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A B S T R A C T

Graphene oxide (GO) has emerged as a nanomaterial of considerable interest owing to its unique physico
chemical properties, including excellent water dispersibility, ease of functionalization, and favorable biocom
patibility and safety profile. These features position GO as a promising and tunable platform for a wide range of 
technological and biomedical applications. Accordingly, as GO-based systems continue to advance toward real- 
world applications, considerations around long-term storage and stability are gaining relevance. Lyophilization is 
a widely adopted strategy to preserve the structural and functional integrity of nanomaterials to be reconstituted 
on demand, yet GO suspensions exhibited poor stability upon reconstitution following lyophilization. We present 
a simple and effective method using trehalose (T) as a lyoprotectant to stabilize GO during lyophilization. The 
resulting dried GO + T formulations exhibit improved reconstitution behavior at physiological pH, and char
acterization confirms the preservation of the nanosheet structural integrity. More specifically, such approach can 
enable the long-term storage of GO, facilitating its further development as a biopharmaceutical agent.

1. Introduction

Graphene oxide (GO) has stood out as a structurally versatile two- 
dimensional nanomaterial over the past decades. It possesses a honey
comb structure composed of aromatic (sp2) and aliphatic (sp3) domains. 
Its basal planes and edges are functionalized with oxygen-containing 
groups such as carboxylic, epoxy, or hydroxyl moieties, which impart 
broad aqueous dispersibility to the nanomaterial. The unique structural 
and chemical properties of GO have enabled diverse applications, 
including sensing, energy technologies and environmental remediation 
platforms [1–7]. Among these, in the biomedical field GO has gained 
significant attention, supported by extensive studies on biodegrad
ability, biocompatibility, and biodistribution; all key parameters that 
determine its safety profile and will allow its integration into healthcare 
and medical technologies [8–14].

We have previously developed ‘medical-grade’ GO synthesized via a 
modified Hummer's method, with well-defined lateral dimensions, free 
from endotoxins and structural or chemical impurities that has been 
clinically used in a first-in-human cardiopulmonary acute response 
study [15,16]. Such GO nanosheets can be readily functionalized 

through both covalent and non-covalent strategies, positioning this 2D 
nanomaterial as a highly tunable platform for diverse biomedical ap
plications, including drug delivery, diagnostics, tissue engineering and 
implantable electronics [17–22]. Such versatility highlights the poten
tial of GO for translation into clinical applications.

To achieve market success, nanomaterials-based formulations must 
meet several critical criteria, with quality and stability being foremost 
[23]. A key requirement is an extended shelf-life, which significantly 
impacts cost-effectiveness, environmental sustainability and supply 
chain logistics [24,25]. Long-term preservation also plays a critical role 
in maintaining the safety and efficacy of the formulation by preventing 
microbial contamination and chemical degradation [26]. A widely 
adopted strategy to improve shelf-life is solvent removal, yielding in a 
dry, solid formulation that can be readily reconstituted on demand. 
However, preserving GO suspensions for extended periods can pose a 
significant challenges, due to its reliance on electrostatic stabilization 
[27]. To support long-term storage and facilitate clinical translation and 
commercialization, this study aimed to develop and evaluate a protocol 
for producing dried, ready-to-use GO at physiologically relevant pH. 
Although dehydration of GO under vacuum has been reported, it leads to 
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irreversible crosslinking that compromises aqueous stability and hinders 
reconstitution [28]. Other drying techniques, such as lyophilization and 
spray drying, have been applied for fabricating or post-processing 
GO-based nanomaterials, yielding powders, porous structures, nano
scrolls and crumpled spheres, among others [20,29–35]. However, these 
methods typically induce structural and chemical alterations, making it 
impossible to recover its native colloidal stability upon rehydration. 
Consequently, no drying approach has been explored to specifically 
preserve thin GO nanosheets in a stable, readily reconstitutable form.

Lyophilization, or freeze-drying, is one of the most employed tech
niques in the pharmaceutical industry for preserving labile formulations 
[36]. However, the process can exert significant stress on macromole
cules and nanomaterials, potentially leading to structural collapse or 
degradation. To mitigate these effects, lyoprotectants, excipients added 
during formulation, are used to stabilize and protect sensitive compo
nents throughout the freezing and drying stages. These agents help 
prevent or reduce the formation of damaging ice crystals, which are a 
primary source of structural disruption during lyophilization [36–38]. 
The selection of a lyoprotectant depends on the specific physicochemical 
properties and requirements of the system. Common lyoprotectants 
include sugars (e.g., dextrose, sucrose), sugar-alcohols (e.g., mannitol, 
sorbitol), proteins (e.g., albumin) or surfactants (e.g., poly
vinylpyrrolidone) [24,39]. Among these, non-reducing disaccharides 
like sucrose and trehalose (T) are widely used due to their ability to 
maintain an amorphous state upon drying, a key property for effective 
lyopreservation of proteins and other macromolecules [40,41].

