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A B S T R A C T   

MXene-based membranes exhibit promising properties for various applications; however, pure MXene mem
branes lack sufficient environmental stability and mechanical strength. This work demonstrates that incorpo
rating gelatin-stabilized amorphous calcium phosphate (Gel-ACP) nanospheres into MXene membranes via layer- 
by-layer assembly significantly enhances flexibility and mechanical strength while retaining electrical conduc
tivity. A pressure-assisted stacking technique was introduced to efficiently fabricate membranes with tunable 
thickness not achievable through single filtration steps. The Gel-ACP nanospheres, synthesized by co- 
precipitation of calcium phosphate within gelatin solution, provided a ductile and cytocompatible reinforce
ment that augmented the properties of the MXene matrix. Direct mixing of the components led to particle ag
gregation and non-uniform dispersion. In contrast, controlled layer-by-layer nanostructuring maintained 
membrane conductivity around 102 Scm−1 while dramatically improving mechanical integrity. The optimized 
hybrid membranes exhibited specific electromagnetic shielding effectiveness of ~21,000 dBcm2g−1 and with
stood over 90 kPa vacuum pressure without rupture, six times higher than pure MXene membranes. Cyto
compatibility was confirmed by the proliferation of human mesenchymal stem cells on the membranes. 
Moreover, the layered membrane exhibited excellent adhesion to bone-mimicking structures, indicating poten
tial utility for bone tissue engineering. Overall, this work provides new design principles for engineering hybrid 
membranes through controlled multicomponent assembly to overcome intrinsic limitations and impart 
multifunctionality.   

1. Introduction 

Two-dimensional (2D) transition metal carbides and nitrides, known 
as MXenes, have emerged as a promising class of materials for appli
cations ranging from energy storage to water purification [1]. Since the 
first Ti3C2 MXene was synthesized in 2011 [2], extensive research has 
focused on exploiting the unique properties of MXene nanoflakes, 
including metallic conductivity, hydrophilicity, and abundant surface 
terminations [3–6]. Of particular interest is the assembly of MXene 
nanoflakes into freestanding films or membranes, which enable 
numerous functional applications that are not feasible with dispersed 
flakes [7–9]. 

Vacuum-assisted filtration provides a simple and scalable approach 
for the fabrication of MXene membranes from a colloidal suspension of 
delaminated flakes [10]. The resultant membranes exhibit advantageous 
properties for separation, sensing, electromagnetic shielding, and 
biomedical applications [11–15]. However, pristine MXene membranes 
also suffer from drawbacks, including poor stability, low flexibility, and 
minimal functionality beyond the inherent attributes of MXene [16]. 

Introducing supplementary nanoscale building blocks has been 
shown to impart useful functionalities absent from pure MXene mem
branes, such as enhanced mechanical strength, flexibility, and envi
ronmental stability [9,17-20]. For example, a composite membrane 
combining Ti3C2Tx MXene flakes and poly(vinyl alcohol) displayed a 
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four-fold tensile strength improvement over pristine MXene [18]. While 
a diverse array of nanoparticles and polymers have been examined as 
additives [9,17-25], the opportunity to develop hybrid layered films 
combining 2D MXene nanosheets with spherical polymer/inorganic 
hybrid nanoparticles remains relatively underexplored despite prospects 
for synergy. Tailored hybrid nanoparticles can potentially offer distinct 
advantages if rationally assembled into nanostructured composites with 
MXene. 

Here, we investigate the integration of gelatin-stabilized amorphous 
calcium phosphate (Gel-ACP) hybrid nanospheres within Ti3C2Tx 
MXene membranes via layer-by-layer assembly to fabricate layered 
hybrid films. The functional groups on gelatin molecules enable 
controlled mineralization of the amorphous and metastable calcium 
phosphate phase, forming cytocompatible and flexible nanoparticles 
without triggering hydroxyapatite crystallization [26–28]. This imparts 
a soft/hard, organic/inorganic hybrid character, contrasting many other 
nanoparticles in Ti3C2Tx MXene-based composite films. As the gelatin 
gradually degrades under physiological conditions, the slow release of 
calcium/phosphate ions may enhance osteoconductivity [29,30]. Thus, 
Gel-ACP nanoparticles hold prospective value for bone regeneration 
applications. The deformable hybrid nanospheres can also enhance 
MXene membrane mechanics compared to rigid building blocks. The 
abundance of surface terminations on MXene available for bridging via 
nanoscale interactions, e.g., hydrogen bonding and electrostatic, is ex
pected to allow durable interface formation without compromising 
packing density or flexibility. Moreover, the alternating conductive 
MXene layers and non-conductive Gel-ACP interlayers generate in
terfaces that can effectively attenuate electromagnetic radiation via 
different mechanisms [31]. Finally, the capacity to uniformly distribute 
Gel-ACP throughout MXene layers via layer-by-layer assembly promises 
performance exceeding simple blending. 

