 ± 0.001 7.03 ± 0.13 1.00
p7249 scaffold 0.047 ± 0.003 0.040 ± 0.001 7.04 ± 0.05 1.00 ± 0.02
platinated DNA nanoparticles 0.238 ± 0.022 0.024 ± 0.003 6.03 ± 0.33 1.17 ± 0.07
cisplatin (0.2 μM) 0.0628 ± 0.003 0.045 ± 0.001 6.46 ± 0.04 1.09 ± 0.02

Figure 6: Clonogenic assay. Dose response of colony survival fraction
(SF ± SEM) of FaDu cells incubated with platinated DNA nanoparti-
cles (n = 2, brown), p7249 scaffold (n = 2, light blue), or medium only
(n = 3, dark blue) for 24 h and then irradiated with gamma rays. Fits
following the LQ model (Equation 1) are shown in dashed lines.

served radiosensitization is consistent with the presence of plati-
num within the nanoparticles, which can increase local energy
deposition and enhance radiation-induced DNA damage
through secondary electron production and reactive species gen-
eration [34]. In FaDu cells irradiated with photon ionizing
sources, DER values of approximately 1.20 have been reported
for free cisplatin at micromolar concentrations [35]. We have
also used the same assay on cisplatin concentrations with
limited 10–20% reduction in the cell plating efficiency and ob-
served about 9% DER at 0.2 μM (Supporting Information
File 1, Figure S5). The comparable magnitude of radiosensitiza-
tion observed here using 10 μM cisplatin incorporated within
platinated DNA nanoparticles indicates that platinum retains its
radiosensitizing functionality when embedded within the DNA
nanostructure, while simultaneously benefiting from the struc-
tural stability and potential delivery advantages of the nanopar-
ticle platform in this particular cell line and under these irradia-

tion conditions. This modest enhancement may have been influ-
enced by the free, uncross-linked domains acting as radical
scavengers, though the nearly identical responses observed in
the pure scaffold DNA and control groups suggest this effect
was minimal. Additionally, because the cell media were
replaced only after irradiation, the observed outcomes likely
reflect a combination of both extracellular and intracellular
release. Future studies would benefit from exploring cellular
uptake, intracellular localization, and the impact of the limited
release of coordinately bound cisplatin, all of which may
constrain the full radiosensitizing potential of these nanoparti-
cles. Further optimizations could be achieved by tuning nano-
particle concentrations, extending pre-irradiation incubation
times to enhance uptake, or employing more active release
mechanisms. Nonetheless, these findings indicate that plati-
nated DNA nanoparticles show potential as radiosensitizers and
warrant further optimization and systematic investigation.

Conclusion
We demonstrated a simple approach for the synthesis of plati-
nated DNA nanoparticles based on cisplatin-mediated cross-
linking of a single-stranded DNA scaffold, which could be
potentially scalable due to the use of only a few starting materi-
als. By systematically varying cisplatin-to-DNA scaffold ratio
and incubation time, we identified the conditions required for
efficient nanoparticle formation and cisplatin loading. Increas-
ing the cisplatin concentration promoted progressive scaffold
compaction, with fully collapsed nanoparticles forming near a
1:1 cisplatin-to-nucleotide ratio, representing a remarkable drug
load content for the carrier nanoparticle. Time-dependent exper-
iments appeared to be consistent with a nanoparticle formation
process involving initial localized cross-linking and eventual
scaffold compaction, providing insight into the mechanism of
cisplatin-induced DNA scaffold collapse.

The resulting platinated DNA nanoparticles exhibited high ther-
mal stability for a DNA-based material, maintaining structural
integrity up to 80 °C, with only minor indications of degrada-
tion at the highest temperature tested (90 °C). In contrast to the
free DNA scaffold, the platinated DNA nanoparticles showed
no degradation after 24 h of incubation in serum-supplemented
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physiological buffer. This highlights the stabilizing effect
of cisplatin cross-linking. In addition, the nanoparticles
demonstrated excellent long-term stability, showing minimal
changes in particle size and platinum content after two months
of storage at 4 °C in aqueous solution. These findings suggest
that cisplatin-mediated cross-linking provides a robust strategy
for enhancing the structural stability of DNA-based nano-
materials without the need for complex DNA origami architec-
tures.

Finally, the platinated DNA nanoparticles exhibited some level
of radiosensitizing activity in FaDu cells. Compared to
untreated controls and free DNA scaffold, the nanoparticles
reduced the radiation dose required to achieve 10% survival,
corresponding to a dose enhancement ratio of 1.17 ± 0.07.
While the observed radiosensitization is moderate, this func-
tionality provides a proof-of-concept for the design of stable
DNA-based radiosensitizers. Further optimization may be
achieved by systematically investigating parameters such as
nanoparticle concentration, incubation time, cellular uptake, and
cisplatin release strategies.
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Abstract
Graphene/aluminum (Gr/Al) composites are regarded as a promising class of lightweight, high-performance materials for aero-
space, automotive, and electronics applications. Graphene’s exceptional mechanical, thermal, and electrical properties are inte-
grated with aluminum’s favorable density and formability. From an industrial perspective, different methods for producing
graphene are analyzed, and graphene/aluminum composites are discussed. The industrialization bottlenecks and path strategies for
high-performance Gr/Al composites are analyzed. The major bottlenecks are uniform dispersion of graphene in Al matrix, suppres-
sion of the harmful Al4C3 interfacial phase, and cost control for large-scale production. The former two problems are addressed by
the development of low-cost graphene surface modification technology. The latter problem can be solved by combining different
composite technologies, such as spark plasma sintering and casting, which enables excellent microstructure controllability and effi-
ciency. This dual-path framework is provided as a practical reference for the commercialization of Gr/Al composites.
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Review
1 Introduction
As an emerging class of lightweight, high-performance materi-
als, graphene/aluminum (Gr/Al) composites have attracted con-
siderable scientific and engineering interest in recent years.
Exceptional promise for advanced applications in aerospace
engineering, automotive manufacturing, and electronic pack-

aging systems is exhibited by these novel composites [1,2].
Scientific inquiry into these materials began after the seminal
findings regarding mechanical graphene exfoliation methodolo-
gies in 2004 [3]. The inaugural theoretical investigation con-
cerning graphene/aluminum composites was documented in
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2008 and was succeeded by the first experimental validation
employing powder metallurgy techniques in 2011 [4,5].
Graphene’s extraordinary intrinsic properties, namely, its high
theoretical tensile strength (approximately 125 GPa), excep-
tional thermal conductivity (circa 5000 W·m−1·K−1), superior
electrical conductivity (approximately 100·106 S·m−1), and sub-
stantial specific surface area (approximately 2630 m2·g−1), are
integrated with aluminum’s favorable density characteristics
and formability attributes. Thereby, an optimal material solu-
tion for structural–functional integration requirements is provi-
ded [6-14]. Within the global paradigm of energy transition and
sustainable development, raised requirements for lightweight
structural components, advanced thermal management solu-
tions, and efficient power transmission/conversion systems in
transportation sectors have directly accelerated the rapid
advancement of graphene/aluminum-based composite technolo-
gies. These composites are established as a research focus in
today’s materials science [15,16].

