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Cancer therapy faces challenges including poor targeting, systemic toxicity, and inefficient drug release. To
address these, we developed an eco-friendly drug delivery system using eggshell-derived calcium
carbonate (CaCOs). Porous C-PEG@ES nanoparticles were fabricated via PEG-assisted carbonization at
600 °C, exhibiting high specific surface area and pH-responsive drug release. In an acidic tumor

microenvironment (pH 5.5), CaCO3z decomposition enhanced oxaliplatin release, showing 2.3-fold higher
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Accepted 18th November 2025 efficiency than at pH 7.4. The system also raised environmental pH from 5.2 to 6.2 within 15 hours,

modulating the tumor microenvironment and promoting apoptosis. Cytotoxicity tests confirmed its
DOI: 10.1039/d55u00732a biocompatibility and antitumor efficacy, offering a sustainable and precise therapeutic strategy with

rsc.li/rscsus reduced systemic toxicity.

Sustainability spotlight

This study converts waste eggshells into value-added drug carriers through calcium carbonate extraction, PEG modification, and carbonization. It mitigates
environmental pressure from eggshell disposal, reduces reliance on mined calcium carbonate, and offers a green, low-toxicity, and biocompatible alternative for
drug delivery systems. The work clearly aligns with UN Sustainable Development Goals (SDG 12: Responsible Consumption and Production; SDG 9: Industry,
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Innovation and Infrastructure), promoting the integration of circular economy principles and green pharmaceutical development.

1. Introduction

Cancer remains one of the most formidable threats to global
health. As a leading cause of death worldwide, cancer results in
nearly 10 million deaths annually, as reported by the World
Health Organization.”® Early diagnosis and treatment are
essential to improve survival rates and reduce treatment costs
for cancer patients, thus requiring advanced therapeutic strat-
egies to meet the challenges.*® Current mainstream cancer
therapies primarily include surgical resection, radiotherapy,
and chemotherapy.®*” While surgery is effective for localized
tumors, it fails to address metastatic lesions.® Radiotherapy and
chemotherapy, though systemic in action, often cause severe
damage to healthy tissues due to their non-specific targeting,
leading to complications such as immunosuppression and
organ toxicity.>'® Among these modalities, chemotherapy is
widely regarded as the most versatile and effective approach for
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advanced or disseminated cancers.' However, conventional
chemotherapeutic agents suffer from limitations such as poor
solubility, rapid clearance, and off-target effects, which signifi-
cantly compromise therapeutic efficacy and patient survival.*>**
To address these challenges, drug delivery systems (DDS) have
emerged as a critical strategy to enhance drug bioavailability
and reduce systemic toxicity."*"”

Various nanocarriers, including liposomes,
micelles, and inorganic nanoparticles, have been explored for
their ability to encapsulate and deliver chemotherapeutics.'®*
Notably, calcium carbonate (CaCOs;) nanoparticles have
garnered increasing attention due to their excellent biocom-
patibility, pH-responsive degradation in the acidic tumor
microenvironment, and high drug-loading potential. The
inherent ability of CaCOj; to dissolve in acidic tumor microen-
vironments enables targeted drug release, while its degradation

polymeric

products (CO;>7) can neutralize acidic conditions, potentially
inhibiting tumor invasion and metastasis.?*** For instance,
Chen et al. successfully synthesized pH-responsive hyaluronate-
CaCO; hybrid particles, which demonstrated remarkable
stability under physiological conditions while achieving rapid
doxorubicin (DOX) release specifically within the acidic tumor
microenvironment.”* Furthermore, CaCOj-based nanocarriers
enable synergistic antitumor strategies through their pH-
responsive degradation. These systems can simultaneously

© 2026 The Author(s). Published by the Royal Society of Chemistry
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modulate the tumor microenvironment to enhance immuno-
therapy, initiate calcium overload for apoptosis, and when
combined with photothermal agents, achieve combined chemo-
photothermal therapy, offering comprehensive treatment
through multimodal integration.>**”