Advantages of T over sucrose, include greater chemical inertness, 
due to the highly stable glycosidic bond that makes it less prone to hy
drolysis. It also exhibits high viscosity and kosmotropic effects, both of 
which contribute to its protective capabilities during lyophilization. 
Notably, T presents the highest glass transition temperature (Tg) 
amongst disaccharides (~106–120 ◦C depending on the source), 
allowing lyophilized formulations to be stored at room temperature 
without compromising stability, as molecular mobility remains negli
gible well below Tg [42–45]. T is reported to stabilize macromolecular 
structures through at least two primary mechanisms: (i) water replace
ment capability, whereby T substitutes water molecules to form a sta
bilizing environment around the macromolecule through hydrogen 
bonding that limits motion, and/or (ii) vitrification or physical immo
bilization within a glassy matrix, that forms upon dehydration entrap
ping the material [41,43,44,46–48]. Furthermore, T is non-toxic and is 
approved as an excipient of widespread use in food, cosmetic, and 
pharmaceutical industries, including approved formulations of mono
clonal antibody therapeutics, oral tablets and vaccines [49,50].

This work aimed to combine T-based lyophilization, as a well- 
established method for safeguarding macromolecular structures in dry 
form with advances in graphene-based 2D nanomaterials development, 
offering a path toward the usability and commercialization of GO-based 
technologies. While lyophilization has been extensively applied to 
various nanomaterials using established lyoprotectants and protocols, 
this study presents, to the best of our knowledge, the first application of 
this methodology to a GO nanosheet suspension with the explicit goal of 
achieving long-term storage followed by facile reconstitution in water. T 
was employed as a lyoprotectant to preserve colloidal stability and 
physicochemical integrity during drying and rehydration process.

2. Experimental

Materials and reagents: GO was produced from graphitic powder, as 
previously reported in the group, by a modified Hummer's method, 
Table S1 [16]. Commercial GO was acquired from Graphenea (GO in 
water 0.4 % wt, pH 2.2–2.5). Anhydrous D-(+)-Trehalose (99 % HPLC 
purity) and anthrone ACS (10H-anthracen-9-ona) were purchased from 
Thermo Scientific Chemicals. Sigma-Aldrich (Merck, Spain) was the 
provider for the rest of the chemicals used during the work. The water 
for injection employed for GO preparation and further studies was 

acquired from Grifols. The Amicon Ultra-4 Centrifugal Filter units (100 
kDa MWCO) were purchased from Merk-Milipore (UFC810024).

Preparation of GO and GO + Trehalose: In all cases GO was adjusted to 
pH 7.2 to 7.6 using NaOH 100 mM solution to promote the biocom
patibility, stability, and reliable behavior of GO in biological conditions. 
T was added to GO + T solutions at 5 and 10 %, which corresponded to 
1:50 and 1:100 mass ratios (wt:wt) and then diluted to reach to 1 mg/ml 
GO concentration. In each step the solution was homogenized, and after 
water addition, the solutions were submitted to mild orbital shaking (1 
G) at room temperature and finally stabilized for 1 h prior to use. The pH 
was recorded during all the steps using a pH meter FiveEasy™ FP20 with 
Mettler Toledo™ pH Electrode InLab Ultra-Micro-ISM calibrated every 
24 h with technical buffers (pH 4.1, 7.00 and 9.21) from Fisher 
Scientific.

Lyophilization and reconstitution protocol: The desired volume of the 
GO + T 5 % or 10 % solution was directly placed into a glass vial and 
immediately frozen using liquid nitrogen. The frozen GO sample was 
placed on the lyophilization flask and attached to a port of the manifold 
to connect the flask to the drying chamber. Then, the vacuum valve was 
slowly opened, letting the sample lyophilized below 0.01 mBar for over 
24 h. Each lyophile was resuspended to the initial water volume to keep 
the GO concentration. During the reconstitution step, a first 15 s vor
texing at high speed was conducted, followed by 5 min sonication in a 
bath sonicator. In each step the sample was characterized by DLS.

Free trehalose separation and quantification: To evaluate the extent of T 
adsorption onto GO, free T was separated by a centrifugal filter (Ami
con®, CTA 4 mL, 3 kDa MWCO), for which each unit was filled with T 
control, neutral-GO, or GO + T suspensions. The unit was centrifuged for 
4 cycles at 4000 G for 10 min at 20 ◦C. When each filtration cycle 
finished, the filtrate was collected and the volume on the centrifugal 
filter was adjusted to the initial volume for the subsequent cycle. The 
corresponding T controls were also submitted to the same procedure to 
verify no retainment of T on the membrane. T was quantified by the 
Anthrone assay for sugar quantification. In this colorimetric assay, 
carbohydrates are dehydrated by concentrated sulfuric acid to furfural, 
which reacts with anthrone to generate a blue-green dye with maximum 
absorbance at 620 nm. For the measurement, all the solutions were 
diluted 500 times and 200 μL of the solution was mixed with 800 μL of 
Anthrone reagent. The mixture was homogenized and placed in an ice 
bath for 5 min. Then, the solution was allowed to equilibrate to room 
temperature and measured by UV–Vis. A calibration curve of T was 
performed following the same protocol.