We specifically focus on examining direct material mixing versus 
designed nanostructuring to highlight how controlled layer-by-layer 
assembly of MXene with Gel-ACP governs hybrid membrane proper
ties by modulating interfacial interactions. We further demonstrate a 
pressure-assisted stacking approach to efficiently construct thicker 
layered membranes without disrupting cohesion. Ultimately, by 
combining complementary Ti3C2Tx MXene 2D nanosheets and spherical 
Gel-ACP nanoparticles in a layered architecture, the hybrid films display 
improved mechanical integrity, electrical conductivity, competitive EMI 
shielding effectiveness, and acquisition of advantageous biophysical 
attributes. Our results underscore the benefits of controlled nano
structure assembly and open new possibilities for thin films with pre
cisely tailored multifunctionality. 

2. Experimental 

2.1. Materials 

For this study, we utilized Gelatin type B (from bovine skin, 225 
bloom), calcium chloride dihydrate (CaCl2⋅2H2O), potassium phosphate 
dibasic (K2HPO4), hydroxyapatite nano-powder, and sodium hydroxide, 
all sourced from Sigma-Aldrich. Lithium fluoride (99 % LiF) and hy
drochloric acid (HCl) were procured from Millipore Sigma. The MAX 
phase Ti3AlC2 was acquired from Carbon-Ukraine. Mesenchymal Stem 
Cell Medium and Human bone marrow-derived mesenchymal stem cells 
(hBMSCs) were obtained from ScienCell Research Laboratories (HMSC- 
bm; Carlsbad, CA). All chemicals were utilized as received, with no 
further purification required. All sample preparations and experiments 
employed milli-Q water (18.2 MΩ⋅cm, 25 ◦C). 

2.2. Synthesis of Gel-ACP hybrid nanoparticles 

The Gel-ACP hybrid nanoparticles were synthesized via controlled 
precipitation of calcium phosphate in an aqueous medium. The pH of a 
0.6 wt% gelatin solution was adjusted to 8 using a 1 M sodium hydroxide 

solution. The nanoparticles were formed by sequential adding CaCl2 (20 
mM) and K2HPO4 (10 mM) solutions dropwise (at a rate of 1 mL.min−1) 
to the vigorously stirred gelatin solution. The final dispersion contained 
CaCl2, K2HPO4, and gelatin at concentrations of 10 mM, 5 mM, and 3 
mg.mL−1, respectively. Sodium hydroxide was added to increase the 
dispersion pH to 10, preventing nanoparticle precipitation. After syn
thesis, the nanoparticles were freeze-dried for three days and stored for 
characterization analysis, while a portion of the dispersion was diluted 
threefold and used immediately for hybrid membrane preparation. 

2.3. Preparation of MXene nanoflakes 

The Ti3C2TX MXene flakes were prepared by selectively etching Al 
atomic layers from the MAX phase, as detailed in previous research [7]. 
In brief, to achieve minimally invasive layer delamination, the MAX 
phase was dispersed in 20 ml of etching solution (9 M HCl containing 1.5 
g of LiF) and stirred for 28 h at 45 ℃. The delaminated MXene flakes 
were isolated from the acidic medium and residual MAX phase through 
repeated centrifugation. The MXene flake dispersion was stored at −70 
℃ in an argon-purged vial for future use. 

2.4. Fabrication and characterization of MXene/Gel-ACP hybrid 
membranes 

The freestanding MXene-based membranes were fabricated using 
vacuum-assisted filtration through a PVDF substrate (pore size of 0.45 
µm). The multilayered MXene thin film was formed by filtering an 18 mL 
dispersion (1 mg/mL). Hybrid membranes were prepared using either a 
direct mixing (DM) or a layer-by-layer (LBL) approach. For the DM 
membrane fabrication, equal volumes of MXene and Gel-ACP disper
sions (1 mg.mL−1) were mixed under vigorous stirring and filtered. In 
contrast, the LBL hybrid membranes were fabricated via the controlled 
assembly of MXene and Gel-ACP by adding alternating layers of the 
dispersions (1 mg.mL−1). LBL membranes consisted of 6 layers, each 
containing 2 mg of MXene or Gel-ACP. As each applied layer lost water 
under vacuum, the next layer was poured on top of the previous one. To 
enhance functionality by increasing thickness, three prepared LBL 
membranes were laminated together by placing the wet surface of the 
freshly prepared membrane in contact with the dried surface of the 
previously prepared one and applying controlled pressure to assemble 
them, forming an integrated thicker membrane. Consequently, each 
resulting membrane contained 18 mg of MXene plus 18 mg of nano
spheres in the case of hybrid membranes. All three membrane groups 
were air-dried and easily peeled off from the substrate. 