Despite their considerable potential, three fundamental tech-
nical barriers are encountered in the practical implementation of
these composites; these are interfacial bonding and control
mechanisms, homogeneous dispersion methods, and the realiza-
tion of synergistic multiproperty performance enhancement [17-
20]. During composite fabrication processes, brittle aluminum
carbide (Al4C3) phases are frequently generated by interfacial
reactions between graphene constituents and the aluminum
matrix. The functional role of this interfacial phase remains
contentious within the scientific literature: Al4C3 is proposed by
certain investigations to enhance composite strength through
robust interfacial bonding, whereas its propensity to initiate
brittle fracture at material interfaces is indicated by alternative
studies [21-24]. Then, owing to substantial van der Waals inter-
actions between adjacent graphene layers at the nanoscale, there
are significant challenges in achieving homogeneous dispersion
within the aluminum matrix. This tendency toward agglomera-
tion readily establishes crack nucleation sites while electron
transport and thermal conduction pathways are concurrently
impeded [25-27]. Furthermore, performance trade-offs between
strength and toughness, strength and electrical conductivity, or
strength and thermal conductivity parameters are typically
exhibited by conventional composite systems, wherein strength
enhancement invariably compromises ductility, electrical
conductivity, or thermal transport capabilities respectively
[20,22].

A comprehensive “preparation–interface–performance–applica-
tion” framework is adopted in this review to systematically
evaluate recent advances in graphene/aluminum-based compos-
ites over the preceding decade. The analysis encompasses prep-
aration methodologies, interfacial engineering strategies, perfor-

mance characterization methods, and application prospects. Ad-
ditionally, contemporary academic understanding of interfacial
interaction mechanisms and interfacial modification ap-
proaches is emphasized, alongside innovative solutions progres-
sively addressing these persistent challenges. Theoretical foun-
dations for future research trajectories and prospective indus-
trial applications are established as the objective.

2 Graphene preparation and dispersion
The performance of graphene/aluminum composites is funda-
mentally tied to how they are made. Three key aspects are
directly impacted by different processing routes, that is, how
well graphene is bonded with the aluminum matrix, whether the
graphene sheets are spread evenly throughout the material, and
what final properties are obtained [1,6,17]. From research and
industry experiences, the fabrication can be broken into three
stages, namely, graphene is synthesized, it is properly dispersed,
and finally the composite is formed [18-20]. The real break-
through happens when these steps are optimized together rather
than separately.

Graphene is the two-dimensional crystalline allotrope of carbon,
with the atoms arranged in a honeycomb lattice configuration
[9]. Graphene materials are typically classified based on their
layer count, structural integrity, and the presence of functional
groups or defects [9,27-34]. Single-layer graphene consists of a
one-atom-thick carbon lattice, while few-layer graphene refers
to stacks of two to ten layers [9,28]. Structural quality is another
key criterion; it is distinguished between pristine, defect-free
graphene and materials containing vacancies, grain boundaries,
or chemical modifications [29-31]. Additionally, graphene de-
rivatives such as graphene oxide (GO) and reduced graphene
oxide (rGO) are defined by their oxygen-containing functional
groups and subsequent reduction processes [32-34]. The differ-
ent crystal structures of the three different graphene materials
are shown in Figure 1. Precise communication regarding mate-
rial properties and performance across research and industrial
applications is enabled by this systematic classification. These
structural attributes and corresponding application domains are
comprehensively summarized in Table 1 [9,27-34].

Graphene can be synthesized through a variety of techniques,
which are mainly segregated into two conceptual categories,
namely, “bottom-up” approaches, wherein atomic precursors
are coalesced to form monolayer structures, and “top-down”
techniques, wherein bulk graphite is progressively exfoliated
into thinner configurations [3,35-38]. Chemical vapor deposi-
tion (CVD) is widely employed to produce high-quality, large-
area graphene films on metal substrates such as copper or nickel
[35]. Alternatively, single-layer graphene flakes are isolated
from bulk graphite by mechanical exfoliation, also known as the
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Figure 1: A schematic showing the crystal structure of graphene materials: (a) pristine graphene, (b) three-layer graphene, and (c) reduced graphene
oxide.

Table 1: Classification and characteristics of graphene [9,27-34].

Classification Type Structural features Typical applications

layer number

monolayer graphene single-atom-thick honeycomb
lattice (thickness ≈ 0.34 nm)

high-frequency electronics,
sensors

bilayer graphene AB/AA stacking with interlayer
coupling effects

field-effect transistors

few-layer graphene (3–10 layers) enhanced dielectric screening,
tunable carrier density

energy storage electrodes,
composites

multilayer graphene (>10 layers) graphite-like properties, reduced
conductivity/thermal conductivity

thermal films, structural
reinforcements, power
transmission

functionalization

graphene oxide (GO) oxygen-containing groups,
hydrophilic, reduced conductivity

biosensor, water purification
membranes

fluorinated/hydrogenated
graphene

chemical surface modification for
magnetism/hydrophobicity

spintronics, anticorrosion coatings

morphology

film CVD-grown, superior
transparency (>97%) and
conductivity

transparent electrodes, flexible
displays

powder mechanical exfoliation or redox
synthesis, high specific surface
area (2630 m2·g−1)

battery additives, supercapacitors

nanoribbons/quantum dots edge-dominated quantum
confinement effects

quantum computing,
optoelectronics

“Scotch tape” method [9]. Additional fabrication routes include
liquid-phase exfoliation, where graphite layers are delaminated
with the assistance of solvents or surfactants, as well as
epitaxial growth on silicon carbide (SiC) substrates [3,36-38]. A
versatile toolkit for tailoring the structural and functional char-
acteristics of graphene according to specific application require-
ments is collectively provided by these methods. Significant
variations in defect density, structural characteristics (including

charge carrier mobility), and production efficiency/cost parame-
ters are exhibited by graphene produced via these distinct ap-
proaches, as systematically documented in Table 2 [3,9,35-38].