Characterizations. UV–Vis: Absorbance spectra were measured at 
Evolution 201 UV–Vis spectrophotometer from Thermo Scientific in the 
range on 200–800 nm at room temperature using a Hellma QS Quartz 
cuvette. Calibration curve for T/anthrone solutions were recorded by 
measuring the maximum absorbance (620 nm) at increasing T concen
trations (from 0.5 to 20 %, diluted 500 times), with the corresponding 
water-H2SO3 solution as a reference. GO and GO + T samples were 
measured at a GO concentration of 20 μg/mL.

Dynamic Light Scattering: Hydrodynamic diameter, PDI and zeta po
tential were measured on a Zeta-sizer Nano ZS (Malvern Instrument). 
Samples were measured before lyophilization and after the lyophile 
resuspension at a GO concentration of 20 μg/mL in disposable capillary 
cells using 1 mL of solution. Water was selected as dispersant and ma
terial refractive index and absorption were set to 2.00 and 0.300, 
respectively.

Atomic Force Microscope: AFM micrographs were recorded in an 
Agilent 5500 AFM/SPM microscope with a scanning probe with Tap300 
Al-G tips (BugdetSensors) with a nominal force of 40 N/m and a fre
quency of 300 kHz in combination with PicoScan5 Software. Sample 
preparation was performed by drop casting 20 μL of 0.01 % poly-L-lysine 
solution (Sigma-Aldrich) onto a cleaved mica disc. Then, the surface was 
washed with 1 mL of water, and 20 μL of 100 μg/mL of GO solution were 
cast onto the mica. Finally, the surface was washed again and dried at 
room temperature for at least 12 h. AFM images were recorded at 5 × 5 
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μm and processed with Gwyddion software (version 2.56).
Scanning Electron Microscopy: STEM micrographs were recorded in a 

Magellan 400L field emission microscope (Oxford instruments) with an 
Everhart-Thornley detector for secondary electrons at ICN2 Electron 
Microscopy Unit. For sample preparation, 20 μL of GO solution at 100 
μg/mL were dropped cast onto Ultrathin C on Lacey C films (Ted Pella) 
and then bloated to remove the excess. The process was repeated 4 times 
and then samples was left to dry overnight. The conditions employed 
were a beam current of 100 pA and an acceleration voltage of 20 kV.

Optical Microscopy: was recorded using Eclipse LV100D (Nikon) mi
croscope, at 50X magnification, using NIS-Elements F 3.0 software. 
Samples were prepared drop casting 20 μL of GO solution (20 μg/mL) 
onto a glass slide and let dry overnight.

Osmolality: Solution osmolality was measured in an osmometer 
Osmomat 030, calibrated with standards of 300 mOs/kg. 50 μL of each 
sample were measured in triplicate, and the measurement was repeated 
3 times.

Raman: Spectra were recorded with a Witec Ramanspectrometer 
equipped with a red laser (λ = 633 nm). The laser was focused on the 
sample using a 50X magnification objective. Spectra were recorded 
using an acquisition time of 25 s and 5 accumulations using a power of 
0.4 mW. GO was drop cast into a glass slide at a concentration of 50 μg/ 
mL in triplicate. The ID/IG were calculated based on measurements taken 
from five replicates of each sample.

X-ray Photoemission Spectroscopy: XPS spectra were recorded on a 
Phoibos 150 (SPECS GmbH) electron spectrometer coupled with a 
hemispherical analyzer, under ultrahigh-vacuum conditions and with Al 
Kα (hv = 1486.74 eV) X-Ray source was used to the measurements 
acquisition. The measurements were performed at the ICN2 Photo
emission Spectroscopy Facility. Charge effects were removed by taking 
the C 1s line from adventitious carbon at 284.6 eV. Samples were pre
pared by drop casting 20 μL (0.5–1 mg/mL GO) until total coverage on 
the top of a 5 × 5 mm Si Water (Ted Pella). For data treatment CasaXPS 
software was used.

X-ray diffraction: XRD spectra were collected on Malvern PANalytical 
X'Pert Pro MPD diffractometer in the 2θ scan range from 5 to 60◦ with an 
X-ray source of a ceramic X-ray tube with Cu Kα anode (λ = 1.540 Å) and 
the x’Celerator solid-state detector at the ICN2 XRD Facility. Solutions 
were drop cast (20 μL) on a Si holder and dried at room temperature 
until full coverage of the holder centre. Lyophilized solids were 
measured in solid state. Spectra were analyzed using X'Pert HighScore 
version 2.2.3.

Fourier Transform Infrared Spectroscopy: Lyophilized solids were 
measured using Fourier Transform infrared attenuated total reflectance 
(FTIR-ATR) on a Tensor 27/PMA 50 FT-IR spectrometer (Bruker) with a 
resolution of 4 cm− 1 and a scan range of 3750 to 600 cm− 1 at ICN2 
Molecular Spectroscopy and Optical Microscopy Facility.

Surface tension: was recorded with a DSA25S (Krüss) equipped with a 
high-speed camera with a resolution of 1920 × 1200 px and an auto
matic Software-controlled dispenser and titling stage. Solutions were 
measured at 1 mg/mL of GO concentration.

Differential scanning calorimetry: DSC measurements were carried out 
on a TA Instruments Discovery Series DSC25 equipped with a Refrig
erated Cooling System 90 (RCS90). Samples were sealed in aluminium 
pans and analyzed under a nitrogen purge at a heating/cooling rate of 
10 ◦C/min from 30 ◦C to 250 ◦C. For each sample, four full cycles were 
performed and the third run was analyzed.