2.5. Biocompatibility with human mesenchymal stem cells (MSCs) 

Human bone marrow-derived mesenchymal stem cells (hBMSCs) 
were maintained in the Mesenchymal Stem Cell Medium. Subconfluent 
hBMSCs were infected with an adenoviral vector expressing GFP, Ad- 
GFP (Refs PMID: 37397535; PMID: 34522718; PMID: 37443106), for 
24 h. Meanwhile, MXene and LBL hybrid membranes (3 × 3 mm) were 
sterilized, placed in 12-well cell culture plates, and pre-incubated in 
complete DMEM medium for 2 h. The Ad-GFP infected cells were 
collected and seeded onto MXene and LBL hybrid membranes at ~104 

cells per seeding and maintained with complete DMEM medium in the 
37℃ and 5 % CO2 incubator. The culture medium was changed every 
two days. GFP fluorescence signal was recorded on days 1, 3, 5, and 7 
after seeding. Each scaffold was done in triplicate. 

2.6. Characterization methods 

Field-emission scanning electron microscopy (FE-SEM, Zeiss 
Gemini500) and transmission electron microscopy (TEM; Hitachi 
HT7800) were used to characterize the morphology of Gel-ACP, MXene 
nanoflakes, and the membranes. Dynamic light scattering (Zetasizer 
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Nano-ZS, Malvern Instruments) was used to measure the size and zeta 
potential of the Gel-ACP nanoparticles and MXene nanoflakes. The in
ternal structure of Gel-ACP was examined with small-angle X-ray scat
tering (SAXS) analysis (Ganesha-SAXSLab). X-ray diffraction (XRD) 
analysis (Rigaku miniflex, equipped with a copper k-α source with λ =
0.154 nm) was used to determine the layered structure of the mem
branes and the amorphous nature of Gel-ACP. The gelatin and ACP 
content of Gel-ACP nanoparticles were measured using thermogravi
metric analysis (TGA 550, TA Instruments). Membrane properties, 
including electrical conductivity, electromagnetic interference shield
ing, and mechanical strength under vacuum pressure, were tested using 
4-point probe (Ossila T2001A3) measurements, network vector analyzer 
(ZVA67, Rohde & Schwarz), and a home-built apparatus, respectively. 
Further details on experimental methods are provided in the Supple
mentary Information. 

3. Results and discussion 

3.1. Characterization 

The modified MILD method was employed as a top-down exfoliation 
route to delaminate single-layer MXene nanoflakes from the Ti3AlC2 
MAX phase (Fig. 1-a,b). Electron microscopy imaging directly observed 
the morphology and size distribution of the single-layer MXene nano
flakes, revealing an average lateral size of approximately 1.5 µm (Fig. 1- 
c). The transparency of nanosheets in TEM images confirmed their ultra- 
thin structure, while the hexagonal symmetry obtained by selected area 
electron diffraction (SAED) revealed the polycrystalline structure of 
MXene (Fig. 1-d) [8]. These observations indicate the success of the 
etching and delamination process. Due to the terminational functional 

group, the MXene surface in water possesses a permanent negative 
charge of −45 mV at neutral pH, preventing homo-aggregation and 
ensuring dispersion stability (Fig. S2, Supplementary Information). The 
surface chemistry of MXene nanosheets allows interaction with other 
species, including spherical gelatin nanoparticles. 

In nature, hard tissues such as bone and tooth form based on organic- 
inorganic hybrid materials [32]. Inspired by nature, we fabricated 
gelatin-calcium phosphate spherical hybrid nanoparticles via controlled 
precipitation of calcium phosphate in the presence of a gelatin solution. 
Calcium ions can interact with negatively charged carboxyl and hy
droxyl groups of gelatins, causing configurational changes in the chain. 
The addition of phosphate ions initiates the nucleation of ACP nano
particles within the gelatin matrix [32,33]. This process forms globular 
gelatin matrix nanoparticles with an average diameter of 230 nm (PDI <
0.2), stabilizing the ACP (Gel-ACP) (Fig. 1-e; Fig. S3, Supplementary 
Information). 