Several industrial-scale methods exist for graphene production,
including the oxidation–reduction of graphite (redox method)
and liquid-phase exfoliation (LPE), each with distinct advan-
tages and limitations. In the CVD technique, metal substrates
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Table 2: Performance-cost analysis of main industrial graphene synthesis methods [3,9,35-38].

Method Key process Product characteristics Cost Industrial maturity

liquid-phase exfoliation
(LPE)

water-jet shear peeling highest quality (defects
<0.1%), size <100 μm,
layers>10 in generally by
LPE

low by LPE mass production by LPE

redox method Hummers’ oxidation +
chemical reduction

oxygen residues
(C/O≈8:1), conductivity
102 S/m

low mass production

CVD CH4 decomposition on
Cu/Ni (1000°C)

large-area (square meter
scale), mobility >4000
cm2·V−1·s−1

medium (film) pilot-scale

SiC epitaxy SiC annealing (>1400°C) transfer-free but
nonuniform thickness

high research and
development

are exposed within a reaction chamber to hydrocarbon gases
and hydrogen at elevated temperatures. Carbon atoms are
decomposed from the gas precursors and are crystallized into a
graphene film on the metal surface [35]. A critical subsequent
step involves transferring the graphene material from the
growth substrate, and challenges in production efficiency occur.
Therefore, the redox method of graphite was developed, in
which graphite is chemically oxidized using strong acids and
oxidants to produce GO. GO is hydrophilic, and its dispersion
and processing in aqueous solutions are facilitated. The
graphene structure is subsequently restored by reduction (via
chemical agents or thermal treatment), yielding reduced
graphene oxide. However, residual defects and oxygen func-
tionalities are typically contained in rGO, and its mechanical
and electrical properties are compromised compared to CVD
graphene [32-34,39]. The initial mechanical exfoliation is the
original Scotch tape method, in which layers are mechanically
cleaved from bulk graphite [9]. While instrumental for funda-
mental research, it suffers from extremely low yield and poor
scalability, which render it unsuitable for industrial manufac-
turing. LPE was subsequently developed as a mechanical exfo-
liation method. Graphite powder is dispersed in specific sol-
vents or surfactant solutions. High-energy input, such as ultra-
sonication or shear mixing, is applied to exfoliate graphite into
graphene flakes. While potentially scalable, precise control over
flake size and thickness (number of layers) is difficult with
LPE, and post-processing is often required to concentrate the
material [40].

Redox method and LPE are also the two main industry
methods. rGO is the current mainstream industrial product for
graphene as its preparation process has matured to relatively
low requirements regarding equipment, leading to low cost.
However, strong acids and strong oxidants are required for its
preparation, resulting in a large number of defects in the ob-
tained graphene and environmental pollution. In addition, its

precursor graphene oxide possesses excellent hydrophilic
dispersibility coupled with mature process technology and high
batch consistency, which enable good manufacturability.
Graphene obtained via LPE has an intact crystal lattice and few
defects, with a yield second only to that of rGO. However, size
and thickness distributions of the exfoliated sheets are difficult
to be controlled, and high requirements on post-treatment are
imposed by large-scale production, making it more suitable for
functional applications with extremely high quality require-
ments. Key challenges across these methods include balancing
production cost, achieving high material quality (e.g., low
defect density and large domain size), and ensuring consistent
layer control, as shown in Table 3 [38-44].

Recent breakthroughs in graphene dispersion techniques range
from ultrasound applications to cryogenic techniques and self-
assembly [44-46]. GO clusters were dispersed by Wang et al.
[45] using high-frequency sound waves. When just 0.3 wt % of
the obtained GO was mixed into aluminum, a 62% jump in
strength was shown. Han et al. [46] used a cold environment of
193 K in which graphene sheets were stopped from folding and
stacking. With a 10:1 ball-to-powder ratio and 300 rpm rotation
speed, graphene stacks only five atoms thick were obtained
while the cold welding problem was avoided. Yang et al. [47]
made use of electrostatic forces, and graphene was neatly
arranged onto aluminum powder. After hot-pressing, a layered
structure was developed by the composite, almost like mother-
of-pearl. With only little added graphene (0.083 vol %), the ma-
terial gained strength without sacrificing its stretchiness, which
is still over 20% elongation after fracture. From the perspective
of industry and production, the selection of graphene for
graphene/Al composites requires a comprehensive balance
among cost, performance, dispersion process, and interfacial
compatibility with the matrix. Reduced graphene oxide and
graphene from LPE are the most suitable materials for general
application. Reduced graphene oxide is currently regarded as
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Table 3: Comparison of redox reduction and liquid-phase exfoliation in terms of efficiency, structural characteristics, and applicable scenarios [38-44].

Parameter Redox method Liquid-phase exfoliation

production rate 0.27–0.42 tons per day for the single-line
production capacity

up to 0.4 tons per day for the single-line
production capacity

defect rate relatively high (residual oxygen-containing
functional groups)

extremely low (preservation of complete
sp2 structure)

structural characteristics surface with wrinkles and topological
defects

multilayers, thickness control requires
centralized post-processing.

applicable scenarios low-cost batch production high-performance composite materials
(such as power transmission and heat
dissipation)

cost 88–147 US$/kg for few-layer graphene ~250 US$/kg for few-layer graphene

one of the most promising reinforcing materials for mass pro-
duction. However, its laminar structure contains abundant
defects and oxygen-containing functional groups; while these
features are beneficial for chemical modification and interfacial
bonding, electrical and thermal conductivity are significantly
impaired, which limits applications of rGO.