In the field of cancer therapy, conventional drug delivery
systems often struggle to balance therapeutic efficacy with
ecological sustainability due to non-biodegradability, high
toxicity, and environmental residue issues. To address this,
green nanomaterials, such as carriers derived from natural
polymers or biowaste, have gained significant attention for their
biocompatibility, impact, and green
synthesis pathways. Particularly noteworthy are biowaste-
derived pH-responsive carriers, which not only enable tar-
geted drug release in the tumor microenvironment but also
transform waste materials such as shrimp shells and eggshells
into high-value medical resources, aligning precision treatment
with circular economy principles.”®**" Notably, our strategy
focuses on developing eco-friendly CaCOj; carriers derived from
biomass waste, specifically eggshells (ES). Comprising 95%
CaCO;, eggshells represent an underutilized resource whose
improper disposal may lead to substantial environmental
burdens.*** Previous studies have demonstrated the potential
of ES-derived materials in biomedical applications. Piyachat
Chuysinuan et al. demonstrated the conversion of eggshells
into hydroxyapatite (HA) for dental tissue engineering,
successfully preparing a fibroin-alginate injectable hydrogel
incorporating eggshell-derived HA with alveolar bone resem-
blance functions as advanced dental scaffolding.** In contrast to
such structural biomimicry approaches, our strategy innova-
tively repurposes eggshell-derived biogenic calcium carbonate
(CaCO;) for tumor-targeted drug delivery. Rather than convert-
ing CaCO; to HA for enhanced osteoconductivity, we preserve
its innate crystalline structure and leverage its intrinsic pH-
responsive behavior to construct a stimuli-responsive drug
carrier. Shafiu Kamba et al. developed pH-sensitive CaCOj;
nanocrystal carriers with enhanced doxorubicin (DOX) loading
capacity compared with traditional vaterite CaCO;.*> However,
despite this advancement, the nanocrystals maintained a dense
structures, which kind of hindered efficient drug encapsulation.
This limitation necessitates innovative surface modification
strategies to optimize their physicochemical and biological
performance.

Recent advancements in nanomaterial engineering have
identified polyethylene glycol (PEG) as a versatile surface
modifier. PEGylation has proven effective in enhancing nano-
particle stability, prolonging blood circulation time, and
reducing immune clearance. Furthermore, PEG modification
improves biocompatibility and alters organ-specific accumula-
tion patterns, thereby minimizing systemic toxicity.***” Sanyog
Jain et al improved biocompatibility of carbon nano-
tubes(CNTs) through PEGylation. Adopting these functionali-
zation strategies may optimize drug stability and treatment
efficacy for CNTs and related nanocarriers in the future.*® While
conventional PEGylation strategies primarily focus on surface
coating to improve pharmacokinetics, our strategy advances
conventional PEGylation by transforming PEG from a surface

low environmental
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modifier into a sacrificial structural component. Through
carbonization at 600 °C, the PEG layer decomposes into
a porous carbon framework while re-exposing CaCO; surfaces,
creating a unique hybrid architecture. This carbon-CaCOj;
composite enables dual drug-loading through carbon pore
adsorption and ionic interactions, achieving enhanced drug
delivery performance beyond traditional PEGylated systems.

While eggshell-derived materials offer sustainable advan-
tages, their translation into clinically viable nanomedicines
requires careful consideration of standardization and regula-
tory compliance. To translate eggshell-based carriers into clin-
ical nanomedicines, we have developed a standardized
protocol: sourcing eggshells uniformly from food processing
plants, ensuring material purity through rigorous cleaning and
thermal treatment, and maintaining fixed production parame-
ters such as carbonization temperature to achieve consistent
pore structure and composition across batches. Continuous
monitoring of safety indicators like calcium content and heavy
metals, along with stability validation under various conditions,
is implemented. This approach preserves the eco-friendly
attributes of eggshells while meeting pharmaceutical produc-
tion standards through quantifiable quality control, establish-
ing a reliable foundation for clinical application and regulatory
approval.