To define the calcium phosphate polymorphs, X-ray diffraction 
(XRD) analysis was performed on the dried hybrid nanoparticles (Fig. 1- 
f). Contrary to the HA, a crystalline reference sample that exhibited 
Bragg diffraction with a characteristic peak at 32–35◦, the XRD pattern 
of the hybrid nanoparticles showed no distinct peaks except for a 
characteristic hump at 30◦. This confirms the amorphous structure of 
Gel-ACP [30,34,35], indicating that the gelatin chains successfully 
prevent the ACP crystallization. Encapsulated in the gelatin matrix, the 
ACP retains its amorphous structure even for two weeks under ambient 
conditions (Fig. S4, Note S1, Supplementary Information). 

To determine the composition of the Gel-ACP hybrid nanoparticles, 
thermogravimetric analysis was performed in an air atmosphere. The 
obtained data for Gel-ACP was compared to gelatin and HA to quantify 
the weight percentage of the mineral phase in the hybrid nanoparticles 

Fig. 1. (a) FESEM image of initial Ti3AlC2 MAX particles, (b) Schematic of Ti3C2Tx MXene nanoflakes structure; Morphology of individual MXene nanoflakes by using 
(C) FESEM imaging (inset: MXene lateral size distribution) and (d) TEM imaging (inset: MXene hexagonal symmetry obtained by the SAED), (e) schematic of Gel-ACP 
hybrid nanoparticles structure, (f) XRD pattern and (g) TGA thermogram of Gel-ACP, gelatin and HA, (h) TEM imaging of Gel-ACP hybrid nanoparticles, and (i) SAXS 
profile of Gel-ACP nanoparticles. The solid line represents fitting unified model on the experimental data. 
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(Fig. 1-g). Heating up to 200 ◦C, both gelatin and Gel-ACP powder 
showed a weight loss of approximately 10–13 wt%, which can be 
attributed to the evaporation of the free and bound water. Considering 
the thermal stability of the HA and ACP phases and assuming that all the 
gelatin chains would burn out of the system at 600℃, the dried Gel-ACP 
hybrid particles were found to be composed of 55±11 wt% mineral 
phase, with the remaining weight attributed to gelatin. 

The dried Gel-ACP nanospheres, with an average diameter of 40 nm, 
were directly observed using transmission electron microscopy (TEM) 
(Fig. 1-h). The dehydration of the nanoparticles justifies the difference in 
size measured by DLS and observed through imaging. Furthermore, the 
small dark objects inside the nanoparticles are the denser ACP nano
clusters encapsulated within the gelatin matrix. This observation is in 
agreement with the previous observations that confirmed the polymer- 
stabilized ACP particles are made out of aggregation of smaller nano
structures (Fig. 1-e) [36–38]. 

To gain a better understanding of the internal structure of these Gel- 
ACP hybrid nanoparticles, small-angle X-ray scattering analysis was 
performed on the dried Gel-ACP powder. Fig. 1-i depicts the plot of 
scattering intensity versus scattering vector, q. To analyze the elemental 
unit of the structure, the collected scattering intensity should be dis
integrated to identify the contribution from each structural element 
[39]. The unified fit approach proposed by G. Beaucage was used for this 
purpose (Note S2, Supplementary Information) [40]. The model fitting 
on SAXS data confirmed the hierarchical structure of Gel-ACP with a 
sphere-like structure of 52 nm diameter composed of 10 nm oblates 
structure of ACP encompassed by gelatin chain, which aligns with the 

imaging observations (Fig. 1-e,h). 
The fabrication of a freestanding membrane involves the use of 

vacuum-assisted filtration, an effective method to deposit individual 
MXene nanoflakes from a dispersion into a compact and aligned struc
ture (Fig. 2-a). A hybrid MXene-based membrane can also be prepared 
by filtering a stable, uniformly blended dispersion [41,42]. However, 
achieving a stable dispersion of multiple nanoparticles is not always 
straightforward, as interparticle interactions can lead to 
hetero-aggregation and precipitation [7]. 

Upon direct mixing of Gel-ACP and MXene, even at low concentra
tions, hydrogen bonds, and van der Waals forces form large aggregates 
(Fig. 2-b; Fig. S5, Supplementary Information). This aggregation pre
vents the fully aligned and densely packed assembly of nanoflakes 
during the filtration process, resulting in a brittle hybrid membrane that 
restricts its performance (Fig. 2-c). 