Thermogravimetric Analysis. The residual water content of the sam
ples exposed to storage conditions were measured by thermogravimetric 
analyses (TGA) performed on a PerkinElmer TGA 8000 instrument. 
Experiments were conducted with a heating ramp of 10 ◦C/min from 30 
to 600 ◦C under nitrogen flow (50 mL/min).

All the spectra were analyzed using OriginPro 2018 (version 
b9.5.0.193). Some schematics included in the figures of this manuscript 
were created with BioRender.com.

3. Results and discussion

3.1. Overcoming graphene oxide (GO) instability during lyophilization 
with trehalose

Reconstitution of lyophilized GO at physiologically relevant pH 
revealed significant colloidal instability upon reconstitution. Despite 
vigorous vortexing (15 s) and sonication (5 min), the resuspended ma
terial exhibited visible precipitation (Fig. 1A). Optical microscope 
confirmed the presence of large aggregates while electron microscope 
showed the loss of nanosheets individuality. Moreover, the GO suspen
sion was measured using dynamic light scattering (DLS), but the results 
evidenced hydrodynamic diameters over 1 μm, beyond the detection 
limit of the instrument, and with high polydispersity index (PDI) values 
(data not shown). These results indicated that lyophilizing GO without 
lyoprotectant compromises its colloidal integrity upon rehydration.

To improve GO reconstitution following lyophilization, T was 
selected as a lyoprotectant. Effective lyoprotectants typically maintain 
an amorphous state during drying, a critical property for preserving 
colloidal stability [26]. Among them, sugars are widely used due to their 
ability to stabilize nanomaterials with minimal impact on osmolality, an 
essential consideration for parenteral formulations [51]. T is a widely 
used excipient across biotechnology and food industries due to its 
exceptional stabilizing capabilities. Its high-water solubility (~50 
g/100 mL) and elevated Tg enable the formation of a stable amorphous 
matrix during lyophilization. Moreover, its non-reducing nature and 
robust glycosidic linkage confer resistance to degradation under a range 
of pH and temperature conditions. Unlike other disaccharides, T lacks 
intra-molecular hydrogen bonding, enhancing its ability to form stabi
lizing hydrogen bonds with suspended nanomaterials during lyophili
zation [48].

The optimal lyoprotectant concentration depends on formulation 
requirements. In pharmaceutical applications, concentrations typically 
range from 1 to 10 % (w/v) [47,52–54]. Accordingly, in this study, T 
was incorporated into GO suspensions at concentrations of 5 % and 10 % 
(w/v), selected based on literature precedence and lyoprotectant effi
cacy. The preparation steps followed for the resulting formulations, 
hereinafter denoted GO + T 5 % and GO + T 10 %, are illustrated in 
Fig. S1A.

T was incorporated into GO suspensions, and after homogenization 
(Fig. S1A), comprehensive physicochemical characterization was per
formed to assess the impact of T on GO suspensions. Size, morphology, 
surface chemistry, and surface tension analyses (Figure S1 B-F) revealed 
no significant changes relative to GO. Dynamic light scattering (DLS) 
(Fig. S1B) and zeta potential (Fig. S1C) measurements, showed com
parable values across all samples. It is important to note that DLS values 
may not be accurate for non-spherical geometry nanoparticles such as 
GO, but they remain useful for monitoring relative changes. Electron 
microscopy (Fig. S1D) confirmed that the morphology of GO nanosheets 
remained unchanged upon T addition. Raman spectroscopy further 
supported structural integrity: G and D bands (~1595 cm− 1 and ~1335 
cm− 1, respectively) and the ID/IG ratio remained consistent, with no 
shifts or spectral distortions observed (Fig. S1E). Additionally, surface 
tension values (Fig. S1F) were similar across samples and within the 
range for water, indicating no macroscopic alterations on the suspension 
due to T.

To evaluate the potential interaction of T with the GO nanosheet 
surface, indirect quantification of unbound T was performed by 
measuring the amount of free sugar remaining in solution. GO samples 
were processed using ultrafiltration columns, where the free T was 
collected at the bottom of the column. Filtration cycles were carried out 
with free T and GO used as controls (Fig. S2). GO retention was 
confirmed in all GO-containing samples, with negligible GO loss 
observed (Fig. S2A). In contrast, T readily passes through the membrane, 
as demonstrated by its complete recovery at the bottom of the column 
(Fig. S2B). However, due to the low UV–Vis absorbance of T and spectral 
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overlap with GO signals, direct quantification was not feasible. Instead, 
we employed the Anthrone assay, a colorimetric method in which car
bohydrates are dehydrated with sulfuric acid to form furfural, which 
reacts with Anthrone rendering a blue/green detectable chromophore at 
620 nm (Fig. S3). Results showed minimal interaction between T and 
GO, with free T recovery values of 100 and 94 % for GO + T 5 % and GO 
+ T 10 %, respectively, indicating only residual binding of T to the GO 
surface (Fig. S3B). These findings are consistent with the absence of 
major physicochemical changes observed by DLS, Raman and surface 
tension measurements.