Graphene obtained via LPE has an intact crystal lattice and
excellent intrinsic electrical and thermal conductivity, but it
suffers from a wide layer-number distribution. Also, it is more
expensive than rGO, making it more suitable for application
scenarios with high functional requirements, such as conduc-
tive and heat-exchange composites. In terms of layer number
selection, the best theoretical strengthening effect can be
achieved with single-layer or few-layer graphene, which are
expensive, highly prone to agglomeration in matrix composites,
and more likely to react with aluminum at high temperatures to
form Al4C3, by which interfacial strength is deteriorated. Our
practical research shows that a good balance between strength-
ening efficiency and dispersion uniformity can be achieved by
the selection of multilayer graphene with a thickness of 2–20
nm. Intense interfacial reactions are avoided, and strength and
electrical/thermal conductivity are improved via grain bound-
ary pinning and load-bearing effects.

In addition, to improve the bonding between graphene and alu-
minum melt and to control interfacial products, rGO can be
modified with copper, nickel, or titanium. Also, graft modifica-
tion can be conducted using the oxygen-containing groups of
rGO; thus, agglomeration is reduced and the formation of
harmful carbides is inhibited.

Therefore, in current industrial routes, cost-controllable rGO
with modification treatment is preferred for mechanically rein-
forced composites. For products requiring both high electrical
conductivity and high thermal conductivity, few-layer or multi-
layer graphene prepared by mechanical methods may be used,

and uniform distribution is achieved via process optimization
after surface alloying.

3 Gr/Al composite fabrication methods
3.1 Conventional fabrication methods
Several techniques are involved in the fabrication of graphene/
aluminum composites. Each technique brings distinct benefits
for structure control, production scaling, and performance
boosting. Key problems are tackled by these approaches, in-
cluding uniform graphene distribution and strong interfacial
bonding, through smart engineering solutions. Currently,
leading industrial techniques are broadly categorized into solid-
state and liquid-phase categories [38,48-52].

Solid-phase methods dominate graphene/aluminum composite
manufacturing. Mechanical energy is used to mix graphene into
the aluminum matrix. A big advantage is found in the lower
working temperatures and controllable reactions at the interface
[53]. These features make those methods well suited for parts
that need fine grains and high density. Spark plasma sintering
(SPS) and accumulative roll bonding (ARB) are the core tech-
niques here. Sufficient flexibility is provided for handling dif-
ferent starting materials and performance targets [24,48-52].

SPS works by first anchoring graphene nanoplatelets (GNPs)
onto aluminum powder using high-energy ball milling. Pulsed
electric currents are then applied during sintering to create heat
and pressure. This fast process densifies the material at surpris-
ingly low temperatures (well below aluminum’s melting point)
in just 5–10 min [24,49]. Because of the short processing time,
grains cannot grow large. Ultrafine grains smaller than 1 µm av-
erage result [24]. Nearly full density (>99.2%) with very little
remaining porosity (0.56–0.75%) can be achieved by SPS at
500 °C using proper milling time (10 h) and pressure
(20–50 MPa) [53]. However, SPS is not perfect. Its equipment
is pricey and part size is limited. Special power supplies and
vacuum setups are needed for SPS equipment, costing three to
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five times more than standard hot presses. Part size is also con-
strained by the mold design and current flow uniformity. Cur-
rently, SPS parts (such as ceramic) up to 100–300 mm can be
made by industry, but their shape (aspect ratio) is limited,
usually to 2:1 or less [54].

ARB takes a different route. Layers of aluminum foil are
stacked with graphene oxide sprayed in between, then rolled
together. Typically, a GO/water mixture is sprayed onto the alu-
minum foil, and 5–8 layers (each 0.1–0.3 mm thick) are
stacked. After cold rolling, the thickness is reduced by 50–70%
[55-58]. and a layered structure has formed. The intense shear
during rolling (reaching 5–8%) helps align the GO along the
aluminum grain boundaries. The yield strength of Al6061 is
boosted to 320 MPa (a 65% increase) by adding just 0.2 wt %
GO this way. Reasonable stretch (12% elongation) is kept, and
fracture toughness is improved to 28 MPa·m1/2. Grain refine-
ment is also achieved by ARB (the grain boundary area is
tripled), and GO acts as a barrier. Together, the corrosion rate in
salt water (3.5% NaCl) is decreased down to 0.0859 mm per
year, an 89% drop compared to the matrix alloy [55]. However,
ARB has its own challenges, including interfacial waviness and
edge cracking. Bonding strength can vary a lot across the inter-
face if the rolling temperature is not steady [56-58]. Precise
temperature control systems, like infrared feedback loops, are
often needed for this reason [59]. Also, microcracks tend to
form at the edges if the rolling layers are too much in one pass
(over 75% reduction). Laser trimming is usually required to fix
this and decrease material losses.

Liquid-phase processing provides essential pathways for fabri-
cating Gr/Al composites. Graphene is dispersed directly within
molten metal by these methods, enabling large-scale produc-
tion of complex-shapes. Energy use is cut by 30–40% com-
pared to solid-state approaches, and near-net-shape forming is
supported. Two main techniques dominate, namely, semi-solid
electromagnetic stirring and conventional stir casting. Each fits
different production requirements [17,19,26,60-64]. Semi-solid
electromagnetic stirring combines ball milling with magnetic
fields. Alternating magnetic fields, usually 30–60 Hz, generate
Lorentz forces, and eddy currents create shear rates of
50–100 s−1 [62-64]. Graphene clusters are broken up uniformly
by this mechanism. Andilab et al. [62] successfully prepared
GNP/A319 aluminum alloy composites using ultrasonic-
assisted semi-solid casting. The ultimate tensile strength, yield
strength, and elongation were enhanced by 10%, 11%, and
32%, respectively, by the addition of 0.05 wt % GNPs. Uniform
distribution of GNPs within the aluminum matrix with favor-
able interfacial bonding was revealed by SEM observations,
with no significant agglomeration or Al4C3 phase formation.
The strengthening mechanism was primarily attributed to the

Hall–Petch effect, followed by coefficient of thermal expansion
mismatch and load transfer [62]. Furthermore, high scalability
potential is demonstrated by this process. Continuous produc-
tion rates exceeding 200 kg·h−1 are enabled by multistation
electromagnetic stirring systems. The critical challenges of this
method involve porosity control and parameter sensitivity
management. Gases are easily trapped by melt turbulence,
causing 1.8–3.5% porosity without vacuum (≤10−2 Pa) or hot
isostatic pressing (HIP) treatment, far above standard casting’s
0.5% [62-64]. Besides, graphene distribution is disrupted by
power fluctuations without precise PID control.