On the other hand, depositing sequential layers of components offers 
an easy and practical approach to forming a multilayer structure. This 
allows the design of advanced hybrid membranes with specific features 
by incorporating ultra-thin layers of nanomaterials (Fig. 2-d) [43,4]. In 
this study, the layer-by-layer deposition of Gel-ACP and MXene provided 
a freestanding, rollable, foldable, and flexible hybrid membrane 
(Fig. 2-e,f; Movie S1, Supplementary Information). 

While vacuum-assisted filtration is a reasonable and straightforward 
method for fabricating MXene-based hybrid membranes, it can be time- 
consuming when creating thick layered membranes with multiple 
component layers. We have developed a simple yet effective method for 
fabricating integrated thick membranes by utilizing controlled pressure 

Fig. 2. (a) Schematic of vacuum-assisted filtration setup, (b) photograph of hetero-aggregates of Gel-ACP and MXene upon mixing at concentration of 1 mg.mL-1, (c) 
Hybrid membrane prepared by direct mixing method, (d) schematic of alternative vacuum-assisted filtration for preparing LBL hybrid membrane, (e) free-standing 
LBL hybrid membrane, (f) rollability and foldability of LBL hybrid membrane, (g) schematic of the method used to attach freshly prepared LBL membrane to the dried 
surface of the previously prepared one to increase the thickness, (h) electrical conductivity of MXene-based membranes, and (i) LBL hybrid membrane in an electrical 
circuit lighten up a light bulb. 
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to attach prepared thin membranes to each other. In this approach, the 
air-dried surface of a previously prepared membrane is carefully placed 
on the wet surface of a freshly prepared membrane. A pressure of 1.5 kPa 
is then applied to facilitate the assembly of the membranes, which are 
left to dry afterward. This technique exploits the remaining water 
molecules on the membrane surface to enable the diffusion of MXene 
nanoflakes and the formation of a uniform layer at the membranes’ 
interface. The method allows the attachment of an unlimited number of 
thin membranes, enabling precise control over the desired membrane 
thickness. Here, we applied this technique to attach three LBL-prepared 
membranes, each containing 6 mg of MXene, to fabricate a hybrid 
membrane with the same 18 mg MXene content as the pristine MXene 
and DM membranes (Fig. 2-g). This pressure-assisted assembly approach 
aligns with the water-assisted welding concept recently introduced by 
Wang et al. [10], where water droplets act as local melting-like points to 
weld MXene membranes. 

As anticipated, the pristine MXene membrane displayed substantial 
electrical conductivity around 5000 S/cm. Yet, the hybrid DM mem
brane’s conductivity was markedly decreased by a factor of 5000 due to 
interparticle interactions disrupting the MXene network. In contrast, 
The LBL hybrid membrane, combining Gel-ACP and MXene while 
exhibiting reduced conductivity relative to pristine MXene (Fig. 2-h,i), 
nonetheless surpasses the DM membrane’s conductivity considerably. 
Its conductivity remains high enough for practical use in a variety of 
applications, such as electromagnetic interference (EMI) shielding and 
electrically stimulated cellular growth [45]. 

Our EMI shielding measurements revealed promising performance 
for the LBL MXene/Gel-ACP membrane, with an average shielding 
effectiveness of 37.6 dB in the X-band frequency range (8–12 GHz) 
(Fig. S6). To further evaluate the competitiveness of our nanoengineered 
membrane, we surveyed prior reports focused explicitly on layer-by- 
layer assembled and vacuum-filtered MXene composite films [21-25, 
46-68]. This enabled direct comparison to highly relevant layered ar
chitectures fabricated by analogous methods. The LBL MXene/Gel-ACP 
membrane achieves an EMI shielding effectiveness normalized by 
thickness and density (SSE/t) of 20,964 dBcm2g−1 (Fig. 3), among the 
highest performing values reported for MXene-based layered structures. 
In another comparison, this SSE/t greatly exceeds recently published 
MXene/polyacrylic acid/amorphous calcium carbonate hydrogel com
posites, which share resemblances in composition [69]. 

We attribute the excellent EMI attenuation to multiple factors 

stemming from the membrane nanoarchitecture. The interfaces between 
MXene and Gel-ACP layers create an impedance mismatch, serving as 
interaction sites to promote the dissipation of electromagnetic waves via 
multiple internal reflections [15,70]. The LBL assembly method en
hances this effect over direct material mixing. Additionally, the mod
erate electrical conductivity enables sufficient conductive loss while 
avoiding excessive reflection. The durable layered arrangement com
bines the advantages of MXene flakes and gelatin-stabilized amorphous 
calcium phosphate nanospheres, yielding excellent structural stability 
for reliable attenuation. Consequently, considering the concurrent im
provements in critical properties, these complementary 2D MXene 
nanosheets and polymer-based hybrid spherical nanoparticles can be 
effectively exploited for multifunctional hybrid membrane fabrication. 