Upon lyophilization of T-containing GO samples, reconstitution 
yielded visually homogeneous suspensions (Fig. 1B–ii). Thus, to assess 
the preservation of colloidal stability, DLS was used to monitor the hy
drodynamic diameter of GO suspensions before and after lyophilization 
(Fig. 2A,B). As this parameter is highly sensitive to nanosheet aggrega
tion, its retention is considered a reliable indicator of lyophilization 
efficiency. The results demonstrated that both GO + T 5 % and GO + T 
10 % samples successfully recovered their initial hydrodynamic di
ameters after reconstitution, even with brief vortexing (15 s). The cor
responding DLS profiles showed Gaussian peaks closely matching the 
original distributions, indicating the absence of aggregation. Ratios of 
post-to pre-lyophilization diameters are commonly used to assess 
lyophilization efficiency, where values close to 1 indicate good preser
vation of the nanomaterials, and values above 1 suggest aggregation 
[47]. As listed in Table S2, both T-containing GO were consistently 
below 1, indicating a slight size reduction rather than aggregation. The 

polydispersity index (PDI), which reflects alterations in the particle 
hydrodynamic diameter distribution, remained stable at ~ 0.38 across 
all samples (Fig. 2C), further supporting the maintenance of a uniform 
nanosheet population. Zeta potential values (Fig. 2D) also remained 
consistent before and after lyophilization, indicating that the surface 
properties of GO were preserved. Together, these DLS-derived parame
ters confirm that T effectively stabilizes GO nanosheets during 
freeze-drying and reconstitution: the colloidal integrity was maintained 
across both T concentrations, and recovery was achieved with minimal 
agitation.

Further characterizations of the reconstituted solutions were per
formed to ensure the preservation of other physical parameters on the 
nanosheets and the GO suspension. UV–Vis spectroscopy before and 
after lyophilization revealed clear differences between the formulations 
(Fig. 2E,F). All samples initially showed a characteristic absorbance 
peak at 230 nm and a shoulder at 300 nm, corresponding to π–π* tran
sitions of C––C and n–π* transitions of C––O groups, respectively. After 
reconstitution, the GO + T 5 % and GO + T 10 % samples exhibited 
absorbance profiles comparable to their pre-lyophilization states, indi
cating no loss or aggregation of the material (Fig. 2F). In contrast, GO 
showed a marked decrease in absorbance, consistent with precipitation 
or the formation of larger aggregates with altered optical properties 
(Fig. 2E). A thorough characterization, focusing on alterations in the 
functionalization degree of the GO surface post-lyophilization, was 
conducted using XPS. The analysis (Fig. 2G) was used to assess the C/O 
of the material before and after lyophilization. The initial C/O ratio for 

Fig. 1. Graphene oxide (GO) nanosheet lyophilization in (A) absence and (B) presence of trehalose. (Ai) GO lyophilization in the absence of trehalose (T) results in 
instability and aggregation of the reconstituted nanosheets, as observed (Aii) by electron and optical microscopy. (Bi) Illustration of lyophilization process of GO 
using T as the lyoprotectant at two distinct concentrations (5 and 10 %); and (Bii) electron microscopy confirming the GO nanosheets individuality after lyophi
lization and reconstitution in water.
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Fig. 2. DLS plots showing the hydrodynamic diameter before lyophilization and after reconstitution of GO with T of (A) GO + T 5 % and (B) GO + T 10 %. Each line 
in the graph represents and individual replicate. Average (C) PDI and (D) zeta potential values before and after lyophilization (n = 3). Data for GO in the absence of T 
are not shown, as the particle size exceeded the measurable range of the instrument due to extensive aggregation. UV–Vis absorbance spectra of (E) GO and T controls 
and (F) GO + T samples, showing complete GO reconstitution in trehalose-containing formulations in contrast to the loss of GO absorbance in the absence of T. (G) 
XPS survey analysis comparing the surface chemistry of GO-based samples before and after lyophilization, showing the relative atomic percentages of key surface 
elements (C, O, Na, and trace elements such as Si, S, N). The carbon and oxygen content remain relatively consistent, indicating the chemical stability of GO during 
the lyophilization process. Slight variations in carbon and oxygen levels reflect the presence of T. The Si signal originates from the substrate used for measurement. 
(H) Deconvolution of XPS C (1s) peaks to understand differences in the functional groups before and after lyophilization and reconstitution. All samples were 
reconstituted in water prior to analysis (n = 2).
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GO was 2.3, in agreement with previously reported C/O ratios for GO 
[16]. As expected, the addition of T slightly decreased the C/O ratio to 
1.5 for both T concentrations, consistent with the oxygen-rich structure 
of the sugar. After reconstitution, all samples exhibited a negligible 
decrease in C/O ratios, yielding 2.1 for GO and 1.4 for the T-containing 
formulations.