Herein, we prepared a novel PEG-modified CaCO; carrier
featuring a loosely porous carbonaceous chrysalis-like struc-
ture. The obtained C-PEG@ES nanoparticles exhibit excellent
pH-responsive behavior and tumor therapy effectiveness. Upon
the obtained C-PEG@ES nanoparticles reaching tumor sites,
the acidic microenvironment triggers CaCO; dissolution,
accelerating drug release while simultaneously neutralizing pH
of tumor environment to effectively prevent cancer cells from
invading other normal cells. Importantly, by synergizing pH-
responsive drug delivery with microenvironmental modula-
tion, this platform holds dual potential for inducing cancer cell
apoptosis and suppressing metastatic behavior. Such tumor-
targeted drug delivery system overcomes the limitations of
traditional chemotherapy and conventional CaCO; carriers,
offering a promising strategy for precision oncology.

2. Experimental section
2.1 Materials

CaCl, was provided by Sinopharm Chemical Reagent Co., Ltd.
Ethanol(99.5%) and NH,HCO; was purchased from Shanghai
Macklin Biochemical Co., Ltd. PEG600 was bought from
Shanghai Lingfeng Chemical Reagent Co., Ltd. Eggshell were
obtained from Suguo Supermarket.

2.2 Preparation of drug carriers and drug loading

Eggshells were crushed into ultrafine powder using a mortar
and pestle, followed by sieving to obtain a homogeneous ES
powder. A mixture of 0.4 g ES powder and 2 g PEG600 was added
to a beaker containing 8 g deionized water. The suspension was
ultrasonicated for 2 h and then stirred at 600 rpm for 10 h. The
product was centrifuged, washed thoroughly, and freeze-dried
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to obtain PEG@ES. Subsequently, the obtained PEG@ES was
subjected to carbonization at 600 °C for 2 h, yielding the final C-
PEG@ES.

C-PEG@ES was dispersed in pure water. Subsequently, 5 mL
of oxaliplatin (OXA) solution (2 mg mL ') was added into
CaCO;/CBCN solution. The mixture was continuously stirred at
room temperature for 12 hours. The OXA-loaded C-PEG@ES
composites were then collected by centrifugation.

2.3 Characterization

Morphological features of the samples were analyzed using
a scanning electron microscope (JEM-6380LV, JEOL Ltd, Japan).
Particle size distribution was measured at 25 °C using a Nano-
particle potential analyzer (Malvern, UK). Crystallographic
properties were evaluated using a X-ray diffractometer
(DSADVANCE, Bruker, Germany) with Cu Ko radiation (A =
0.151478 nm). Data were collected over a range of 5°to 80°, with
operating parameters set to 40 kv(1 kv/1 step) and 40 mA.
Chemical molecular structures were identified using a Fourier
Transform Infrared Spectrometer (NICOLET iS10, Thermo
Fisher Scientific Co., Ltd, USA). Spectra were recorded in the
range of 400-4000 cm . Surface elemental composition and
chemical states were analyzed using a X-ray Photoelectron
Spectroscopy (PHI Quanter, Ulvac-PHI, Japan) with an Al X-ray
source. Measurements were performed under 107° Pa.
Specific surface area and pore size distribution were determined
using a surface area analyzer (ASAP 3020, USA). The specific
surface area of the samples was calculated by the BET (Barren-
Emmett-Teller) method and the pore size distribution was
calculated by the BJH (Barrte-Joyner-Haland) equation.

2.4 In Vitro calcium ion and drug release

Calcium ion release profiles were investigated under simulated
physiological conditions. C-PEG@ES nanoparticles were
dispersed in phosphate-buffered saline (PBS, pH 7.4, 6.7, 6.2, or
5.0) to mimic normal tissue and tumor microenvironments. At
predetermined time intervals, the suspensions were centri-
fuged, and the supernatants were collected to quantify calcium
ion (Ca®") and pH.

The in vitro OXA release performance was investigated by
incubating nanoparticles in phosphate-buffered saline (PBS, pH
7.4, 6.7, 6.2, or 5.0). At designed time points, the OXA released
into the PBS solution was measured by UV-vis
spectrophotometer.