Microstructural analysis: Cross-sectional observation of the MXene 
and LBL hybrid membranes, utilizing electron microscopy imaging, 
highlighted the architectural differences. The MXene membrane 
demonstrated a well-aligned stacking of nanoflakes, forming a structure 
of approximately 6.5 µm in thickness (Fig. 4-a). Contrastingly, the LBL 
hybrid membrane showcased alternating layers of MXene and Gel-ACP 
with a slightly higher total thickness of about 8.5 µm. The chemical 
element mapping of Ti, Ca, and P corroborated the presence of these 
distinct layers (Fig. 4-b). 

X-ray diffraction (XRD) analysis further validated these structural 
characteristics. MXene membranes exhibited (001) peaks suggestive of a 
preferred stacking orientation of the nanoflakes perpendicular to the 
membrane surface (Fig. 4-c). Analyzing the highest intensity (002) peak 
location yielded an interlayer distance of approximately 2.8 Å, a value 
consistent with previously reported ranges [71,72]. Notably, the (002) 
peak position remained unchanged for the LBL hybrid membrane, 
indicating that the introduction of Gel-ACP layers did not interfere with 
the intrinsic structure of the MXene layers. 

However, a sharp decrease in the (002) peak intensity for the LBL 
hybrid membrane suggests a reduction in the population of fully aligned 
MXene flakes. This reduction could stem from interparticle interactions 
at the layer interfaces. Remarkably, the DM hybrid membrane showed 
no detectable (002) peak. Instead, a shift towards lower angles was 
observed, denoting an increased interlayer distance. This phenomenon 
verifies that hetero-aggregation of Gel-ACP and MXene hinders the full 
alignment of MXene nanoflakes during the vacuum-assisted filtration 
process, leading to a less compact packing. 

Mechanical Strength Assessment: The mechanical robustness of thin 

Fig. 3. Comparison of specific EMI shielding effectiveness of MXene/Gel-ACP layer-by-layer membranes with other layer-by-layer assembled and vacuum-filtered 
Ti3C2Tx MXene-based composite films. 
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membranes significantly influences their applicability across diverse 
fields. Previous research has successfully enhanced the tensile strength 
of MXene membranes through the incorporation of supplementary ma
terials such as graphene oxide [41]. For instance, S. Wan et al. [17] 
reported a nine-fold boost in tensile strength and a twofold increase in 
elongation for a hybrid membrane comprising MXene, sodium alginate, 
and calcium ions compared to a pristine MXene membrane. 

In this study, our aim was to examine the mechanical strength across 
the thickness of the designed membranes, particularly the influence of 
the integrated Gel-ACP layers. For this purpose, a homemade setup was 
employed to subject the membranes to vacuum or negative pressure. 
The maximum applied negative pressure before the membrane burst or 
tore was recorded as the membrane’s strength along its thickness 
(Fig. S1, Video S2–3, Supplementary Information). 

To investigate the effect of thickness on membrane structure, two 
distinct membrane thicknesses were prepared: one containing 6 mg of 
MXene and the other containing 18 mg of MXene. The pristine MXene 
membrane made up of 6 mg of nanoflakes, demonstrated resilience to a 
negative pressure of 14.3 ± 4.7 kPa (Fig. 4-d). The tolerance to negative 
pressure markedly increased to 54.6 ± 7.0 kPa with a threefold incre
ment in membrane thickness. 

The DM hybrid membrane, while brittle, exhibited significantly 
weaker mechanical properties under vacuum conditions. On the con
trary, the LBL hybrid membrane, containing either 6 mg or 18 mg of 
MXene nanosheets, showed exceptional resilience, remaining intact 
even at a negative pressure of 90 kPa, the upper limit of our experi
mental setup. 