The chemical changes that could be occurring to GO were quanti
tatively verified by XPS C 1s deconvolution (Fig. S4) analysis summa
rized in Fig. 2H. The GO control sample, dried without T, exhibited a net 
decrease in the stabilizing C–O component concurrently with a relative 
increase in the C––O component. This chemical rearrangement could be 
indicative of instability during the lyophilization process in the absence 
of the lyoprotectant. The GO + T formulations also showed changes: C 1s 
deconvolution of GO + T 5 % showed a minor absolute loss of the crucial 
C–O component (only 0.5 %) that increased up to 9.8 % in GO + T 10 %. 
The decrease in the graphitic (C––C and C–C) components and the in
crease in the C––O component is attributed to a dilution effect stemming 
from the incorporation of the T molecule itself. As T is a C–O-rich polyol, 
its carbon signal increases the total relative contribution of oxygenated 
carbon components in the final dried film, necessarily decreasing the 
relative percentage of the non-oxygenated C––C and C–C backbone. The 
larger C–O variation for the GO + T 10 % sample is potentially associ
ated to the loss of loosely associated T molecules during lyophilization, 
rather than a reduction of the protected GO backed up by the fact that 
any other technique showed changes on the GO behavior reconstitution 
and the easy reconstitution of GO in the presence of T.

Another critical parameter in pharmaceutical formulations is pH, as 
maintaining a physiological pH can enhance biocompatibility, improve 
drug absorption, and reduce degradation. A quasi-neutral pH is also 
compatible with most parenteral routes and is often recommended to 
minimize pain, irritation and tissue damage, particularly for subcu
taneous injections [55]. For these reasons, pH was monitored 
throughout the lyophilization process per triplicate. Pre- and 
post-lyophilization the values remained stable, with initial values of 7.6 
± 0.2, 7.4 ± 0.2, and 7.5 ± 0.3, and post-process values of 7.7 ± 0.3, 7.6 
± 0.1, and 7.4 ± 0.1, for GO, GO + T 5 % and GO + T 10 %, respectively. 
Likewise, osmolality, a measure of solute concentration in a liquid, is a 
critical parameter on parenteral formulations, as affects safety, tolera
bility, biodistribution, and regulatory compliance. Therefore, osmolality 
was measured throughout the lyophilization process. Upon the addition 
of T to GO, values of 121.3 ± 2.1 and 254.0 ± 2.0 mOs/Kg for 5 and 10 
% T were measured, respectively. These values remained stable after 
reconstitution, with osmolality measurements of 126.2 ± 6.1 mOs/kg 
for GO + T 5 % and 249.0 ± 8.5 mOs/kg for GO + T 10 %. These values 
were consistent with T controls (119.7 ± 2.5 and 251.7 ± 2.1 mOs/Kg 
for 5 and 10 % of T), confirming that T is primarily accounted for 
osmolality, and further supported by the near-zero osmolality of GO 
being 0 ± 1.7 mOs/Kg. Both GO + T formulations were hypotonic (<300 
mOs/kg), with the 10 % formulation falling within the acceptable range 
for parenteral and oral administration [51,56,57].

To unequivocally assess the preservation of the GO + T nanosheets 
morphology, Atomic Force Microscopy (AFM) was performed before and 
after lyophilization. As shown in Fig. 3, the AFM micrographs demon
strated that the GO nanosheets retained its morphology and in
dividuality, with no evidence of aggregation at either of the employed 
concentrations. Furthermore, height profile analysis confirmed that the 
nanosheet thickness remained constant after reconstitution, with values 
ranging from 1.1 to 1.5 nm, consistent with monolayer GO and indi
cating that residual T bound to the GO surface does not compromise its 
quality after lyophilization.

3.2. Elucidating the mechanism of trehalose lyoprotection in graphene 
oxide

Fourier-transform infrared spectroscopy (FTIR) was employed to 
evaluate possible interactions between GO and T in the lyophilized 

samples (Fig. S5). The spectra of GO + T formulations (5 % and 10 %) 
resembled a combination of the individual GO and T spectra, showing 
characteristic features from both components. No major shifts were 
observed in the O–H, C––O, or C––C stretching regions, suggesting the 
absence of strong interactions between GO and T. The reduced intensity 
of these signals in the T-containing formulations is likely due to spectral 
overlap from T. Additional minor bands corresponding to C–H and C–O 
vibrations were consistent across all samples.

X-ray diffraction (XRD) was employed to evaluate the crystalline 
structure of the components before and during the solid lyophilized 
state. Prior to freeze-drying, GO exhibited its characteristic broad 
diffraction peak around 10◦ (Fig. S6A), consistent with its layered 
structure. In contrast, T displayed sharp, intense diffraction peaks 
characteristic of a crystalline structure (Fig. S6B). In the GO + T for
mulations, the crystalline signal from T dominated the XRD patterns, 
masking the broad GO peak (Fig. S6C and D). Upon freezing, T is known 
to transition into an amorphous glassy state that inhibits ice crystal 
formation and protects the structural integrity of labile components. To 
confirm this transition, XRD analyses were performed on the lyophilized 
solids of the GO + T samples. As shown in Fig. 4A,B, the resulting spectra 
exhibited fully amorphous profiles, consistent with the protective effect 
of T during lyophilization. In our study, the amorphous nature of T in the 
dried GO formulation, its lack of adsorption onto the nanosheets, and the 
absence of broadening in the O–H stretching band (~3300 cm− 1) indi
cate minimal specific interactions between T and GO, which aligns with 
the vitrification mechanism. These findings suggest that T does not 
chemically modify GO, but rather stabilizes it through a physical 
mechanism.