C-PEG@ES-OXA nanoparticles were dispersed in PBS buffer
containing 5% fetal bovine serum (FBS) and incubated at 37 °C
with constant shaking for 24 h. The mixture was then centri-
fuged at 13 000 rpm for 10 min to separate the nanoparticles
from the release medium. Then incubating nanoparticles in
phosphate-buffered saline. Samples were taken at different time
points, and the cumulative release of OXA was quantified by UV
spectroscopy to evaluate its in vitro release performance under
the influence of the protein corona.
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2.5 Cell viability assay and live/dead double staining assay

We systematically evaluated the biocompatibility and antitumor
efficacy of the C-PEG@ES nanomaterial using the following cell
models: rat bone marrow mesenchymal stem cells (BMSCs) for
biocompatibility, and colon carcinoma (CT26) and rat osteo-
sarcoma (UMR-106) cells for antitumor activity. Cells were
seeded in 96-well plates, BMSCs were cultured in DMEM high-
glucose medium containing pristine C-PEG@ES nano-
particles, while CT26 and UMR-106 cells cultured in DMEM
high-glucose medium containing oxaliplatin-loaded (C-
PEG@ES-OXA) and doxorubicin-loaded (C-PEG@ES-DOX),
respectively. All treatments were carried out for 24 and 48
hours. Subsequently, cell viability was assessed using the Cell-
Titre-Glo®.3D. Luminescent Assay, and luminescence signals
were measured with a microplate reader. The cell live/dead
double staining assay was performed following the standard
protocol of the Calcein-AM/PI Double Staining Kit.

3. Results and discussion

In this study, a green and sustainable strategy was developed to
synthesize carbon-based nanocomposites (C-PEG@ES) using
biomass materials as the raw material. As illustrated in Scheme
1, the natural calcium carbonate shell obtained from discarded
eggshells was mechanically ground into homogeneous powder
after removing the inner membrane. A facile one-step synthesis
method was employed to coat the eggshell particles with poly-
ethylene glycol (PEG). The obtained product underwent
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Scheme 1 Schematic illustration of C-PEG@ES.
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centrifugal washing, freeze-drying, and subsequent carboniza-
tion at 600 °C for 2 h, the heating induces a partial decompo-
sition of CaCOj3, with subsequent CO, release, which causes the
formation of pores in the carbon residual layer after PEG
decomposition, yielding a porous C-PEG@ES nanoparticles.
The prepared nanocomposite exhibited a unique architecture,
where the outer PEG-functionalized carbon layer provided
abundant binding sites for efficient loading of antitumor drugs.
The inherent calcium carbonate component can gradually
decompose in the weakly acidic tumor microenvironment
facilitated drug release, and this neutralization effect of calcium
carbonate on acidic tumor regions can also contribute to
microenvironment modulation, inhibiting cancer cell invasion
and enhancing apoptosis. Besides, this approach significantly
reduced material costs and environmental burdens through the
utilization of biowaste, and the mild reaction conditions and
simple operational procedures minimized energy consumption
and potential toxicity risks. These findings highlight the
potential of biomass materials as eco-friendly and multifunc-
tional platforms for precision cancer therapy.

To determine the optimal carbonization temperature for the
C-PEG@ES composite, materials were synthesized at different
temperatures (500, 600, and 700 °C) and systematically char-
acterized. Fig. 1la displays the N, adsorption-desorption
isotherms of the samples prepared at each temperature. All
three isotherms exhibit type-IV curves with distinct hysteresis
loops, indicative of mesoporous structures. However, the
sample carbonized at 500 °C shows only a weak hysteresis loop,
suggesting limited mesopore development due to incomplete
carbonization. In contrast, the isotherms of the 600 °C and 700 °©
C samples display well-defined hysteresis with comparable
shapes and areas, implying that increasing the temperature
from 600 to 700 °C does not lead to a significant enhancement
in porosity. Pore size distribution curves derived from the
adsorption data are presented in Fig. 1b. The sample prepared
at 600 °C shows a average pore diameter of 15.5 nm, whereas the
500 °C sample exhibits a broader and less intense pore size
profile. The 700 °C sample shows a similar pore size
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distribution to that treated at 500 °C, further confirming that no
substantial structural improvement is achieved at the higher
temperature. Based on these results, 600 °C was selected as the
optimal carbonization temperature. Therefore, 600 °C provides
an effective synthesis condition that ensures both suitable pore
structure and preservation of functional components.