The stir casting process incorporates rapid mechanical mixing
of graphene into molten aluminum (680–720 °C) using rotating
impellers, followed by conventional casting operations. Equip-
ment investment approximately one-fifth that of electromag-
netic stirring systems is required by this methodology, making it
suitable for small-to-medium batch production scenarios
[27,60,61]. However, poor graphene wettability in molten alu-
minum environments promotes agglomeration under limited
mechanical shear conditions. Agglomerate dimensions
frequently reach 20–50 µm at 1 wt % GNP incorporation levels,
reducing composite elongation to 40% of the matrix alloy value
[65]. Additionally, Al4C3 formation (content up to 2.1 vol %) is
promoted by elevated processing temperatures (>700 °C) [38].

Recommended processing methods for graphene/aluminum
composites under different application scenarios and require-
ments are shown in Table 4 as a reference for industrial manu-
facturing. While vital for industrial production, liquid-phase
methods have clear limits regarding the product properties.
Future work should combine SPS with electromagnetic
stirring–extrusion to tackle porosity and boost output efficiency
simultaneously. It is worth noting that powder metallurgy
sintering equipment (such as SPS and HIP) has enabled great
technical progress in the past 2–3 years driven by the strong
demand for large-format, high-throughput production of dense
solid-state batteries electrolytes and electrodes; all the afore-
mentioned sintering technologies are now rapidly evolving
toward larger processing dimensions, ultrafast sintering capa-
bility, and continuous production mode. The iteration of these
equipment has greatly promoted the development of graphene/
aluminum alloys.

Among these traditional processing methods, stir casting has a
higher level of industrial maturity and is most suitable for mass
production. SPS is applicable for high-end, small-batch manu-
facturing, where superior properties justify the higher process-
ing cost. Remarkable advantages in cost are found in stir casting
with about US$1,500 per ton (Table 5). With relatively low
equipment investment and mature process routes, large-size
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Table 4: The recommended processing methods for graphene/aluminum composites under different application scenarios and requirement.

Application
requirement

Recommended process Advantages Typical application
scenario

Maximum producible
component size/weight

ultrahigh strength SPS (0.3–1.2 wt %
GNPs)

grain refinement (0.8 μm),
density >99.2%

aero-engine
components

400 × 400 × 600 mm,
~200 kg

complex thin-walled
structures

semi-solid
electromagnetic stirring

equiaxed crystal structure
(shape factor 0.84)

new energy vehicle
battery casings

10 g to 100 kg

corrosion
resistance priority

ARB (0.1–0.5 wt % GO) corrosion rate reduced by
89%

marine engineering
structures

sheets of less than
100mm in width generally

low-cost mass
production

stir casting unit cost below US$25 electronic packaging
substrates

diameters of 70–520 mm
in generally, same as in
direct chill casting

Table 5: Cost breakdown of Gr/Al composites prepared by different routes (excluding the cost of aluminum; benchmarks: 2000 t/a annual production
capacity, 0.1–0.5 wt % few-layer graphene loading, unit: US$ per ton, all relevant prices are based on the Chinese market).

Cost item Stir casting route SPS route

raw material cost (few-layer graphene) ~900 ~900
utility (fuel and power) cost ~88 ~60
plant depreciation cost ~100 ~300
equipment depreciation cost ~180 ~4800
labor cost ~240 ~3600

total cost ~1508 ~9660

production is easily realized, and excellent compatibility with
existing smelting and casting systems of the aluminum industry
is achieved. The dispersion of graphene in the melt can be im-
proved to a certain extent by optimizing process parameters
such as ball-milled preforms and electromagnetic stirring, and
synergistic improvement of strength and plasticity is achieved.
This makes stir casting a feasible industrial route for mass, low-
cost preparation of Gr/Al composites with moderate perfor-
mance requirements. Its shortcomings are also obvious: Intense
interfacial reactions occur without interface modification of
graphene, leading to limited improvement in strength, electrical
conductivity, and thermal conductivity of the composites.
Consistency control of wire products along the length direction
is acceptable, but that of large-section cast products is poor.

Prominent advantages regarding process stability and micro-
structure control are found in the SPS route. The formation of
the harmful interfacial phase Al4C3 can be effectively inhibited
via the parameters of rapid heating/cooling and pressure-
assisted sintering. Although the cost of SPS equipment is rela-
tively high, high process accuracy, strong repeatability, and
precise regulation of graphene dispersion and interfacial bond-
ing can be achieved to obtain products with excellent perfor-
mance. Takt production rather than continuous production is

adopted by SPS, so the processing fee is usually above
US$9,000 per ton (Table 5) with lower production efficiency,
which increases the investment of human resources and equip-
ment. It is especially suitable for scientific research exploration
and the production of high-performance, high value-added
products, such as high-strength structural components and ther-
mal dissipation materials for AI servers. Besides, it can be seen
that the cost of the graphene raw material is not the major
expense.

3.2 Advanced novel fabrication strategies
Significant technological advancements in graphene/aluminum
composite manufacturing have been observed in recent years.
Two methods stand out, namely, additive manufacturing, espe-
cially laser powder bed fusion (LPBF), and deformation-driven
metallurgical techniques [20,66-70]. LPBF works by melting
layers of graphene/aluminum powder with a powerful laser
(200–400 W). The powder is melted quickly, and graphene is
trapped inside the aluminum as it cools down fast. Finer grains
in the metal form due the graphene addition, and the metal is
made much stronger by effective load sharing at the interface.
To start, the powder mix is made uniform using ball milling or
chemical coating, typically adding between 0.1 and 3.0 wt %
graphene. The right process parameters are crucial, that is, layer
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Figure 2: Graphene from graphite in metal matrix composites via severe plastic deformation.

Table 6: Comparison of manufacturing technologies for graphene/aluminum composites.