These findings highlight the critical role of both membrane thickness 
and the molecular interactions within the membrane in determining its 
mechanical strength. The synergy between MXene nanoflakes and Gel- 
ACP nanospheres at the membrane interfaces significantly enhances 
durability by creating strong, robust layers. The enhancement in the 

membrane’s strength could potentially be attributed to the gelatin’s 
flexibility, which might facilitate the even distribution of stress across 
the MXene layers through shear lag effects [73]. Additionally, this 
flexibility allows the gelatin to absorb significant deformations during 
crack growth, potentially dissipating energy through the breaking of 
sacrificial bonds, which could contribute to improved resistance to 
fractures in the membrane. Also, MXene nanoflakes bridging by the free 
calcium ions might play a role in the enhanced mechanical properties 
that necessitates further detailed investigation. In addition to 
molecular-scale interactions, the method we used to increase the 
thickness of the LBL membrane effectively maintains the structural 
integrity without creating weak points at the attachment sites. 

3.2. Membrane biocompatibility and potential for bone tissue engineering 
applications 

The MXene/Gel-ACP hybrid membranes exhibit several promising 
characteristics that indicate potential utility for bone tissue engineering 
applications such as guided bone regeneration (GBR). MXene itself 
possesses inherent biocompatibility due to its component elements of Ti, 
C, O, and other elements commonly present in the human body [74]. 
Additionally, MXene nanosheets have demonstrated broad-spectrum 
antibacterial effects against both Gram-positive and Gram-negative 
bacteria [75]. This could aid bone regeneration applications by pre
venting infection and biofilm formation. MXene nanoflakes have also 
exhibited bioactivity related to their strong calcium ion affinity, which 
may provide nucleation sites to promote bone cell mineralization [76, 
77]. Overall, the nanocomposite integrates the advantageous properties 
of MXene and Gel-ACP to yield a cytocompatible, mechanically robust, 
and bioactive membrane architecture. 

Cytocompatibility with human mesenchymal stem cells (hMSCs) was 
demonstrated by robust cell adhesion, spreading, and proliferation on 

Fig. 4. Cross sectional FESEM images of (a) MXene membrane and (b) LBL hybrid membrane and the corresponding chemical element distribution obtained by EDS 
(scale bar = 10 µm), (c) XRD pattern and (d) negative burst pressure of MXene-based membranes. 
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the membrane surface over 7 days of culture (Fig. 5). The cells displayed 
numerous filopodial extensions indicative of healthy morphology and 
cytoskeletal organization. Viability and growth were maintained on 
both pure MXene and the hybrid membranes, indicating the incorpo
ration of Gel-ACP did not impede the inherent cell compatibility of 
MXene. 

The durable layered nanostructure could potentially prevent pre
mature collapse of the membrane prior to tissue ingrowth, which is a 
risk for highly porous scaffolds [78,79]. The aligned MXene sheets 
provide mechanical strength, while the gelatin component adds 
ductility. This robustness could enable the maintenance of an open ge
ometry favorable for cell and tissue infiltration. 

Furthermore, gelatin is expected to dissolve in a controlled manner 
under physiological conditions, gradually releasing bioactive calcium 
and phosphate ions from the amorphous calcium phosphate nano
particles [28,80]. This controlled solubilization of key osteogenic com
ponents may stimulate endogenous bone growth. Degradation and 
bioactive ion release properties could be tuned based on the gelatin 
concentration and chemical crosslinking. 

Notably, the MXene/Gel-ACP hybrid membrane demonstrated 
strong adhesion to the surface of an artificial bone substrate, even sup
porting more than 20 times its weight without detachment (Fig. 6a). 
Scanning electron microscopy revealed that the nanorough morphology 
and topological features of the membrane surface enable mechanical 
interlocking with the simulated bone material (Fig. 6b). This implies 
sufficient initial adhesive strength to remain fixed over bone defects, 
which is an essential requirement for the GBR applications. GBR in
volves using a barrier membrane to facilitate the restoration of bone in 
damaged areas resulting from trauma, disease, or surgical resections 
[40]. For clinical success, the GBR membrane must remain securely in 

place, separating the bone defect from surrounding soft tissues for the 
duration of bone regeneration. If the membrane detaches or collapses 
into the defect space, non-osseous cell types can infiltrate the area, 
compromising bone formation [43,81]. The measured adhesion strength 
of the hybrid membrane suggests the feasibility of maintaining stable 
placement over bone defects. Additionally, incubation in 
phosphate-buffered saline at 37 ◦C for 3 weeks, used to mimic physio
logical conditions, did not alter the integrity or properties of the mem
brane (Fig. 6c). This implies satisfactory in vitro stability and 
bioresistance for the timescales involved in bone healing and regener
ation processes. 