The surface morphology of ES and C-PEG@ES nanomaterials
was characterized by scanning electron microscopy (SEM). As
shown in Fig. 2, the ES nanoparticles exhibited a dense struc-
ture with partial surface protrusions and an average particle size
of approximately 300 nm. This compact morphology suggests
that pristine eggshell materials (ES) are unsuitable for direct
application as drug carriers. In contrast, the C-PEG@ES nano-
particles displayed an irregular shape with a loose and highly
porous structure in Fig. 2. This porous architecture provides
abundant active sites for the loading of antitumor drugs such as
doxorubicin (DOX), preliminarily confirming the successful
synthesis of the C-PEG@ES nanomaterial (Fig. 2).

Further hydrodynamic size analysis via dynamic light scat-
tering (DLS) revealed that the average particle sizes of ES and C-
PEG@ES were approximately 380 nm and 410 nm, respectively
in Fig. 3a. The slight increase in size after PEG modification and
carbonization aligns with the formation of a surface coating
during the synthesis process. Notably, the hydrodynamic
diameters measured by DLS were larger than the dimensions
observed in SEM images, which may be attributed to the
hydration effect of nanoparticles in aqueous environments,
leading to particle swelling or aggregation.

The crystalline structures of ES, PEG@ES, and C-PEG@ES
were analyzed by X-ray diffraction (XRD). As shown in Fig. 3b,
the pristine ES pattern confirms well-crystallized calcite CaCOj;.
Following PEG modification, the remarkable attenuation of
CaCO;j; diffraction peaks demonstrates effective surface coating.
After carbonization, the C-PEG@ES pattern shows reappearance
and intensification of certain CaCO; peaks, indicating struc-
tural reorganization and pore formation which can enhance
drug loading capacity through increased surface area. Simul-
taneously, the emergence of CaO phases confirms partial
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Fig. 1

© 2026 The Author(s). Published by the Royal Society of Chemistry

(a) Nitrogen adsorption—desorption isotherms, (b) distribution curves.
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Fig. 2 SEM images of ES (a and b) and C-PEG@ES (c and d).

decomposition of CaCO; under thermal treatment. Most
notably, the graphitic carbon peak at approximately 28°
provides conclusive evidence of successful carbonization,

forming a stable carbon framework. These transformations
collectively verify the formation of a hybrid nanocomposite
wherein the restructured CaCO; enables pH-triggered drug
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Fig. 3 (a) Size distribution, (b) XRD patterns, (c) FTIR spectra, (d) XPS spectra.
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release in acidic tumor microenvironments, while the carbo-
naceous matrix ensures structural stability. The synergistic
combination of these structural features results in significantly
improved drug loading capacity and controlled release proper-
ties, making the composite particularly suitable for tumor
therapy applications.

The chemical structure composition of ES, PEG@ES, and C-
PEG@ES were further investigated using Fourier-transform
infrared (FTIR) spectroscopy in Fig. 3c. The spectrum of pris-
tine eggshell (ES) displayed characteristic calcite CaCO;
absorptions, including vibrations at 1799 em * and 1437 cm ™.
Successful PEG modification was confirmed by emerging
vibrational modes at 3380 cm™ ' (~OH), 2900 cm™ ' (C-H), and
1117 ecm™ ' (C-O-C). The -carbonization process induced
profound structural transformations in C-PEG@ES, character-
ized by the complete disappearance of PEG fingerprints and

View Article Online
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decomposition and structural rearrangement. These trans-
formations directly enhance the material's drug delivery func-
tionality. The decomposition of organic components creates
a porous architecture that significantly increases specific
surface area, providing abundant active sites for drug loading.
The preserved CaCO; maintain pH-responsive characteristics,
enabling targeted drug release in acidic tumor microenviron-
ments. The synergistic combination of these structural features
results in substantially improved drug loading capacity and
controlled release properties, making the nanocomposite
particularly suitable for tumor therapy.