In this context, T stabilizes the nanomaterial by forming a highly 
viscous, glass-like matrix during freeze-drying, which physically entraps 
and immobilizes the GO nanosheets, preserving its structural integrity 
[48]. This protective effect is closely associated with the glass transition 
temperature (Tg) of T. Below Tg, the T matrix remains in a brittle, glassy 
state, that minimizes molecular mobility and effectively immobilizes the 
GO nanosheets, preventing aggregation or degradation. As the temper
ature approaches or exceeds Tg, the matrix would transition into a 
rubbery, more fluid-like state, leading to increased molecular mobility 
and reducing its structural protection. Therefore, maintaining storage 
conditions well below Tg is critical to ensure long-term stabilization of 
GO through vitrification.

To evaluate the physical state of T in the formulation the Tg was 
determined by Differential Scanning Calorimetry (DSC). Two samples 
were employed, a freshly lyophilized GO + T 10 % and a sample stored 
in their dried lyophilized state (under dark conditions) for four months 
to also consider the effect of long-term storage in T's state. The DSC 
thermograms (Fig. 4C) revealed a Tg of 123 ◦C for the freshly lyophilized 
sample and 120 ◦C for the stored sample. For comparison, the lyophi
lized T solution exhibited a Tg of 123.5 ◦C, showing only minor differ
ences from the GO-containing samples but slightly exceeding literature 
values (106–120 ◦C), likely due to its low residual water content [45]. 
Indeed, literature reports that a 1 % change in water content can have 
plasticizing effects, reducing Tg by up to 5 ◦C [58]. Thermogravimetric 
analysis (TGA) confirmed low levels of residual moisture across all 
samples in Fig. 4D. Weight losses attributed to the release of loosely 
bound water (up to 120 ◦C) were 1.01 % for the fresh sample and 2.59 % 
for the 4 months stored sample. When the analysis temperature 
increased to account for the release of tightly bound water (150 ◦C), the 
cumulative mass losses remained low and highly comparable: 2.97 and 
2.78 %, respectively. The corresponding mass losses for T control were 
2.33 % (at 120 ◦C) and 2.55 % (at 150 ◦C), that could explain the minor 
differences of Tg measured. Overall, the residual moisture levels in the 
freeze-dried formulations, with total mass losses consistently below 3 %, 
are considered acceptable according to established guidelines for 
pharmaceutical and biological lyophilized products [59].

Overall, the high Tg values indicate a rigid, low-mobility matrix that 
preserves nanosheet dispersion and prevents chemical degradation 
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Fig. 3. AFM micrographs showing the morphology and thickness of GO + T nanosheets (A) before and (B) after lyophilization, for formulations containing 5 % (left) 
and 10 % T (right). The images display nanosheets morphology and the thickness profiles after its reconstitution in water.
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during long-term storage. The consistent Tg across samples confirms 
that T remains in an amorphous glassy state well above the storage 
temperature (~20 ◦C), supporting vitrification as the dominant stabili
zation mechanism for GO. The minor Tg variations observed are 
consistent with residual moisture effects and do not suggest any loss of 
vitrification. Collectively, these findings demonstrate that T maintains 
its amorphous glassy structure during storage, ensuring a stable micro
environment that effectively preserves the structural integrity of GO.

3.3. From powder to shelf: solid-state processability and storage of 
graphene oxide (GO)

To assess the applicability of GO lyophilization for storage and 
processing, we explored the effects of powdering the dried solids prior to 
reconstitution. Remarkably, grinding the lyophilized solids had no 
detrimental impact on the reconstitution, as demonstrated by consistent 
hydrodynamic diameters observed in both GO + T 5 % and GO + T 10 % 
(Fig. S7). This capacity to powder the lyophilized solid without 
compromising colloidal integrity significantly expands the material's 
handling and processing options, offering potential for integration into 
solid-state formulations or composites. Furthermore, to confirm the 
method versatility, the protocol was applied to GO from a commercial 
source, which initially presented a larger hydrodynamic diameter than 
the in-house produced material. As shown in Fig. S8, commercial GO 
samples containing T fully recovered its original hydrodynamic di
ameters distribution after a brief 15-s vortexing step. Mild sonication 
further reduced particle size, consistent with the behavior of thin GO 
nanosheets. Conversely, commercial GO samples lacking T, reflected a 
substantial increase in hydrodynamic diameter and aggregation, 

though, these samples were excluded from the DLS analysis due to their 
poor re-dispersibility.