Manufacturing technology Technology
readiness level

Applicable industrial product types

spark plasma sintering 4–5 high-value precision components, such as aerospace sensors,
thermal management devices, and electronic packaging shells

semi-solid electromagnetic stirring 3–4 automotive brake discs, heat sinks, and cost-sensitive castings
with relatively simple geometries

stir casting 4–5 low-to-medium-end heat-exchange parts and structural
supports, where moderate uniformity can be tolerated

laser powder bed fusion 3–4 customized functional parts with extreme geometric complexity,
such as lattice-structured heat sinks and lightweight aerospace
brackets

severe plastic deformation (including ARB
and FSP)

2–3 high-strength thin sheets, surface strengthening of structural
components subjected to harsh local service conditions, such
as piston crowns and die surfaces

thickness around 30 µm, laser speed of 800–1200 mm·s−1, and
laser path overlap of 20–40%. Careful control is applied to stop
graphene from breaking down too much [20,66-70]. Excep-
tional mechanical enhancement, multifunctional properties, and
controlled anisotropy are demonstrated by materials fabricated
through this methodology. Tensile strength exhibits a more than
40% improvement relative to pure aluminum, attributable to
synergistic dislocation pinning and Orowan strengthening
mechanisms [66-68]. While additive manufacturing incurs
higher initial capital investment, material waste is substantially
reduced to approximately 5% (compared to 20% in conven-
tional casting processes), and total lifecycle costs are conse-
quently diminished [20,66-68].

Deformation-driven metallurgical bonding utilizes intense shear
stresses generated during severe plastic deformation (SPD) to
exfoliate graphene from graphite precursors in situ. Deforma-
tion-induced thermal energy is simultaneously harnessed to
establish metallurgical bonding between graphene and the

metallic substrate [69,71,72]. In situ graphene exfoliation
coupled with dynamic recrystallization of the aluminum matrix
was achieved by Huang et al. [73] through high-strain deforma-
tion (ε > 5) via friction stir processing (FSP) and associated fric-
tional heating, within a one-minute processing window. A
tensile strength of 468 MPa (293.3% enhancement) and excep-
tional ductility of 19.9% were imparted to the 1.5 wt % GNPs/
Al composite [73]. Multipass SPD extrusion (3–7 passes) con-
ducted at 500 °C was employed by Wu et al. [74] to achieve in
situ exfoliation of graphite flakes. Shear deformation was
exploited to induce interlayer slippage and dissociation of
graphite structures, yielding graphene, while dynamic recrystal-
lization was promoted to generate ultrafinely grained micro-
structure [74]. Similar results were also observed after the pro-
cessing of our 1% graphite/aluminum composite after severe
plastic deformation, as shown in Figure 2.

Graphene/aluminum composite manufacturing technologies are
now largely in the early stages of industrialization (Table 6).
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Low cost and good compatibility with existing infrastructure are
offered by liquid-phase routes (stir casting or semi-solid electro-
magnetic stirring), but dispersion challenges limit their technol-
ogy readiness levels (TRL), leaving a gap to reliable applica-
tion. Superior interfacial control is provided by solid-phase
routes (SPS or SPD), with SPS reaching the highest TRL of 4–5
and already being suitable for high-value products at a high
price. Great promise is held by LPBF, but it remains the least
mature technology. The key to industrialization lies in
achieving uniform graphene dispersion by interface modifica-
tion, which is discussed in Section 4, and establishing robust
process windows, thereby enabling the transition from laborato-
ry specimens to industrial products.

4 Interface engineering and properties
change mechanisms
4.1 Interface engineering strategies
The interface between graphene and the aluminum matrix is a
defining microstructure that critically influences the overall per-
formance of graphene/aluminum composites. Significant
progress in both experimental characterization and computa-
tional modeling has been made, and this has deepened the
understanding of these interfacial regions and their funda-
mental behaviors [20,38,45,75-80]. One of the key features at
the graphene/aluminum boundary is the formation of the Al4C3
phase. The typical microstructure of Al4C3 is shown in
Figure 3, the morphology is short rod-like/fragmented,
protruding after polishing due to high hydrolysis susceptibility.
Based on molecular dynamics simulations [75-77], the forma-
tion kinetics of Al4C3 at graphene/aluminum interfaces is found
to follow a diffusion-reaction mechanism. Above 450 °C, alu-
minum atoms are observed to diffuse through graphene edge
defects to form tetrahedrally arranged Al–C bonds, and the
reaction kinetics is dominated by three factors. Within the tem-
perature range of 550–630 °C, the rate constant is found to
adhere to an Arrhenius relationship with an activation energy
barrier of 156 kJ·mol−1 for atomic migration and bond reorgani-
zation. The crystallographic orientation was shown to signifi-
cantly modulate reactivity, the prismatic facets exhibit 40%
higher activity than the basal (0001) planes due to abundant step
edges and dangling bonds, whereas the dense atomic arrange-
ment of the planes imposes greater kinetic resistance. Defect
engineering was found to play a catalytic role; single vacancies
reduce the reaction energy barrier by 0.8 eV (~77.2 kJ·mol−1)
by releasing local strain and exposing highly reactive carbon
atoms [78]. These atomic-scale insights enable precise control
of interfacial Al4C3 growth through synergistic optimization of
temperature, defect density, and graphene orientation.

It is crucial to note that excessive Al4C3 formation is detri-
mental and leads to interfacial brittleness and heightened

Figure 3: SEM image of Al4C3 in a 1% Gr/Al composites sintered at a
temperature of 650 °C from our work.

susceptibility to degradation by moisture [20,38]. However, the
precise functional role of Al4C3 remains a topic of active
debate. To probe the atomic-scale formation dynamics of
Al4C3, a neural evolutionary potential (NEP) model was de-
veloped by researchers [81]. Simulations based on this model
suggest that controlled formation of Al4C3 at the interface can
be beneficial. It appears to strengthen interfacial bonding by
creating a network of robust covalent bonds. Molecular dynam-
ics simulations leveraging the NEP potential revealed that com-
posites with such Al4C3-modified interfaces exhibit impressive
mechanical properties. Under tensile loading parallel to the
interface, ultimate strengths greater than 2 GPa were achieved
[81]. This represents a substantial increase compared to pure
aluminum. Analysis of shear deformation further showed that
the covalent interfacial bonds significantly raise the energy
barrier for atomic slip approximately threefold. Consequently,
these composites are observed to combine exceptional strength
with retained ductility levels of 15–25%, and this balance is
often difficult to achieve.