The MXene/Gel-ACP hybrid membranes exhibit morphological fea
tures and properties promising for GBR applications. The nanoscale 
surface roughness of MXene enables tight early bone fixation, while the 
ductile gelatin-ACP layers provide mechanical durability, flexibility, 
and possible osteogenic bioactivity through controlled calcium and 
phosphate ion release upon gelatin degradation. These combinations 
make the nanostructured hybrid membranes attractive candidates for 
GBR compared to existing products and membranes composed of only 
synthetic polymers. Further in vivo testing will be necessary to fully 
evaluate the performance of GBR, including assessments of biodegra
dation, bone regeneration capacity, host response, and benchmarking 
against commercially available GBR membranes. Overall, this work es
tablishes a promising new nanocomposite material system and mem
brane fabrication approach for bone engineering. 

4. Conclusion 

MXene-based membranes have garnered great interest across diverse 
applications, including electromagnetic interference shielding, energy 

Fig. 5. Documented GFP signal at different time intervals after seeding Human MSCs, infected with Ad-GFP, on MXene and LBL hybrid membrane.  
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storage, water treatment, and biomedicine. This work demonstrates that 
the incorporation of gelatin-stabilized amorphous calcium phosphate 
nanospheres in MXene membranes via a layer-by-layer assembly tech
nique significantly enhances mechanical integrity and durability while 
retaining useful electrical conductivity. The Gel-ACP nanospheres pro
vided a ductile, tissue-compatible component that augmented the 
properties of the MXene nanoflake matrix. 

Direct mixing of the two nanoparticulate components resulted in 
particle aggregation and a disordered membrane microstructure. In 
contrast, the controlled layer-by-layer deposition maintained aligned 
MXene stacking while integrating reinforcing Gel-ACP layers, synergis
tically enhancing membrane robustness. The optimized hybrid mem
branes exhibited remarkable mechanical resilience, withstanding 
vacuum pressures up to 90 kPa without rupture. This represents a six- 
fold and ten-fold increase compared to pure MXene membranes and 
direct mixed membranes, respectively. 

Furthermore, a pressure-assisted stacking technique was introduced 
to efficiently produce thick layered membranes without compromising 
nanostructure or properties. This membrane bonding approach ad
dresses a key limitation in the fabrication of MXene-based with thick
nesses exceeding what is achievable through a single filtration cycle. 

In addition to mechanical reinforcement, the nanostructured hybrid 
membranes demonstrated emergent functionality. The combination of 
MXene and Gel-ACP layers exhibited an excellent specific electromag
netic shielding effectiveness (SSE/t) of 20,964 dBcm2g−1 across X-band 
frequencies. Furthermore, the cytocompatibility was retained, support
ing the proliferation of human mesenchymal stem cells. 

This work elucidates design guidelines and criteria for engineering 
multifunctional hybrid membranes through the rational selection and 
assembly of complementary nanoscale building blocks. The layer-by- 
layer fabrication approach established here provides a versatile plat
form for incorporating new functionalities into MXene membranes 
while overcoming intrinsic limitations. 

However, while our study provides a thorough characterization of 
hybrid MXene-based membranes, it is important to recognize that there 
are limitations in fully substantiating their potential applications. This 
work offers an initial yet promising foundation for more in-depth in
vestigations into practical uses. For example, the robust and flexible 
nature of these hybrid membranes, along with their demonstrated ca
pacity for stem cell attachment and proliferation, suggests potential 
utility in bone regeneration. Specifically, the favorable initial adhesion 
strengths to bone-mimicking scaffolds underscore prospects within 
guided bone regeneration applications. Nevertheless, to conclusively 
validate these applications, further studies, particularly in vivo evalua
tions in animal models, are essential. Also, flexible films with simulta
neously high mechanical integrity, electrical conductivity, and 
cytocompatibility could find potential roles as stimulate-responsive el
ements aiding regeneration in neuronal and cardiac tissue engineering 

setups. Additionally, the excellent electromagnetic interference attenu
ation may warrant trials replacing metallic signal-blocking components 
in appliances where maintaining nontoxicity, low weight, and 
nonflammability is paramount, such as medical devices. These future 
investigations will be critical in determining the full scope and effec
tiveness of these membranes in real-world applications. 

Additional experimental details are provided, including the zeta 
potential measurements of MXene nanoflakes and the size distribution 
analysis of Gel-ACP nanoparticles. The design and setup of the burst 
pressure measurement system are shown. XRD and SAXS data are pre
sented for Gel-ACP nanoparticles, along with details on the unified 
fitting approach used to characterize the nanostructure of Gel-ACP. 
Phase behavior of the MXene/Gel-ACP system and EMI shielding per
formance data for the layer-by-layer MXene/Gel-ACP hybrid membrane 
are also included. 
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