The long-term stability of the lyophilized solids was further validated 
through storage at room temperature in dark for 4 months and 1 year. 
Upon reconstitution after 4 months, T-containing formulations (GO + T 
5 % and GO + T 10 %) retained key colloidal characteristics, including 
hydrodynamic diameter, PDI, and zeta potential when compared to their 
pre-lyophilization states, as seen in Fig. 5A, B, C and D, respectively. 
After one year of storage, a clear distinction emerged between the two T 
concentrations. A 10 % T content was necessary to maintain colloidal 
stability, as the 5 % formulation exhibited early signs of aggregation, as 
supported by DLS measurements (Fig. 5A). These observations were 
corroborated by morphological analyses, EM (Fig. 5E) and AFM 
(Fig. 5F). Both confirmed the preservation of nanosheet structure and 
height profiles for the GO + T 10 % sample, while the 5 % formulation 
showed evidence of increased aggregation and thicker nanosheets on the 
height profiles. Our hypothesis is that the 10 % T concentration provides 
a more robust protective environment, particularly critical for room- 
temperature storage, due to the higher availability of T molecules to 
effectively immobilize GO nanosheets over extended periods. However, 
for shorter-term storage, both concentrations performed comparably, 
suggesting that the optimal T percentage can be tailored according to 
formulation-specific requirements such as osmolality, route of admin
istration, viscosity, storage conditions, or regulatory constraints.

Together, these results demonstrate that T effectively stabilizes GO 
across different sources, enables long-term dry-storage, and mechanical 
processing, while keeping facile hydration. This establishes a broadly 
applicable framework for the preservation and deployment of GO, 
paving the way for its integration into a wide range of advanced material 

Fig. 4. Characterization of lyophilized dried state of GO + T samples. XRD patterns of lyophilized solids of (A) GO + T 5 % and (B) GO + T 10 %. T appears 
amorphous post-lyophilization, in contrast to its original crystalline form (see Fig S6). (C) DSC and (D) TGA showing the glass transition temperature (Tg) and 
moisture content of fresh and 4-month-stored GO + T 10 % samples. The Tg value for each sample is indicated in the graph. The TGA of all the samples exhibited 
mass losses below 3 % measured at 150 ◦C (dotted line), indicating minimal changes in residual moisture during storage. The consistent Tg values well above the 
storage temperature and the low residual moisture confirmed vitrification-based stabilization, where T remains glassy and immobilizes GO for enhanced stability.
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Fig. 5. The reconstitution of GO after four months (solid line) and 1 year (slashed line) of storage at room temperature, depicted by: (A, B) hydrodynamic diameter, 
(C) PDI, and (D) zeta potential for GO + T 5 % and GO + T 10 %. GO alone (without T) is not shown as the hydrodynamic diameter measured exceeded the validation 
range of DLS. (E) Electron microscope and (F) AFM micrographs, with corresponding height profiles, of GO + T 5 % (left) and GO + T 10 % (right) samples 
reconstituted 1 year after storage.
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systems. While reconstitutable GO holds great promise in pharmaceu
tical and biomedical fields, where GO can serve as a carrier for drugs, 
genes, or imaging agents, this approach also broadens its utility across 
technological fields. In areas where solid-state processability, repro
ducibility, and long-term storage are critical prerequisites for scalability, 
the ability to stabilize GO in a dry, functional and readily rehydratable 
form is particularly valuable.

4. Conclusions

This study showed that the incorporation of T as lyoprotectant, en
ables effective lyophilization of thin GO nanosheet suspensions, pre
serving its physicochemical integrity for up to one year. In the absence of 
lyoprotectant, GO becomes unstable upon lyophilization, limiting its 
potential for long-term dry solid storage, a form widely used in phar
maceuticals to extend shelf life. The incorporation of T at 5 % and 10 % 
concentrations did not alter key physicochemical characteristics of the 
GO sheets, including their Raman signature, morphology and thickness. 
The lyophilized formulations containing T allowed rapid and complete 
reconstitution into a stable colloidal suspension (within just 15 s of 
vortexing) without compromising the physicochemical integrity of GO 
or suspension parameters such as surface tension, pH, and osmolality. 
The unchanged thicknesses, and the lack of strong or specific in
teractions between T and GO suggest that T is not strongly adsorbed onto 
the GO surface but rather remains primarily dispersed in the aqueous 
phase. Furthermore, the amorphous glassy state observed in the lyoph
ilized solid, confirmed by XRD and DSC, with Tg values well above the 
storage temperature and low residual moisture levels (<3 %), supports a 
stabilization mechanism based on physical immobilization by vitrifica
tion, rather than chemical interaction. Collectively, these results confirm 
that T provides a stable vitrified matrix that preserves the structural 
integrity and stability of GO over time.

The method remained effective for storage durations of 4 months and 
1 year, confirmed by DLS and EM, with 10 % T best maintaining stability 
at the longest time point. For shorter-term storage, both T concentra
tions performed comparably, and the choice can be guided by other 
formulation constraints.

Importantly, the resulting solid cakes can be processed making this 
approach highly compatible with scalable manufacturing and solid-state 
integration. The protocol was also validated using commercially avail
able GO batches, suggesting potential applicability across different 
graphene-based materials. Future work should focus on refining the 
lyophilization cycle to improve cake morphology and reproducibility, 
particularly for industrial-scale applications. Moreover, while the 
approach could be compatible with sterile environments, such as 
lyophilization under aseptic conditions, additional validation would be 
necessary for manufacturing-scale production. Altogether, the choice of 
T represents a purposeful step towards bridging materials science and 
pharmaceutical technology. The proposed simple and effective strategy 
demonstrates potential as a practical platform for the solid-state 
handling and long-term storage of GO, particularly in contexts rele
vant to pharmaceutical technology.
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