The key factor determining the influence of Al4C3 is its quanti-
ty at the interface. When the processing temperature is con-
trolled within the range of 450–630 °C, and the holding time is
kept short, very little Al4C3 forms in the form of discontinuous
nanoscale particles at the interface. In this case, the beneficial
effects are dominant. It has been shown by studies that the inter-
facial reaction rate between graphene and aluminum is very
slow below 600 °C, and only small quantities of fine Al4C3 are
yielded. These fine Al4C3 nanoparticles can serve as chemical
anchoring points at the interface, and the originally weak physi-
cal bonding is transformed into locally strong chemical bond-
ing. Thereby, the load transfer efficiency is enhanced. There-
fore, under low-temperature solid-state processing or short-
duration rapid sintering conditions, the thermal input is insuffi-
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Table 7: Interfacial reactions in main synthesis methods of graphene/aluminum composites.

Method Temperature
range (°C)

Graphene content
(vol %)

Interfacial reactions Typical performance
enhancement

ball milling + hot pressing 400–600 0.5–5.0 prone to Al4C3 formation 47% increase in hardness
[44]

melt ultrasonic dispersion 660–800 0.1–2.0 high amounts of Al4C3,
requires barrier coating

75% increase in thermal
conductivity [39]

multipass friction stir
processing

400–500 1.0–3.0 no Al4C3 formation threefold increase in yield
strength [38]

vacuum-assisted infiltration 700–900 3.0–10.0 high amounts of Al4C3,
requires preform

230% increase in flexural
strength [20]

cient to drive excessive Al4C3 reaction. The interfacial reaction
products are limited, and the beneficial effects dominate the ma-
terial properties. When the processing temperature exceeds the
melting point of aluminum (660 °C) or prolonged high-tempera-
ture holding is applied, the two-dimensional structure of
graphene suffers severe damage. The reaction rate between
graphene and aluminum is increased significantly, and this
leads to rapid and massive formation of Al4C3. At this point, the
detrimental effects sharply take the dominant role. Table 7
shows the comparison of different graphene/aluminum compos-
ite processing methods from the perspective of Al4C3 forma-
tion.

To decrease the harmful interfacial reactions, multiple interfa-
cial modifications have been suggested by researchers. In direct
Al/graphene reactive interfaces, strategic modulation of
sintering temperature and dwell time facilitates controlled for-
mation of nanoscale Al4C3 at the Al/graphene interface, and
robust covalent bonding networks are established. It has been
established by research that the (001)Al∥(0001)Al4C3 orienta-
tion relationship yields optimal mechanical properties
[21,81,82]. Intermediate-phase modified interfaces incorporate
Al2O3 or Al4SiC4 as transition layers, and this enables con-
trolled load transfer while interfacial bonding strength is en-
hanced and deleterious interfacial reactions are suppressed [82].
Besides, coating metals on graphene layers are considered an
effective method to solve the poor interface bonding [82]. Ni is
the best coating metal, enhancing interfacial strength by
145.34% due to the highest value of pullout force. Additionally,
three-dimensional topological interfaces have been developed.
Inspired by origami principles, graphene origami (GOri) struc-
tures were designed by researchers [83]. Uniform stress distri-
bution along crease edges is ensured through this configuration
by specific unfolding behavior. The distinctive folded topology
of GOri has demonstrated a 37% enhancement in indentation
load with a 138% increase in indentation depth, and stress con-
centration phenomena inherent to conventional two-dimen-
sional graphene architectures are effectively mitigated.

4.2 Property-change mechanisms
It has been confirmed by researches that graphene addition sig-
nificantly improves the strength and hardness of aluminum
matrix composites [17,20,22,38]. Innovative interface design
further allows for simultaneous improvement of both strength
and ductility. The strengthening mechanisms in graphene/alu-
minum composites include not only those seen in common alu-
minum alloys, such as fine-grain strengthening, dislocation
strengthening, particle strengthening, and solid solution
strengthening, but also effects unique to graphene itself. These
specific mechanisms from graphene involve load transfer
strengthening, grain refinement induced by graphene, Orowan
strengthening mediated by graphene, and strain hardening by
graphene [17,20,22,38].

Shear lag theory says that when the interfacial bonding strength
reaches a critical level, external loads are effectively trans-
ferred to graphene reinforcements through interfacial shear
stress. This explains the load transfer [45,48,51]. These find-
ings are supported by experimental studies on GNP/Al compos-
ites made by ball milling and semi-solid stirring. Adding GNPs
increased composite hardness by ~40% and tensile strength by
~35%. This improvement comes from combined effects of GNP
load transfer strengthening and grain refinement [48,51].
Graphene is also found to act as a nucleation site for aluminum
crystallization while grain boundary movement is blocked
during processing [38,84]. This causes significant grain refine-
ment. In AA-3003/GNPs and AA-5154/GNPs composites, fast
solidification, and non-equilibrium nucleation shrank grains to
sub-micrometer sizes [85]. Besides, dislocation motion is
blocked by graphene, and dislocations accumulate at the inter-
faces. Higher stress is needed for dislocations to bypass or cut
through reinforcements, and this leads to Orowan strengthening
and higher yield strength [86]. Then, during plastic deforma-
tion, an increase in the geometrically necessary dislocation den-
sity at the interface is induced by graphene, and this results in
an additional 54 MPa of flow stress at a 5.8% strain in
0.50 vol % graphene nanosheet/Al [87].
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Figure 4: STEM and Z-contrast images showing the microstructures of GNP/Al uniform and linear arrangement processed by HPT at 473 K for N = 20
rotations (Reproduced from [90] (© 2018 Y. Huang, et al., published by Elsevier Ltd on behalf of Acta Materialia Inc., distributed under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License, http://creativecommons.org/licenses/by-nc-nd/4.0/. This
content is not subject to CC BY 4.0).

Electrical and thermal conductivities of graphene/aluminum
composites are critically governed by graphene dispersion
homogeneity and interfacial properties [34,45,88-90]. Accord-
ing to calculations, the electrical conductivity of Al composites
generally increases with graphene adding, and this is attributed
to percolating conductive network formation [34]. However, the
measured interfacial resistivity is around 10−8 Ω·m, and this
substantially suppresses theoretical performance gains [34].
After vacuum hot-press sintering of a 0.5 wt % graphene/alumi-
num composite, graphene was uniformly dispersed at the grain
boundaries in the Al matrix. The resulting composite had ther-
mal and electrical conductivities higher by 7.1% and 4.0%, re-
spectively, compared to pure Al [88]. A conductivity test on
multilayer graphene/aluminum obtained through high-pressure
torsion (HPT) was conducted by Huang and coworkers [90].
The results showed that when 5% graphene is used, the conduc-
tivity is significantly increased to 64.9–66.7% IACS, and this
surpasses the theoretical conductivity of pure high-purity alumi-
num. This is attributed to the uniform and linear arrangement of
graphene (Figure 4).

Regarding thermal conduction, the interfacial phonon transport
mechanism serves as the core factor determining the overall
performance of such composites [91-94]. It has been demon-
strated that despite the ultrahigh intrinsic thermal conductivity
of graphene, composites fabricated by incorporating graphene
into matrices of metals often fail to achieve the expected
improvement in thermal conductivity, and even a reduction in

this property is exhibited. The fundamental bottleneck under-
lying this counterintuitive phenomenon is the high interfacial
thermal resistance (ITR). ITR mainly originates from two
effects, namely phonon spectrum mismatch and phonon locali-
zation. The former refers to the mismatch in phonon vibration
frequencies between metals and graphene, while the latter de-
scribes the phenomenon where phonons are confined near the
interface. Interfacial bonding characteristics are found to exert a
decisive influence on the ITR. In addition, the density and
phonon spectrum characteristics of the metal matrix, graphene
strain induced by lattice mismatch, and various defects in the
interfacial region are found to exert synergistic regulatory
effects on phonon transport efficiency. Accordingly, strength-
ening interfacial phonon coupling is recognized as the key path-
way to improve the thermal conductivity of such composites.
This conclusion not only provides theoretical guidance for
design strategies of high-performance thermal management ma-
terials by interfacial alloying, but also lays a theoretical founda-
tion for retarding thermal conduction via structural regulation
including constructing disordered interfaces, so that novel ther-
mal insulation materials and thermoelectric materials can be de-
veloped.

Employing density functional theory (DFT) and the non-equi-
librium Green’s function formalism, phonon transport charac-
teristics and interfacial heat transfer efficiency at metal-encap-
sulated graphene heterostructures were examined by Tao et al.
[95-97] and Chen and coworkers [98,99]. The systems

http://creativecommons.org/licenses/by-nc-nd/4.0/
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comprised monolayer graphene, double-sided hydrogenated
graphene, and single-sided hydrogenated graphene sandwiched
between copper and nickel substrates. Their computational
results reveal a critical dependency of thermal conductance
across  metal /Gr/metal  interfaces  on the nature  of
graphene–metal bonding. Specifically, chemical bonding
(chemisorption) is found to significantly boost interfacial ther-
mal conductance, whereas physical adsorption mechanisms
markedly suppress it. To experimentally validate this phenome-
non, a novel methodology for enhancing thermal transport at
metal–graphite junctions was developed by them. After focused
ion beam (FIB) milling pretreatment of graphite substrates, the
interfacial thermal conductance between aluminum and graph-
ite was fivefold enhanced [97]. This substantial improvement
correlates with the reduction in Fermi level energy observed in
milled graphite relative to untreated specimens. The modified
electronic structure facilitates stronger interfacial coupling, and
phonon-mediated heat transfer across the hybrid interface is
thereby optimized. This provides a new feasible approach for
further leveraging the conductive and thermal properties of
graphene and developing high-performance graphene/alumi-
num alloys.

5 Conclusion, future applications and
challenges
Graphene/aluminum composites exhibit exceptional mechani-
cal, thermal, and electrical properties, and they are positioned as
transformative materials for high-performance industrial appli-
cations. How to produce materials with high performance at a
low cost is regarded as the most significant issue from the
perspective of industrialization. The industrialization of high-
performance Gr/Al composites is currently hindered by the
C–Al interface, which is inherently unstable and difficult to
regulate. Excessive detrimental interfacial reactions severely
impair the strength of the composites; also, they act as a critical
barrier to phonon transport. The energy interfacial resistance is
pushed to an unacceptably high level. The connection between
graphene and aluminum is usually only maintained by weak van
der Waals forces, and such adsorption force is insufficient to
realize effective load transfer or energy conduction. This is the
root of the issue of interfacial bonding.

The most feasible solution is low-cost surface modification of
graphene. Instead of directly mixing pristine graphene with alu-
minum, the graphene surface is coated or modified with a thin
and uniform transition layer. This coating must protect the car-
bon material from erosion by aluminum melt and inhibit the for-
mation of Al4C3. Besides, it must convert the interface from a
region dominated by weak physical adsorption to one with
strong chemical bonding. Elements including Cu, Ti, or Ni,
deposited on the graphene surface via scalable chemical or elec-

trochemical routes, can form stable thin-layer carbides or inter-
metallic compounds that act as robust bridges between the two
components. This engineered layer can significantly improve
phonon coupling and reduce interfacial resistance of energy
transfer.

Suitable methods need to be developed to cut the cost of com-
posite processing while performance is maintained. If the care-
fully constructed interface is damaged during the subsequent
consolidation and forming process, even the most sophisticated
surface modification will be rendered futile. Conventional
powder metallurgy routes involve long-term high-temperature
sintering, and this may lead to decomposition or coarsening of
the protective coating. Casting is low in cost, but it faces
inherent challenges in wetting, dispersion, and uniformity
control. Processing innovations that operate at lower tempera-
tures and shorter holding times are required by the industry,
such as combining advanced solid-phase processes like SPS
with low-cost solutions like stir casting. Because of the require-
ments regarding solid-state batteries and the thermal manage-
ment of artificial intelligence chips, the capacity of SPS and
other isopressing equipment has been significantly enhanced.
These routes can complete composite consolidation rapidly, the
fragile interfacial structure is preserved, and uniform dispersion
rather than agglomeration of the modified graphene is ensured.

Future research efforts should be prioritized as follows: (1) low-
cost protective coatings on graphene to enhance interfacial
adhesion through covalent bonding mechanisms, alloy coating,
vacancy engineering, hydrogenation, and FIB treatments and
(2) rapid low-temperature consolidation methods such as rapid
spark plasma sintering combined with casting.
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