The chemical compositions of ES, PEG@ES, and C-PEG@ES
were analyzed by X-ray photoelectron spectroscopy (XPS), as
shown in Fig. 3d. For pristine ES, its primary components are
calcium carbonate (CaCOj3) and proteins corresponding to the
characteristic peaks at 283 eV (C1s), 348 eV (Ca2p), 438 eV

attenuation of carbonate bands, indicating thermal (Caz2s),529 eV (O1s), and 397 eV (N1s) respectively. The presence
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Fig. 4 High-resolution (a—c) Cl1s, (d—f) Ols, and (g—i) N1s spectra of ES, PEG@ES, and C-PEG@ES.
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of the N1s peak further confirms the existence of proteinaceous
components in ES. Upon PEG modification (PEG@ES), the Ca2s
and N1s peaks nearly disappeared, while the Ca2p peak inten-
sity significantly decreased. This observation suggests the
successful loading of PEG onto ES, which shielded the internal
CaCO; and protein components. Interestingly, in the C-
PEG@ES nanocomposite, the Ca2p (348 eV) and Ca2s (438 eV)
peaks reappeared, indicating that the carbonization process
induced a porous and loosened structure in the surface PEG
layer, thereby re-exposing the internal CaCOj;. This observation
demonstrates not only the successful loading of PEG onto ES
but also the formation of a porous architecture after carbon-
ization. The generated porous framework provides abundant
active sites for the loading of anticancer drugs such as doxo-
rubicin (DOX), confirming the successful preparation of the
designed composite material.

To further investigate the loading efficiency of PEG, the
chemical environment of ES, PEG@ES, and C-PEG@ES were
analyzed by high-resolution XPS spectra. Fig. 4a—c displays the
C1s high-resolution spectra of the three samples. For pristine
ES, the C1s spectrum reveals characteristic peaks correspond-
ing to CO;>~, 0=C-0, C-0, and C-C, consistent with its CaCO;
and protein composition. After PEG modification (PEG@ES),
the intensities of the CO;*~ and O=C-O peaks significantly
decreased, while the C-O peak intensified, indicating the
effective coverage of ES by PEG. Notably, upon carbonization (C-
PEG@ES), the O=C-O and C-O peaks nearly vanished,
accompanied by a marked enhancement of the CO;>" peak.
This observation suggests that the carbonization process
induced a porous structure in the PEG layer, re-exposing the
underlying CaCO;. The O1s spectral evolution in Fig. 4d-f
further corroborates the successful loading and carbonization
of ES by PEG. After PEG modification (PEG@ES), the CO;>~ peak
was obscured, and the C=0 peak dominated. After carboniza-
tion, the CO;>~ peak intensity enhanced, whereas the 0=C-O
and C-O peaks diminished drastically, confirming the removal
of PEG and the re-emergence of CaCO;. The nitrogen element,
primarily originating from proteins in the eggshell (ES), also

160
Ko a

T

” —&—ES

£120 -
&,
=100 -
-5}
= 80+
(=]
W

5 60
-
o 401

520-

=]
> 0

—=— PEG@ES
C-PEG@ES

0.0

02 04 06 08 10
Relative Pressure (P/P

Fig. 5

410 | RSC Sustainability, 2026, 4, 404-416

View Article Online

Paper

exhibited significant changes. As shown in Fig. 4g-i, the N1s
peak intensity decreased sharply after PEG encapsulation,
implying shielding of protein components by the PEG layer.
Following carbonization, the N1s signal almost disappeared,
which can be attributed to the thermal decomposition of
proteinaceous biomolecules during high-temperature treat-
ment. The structural transformations create significant advan-
tages for drug delivery. The carbonized PEG forms a porous
network that enables drug adsorption through m-m stacking
and hydrophobic interactions, while the re-exposed CaCO,
surfaces provide abundant active sites for potential drug-
loading applications and pH-responsive release capability.
The resulting mesoporous architecture facilitates controlled
diffusion kinetics, and the removal of protein components
enhances biocompatibility. This synergistic combination of
carbon matrix and calcium carbonate establishes a multifunc-
tional platform that integrates high loading capacity with
stimuli-responsive drug release properties for enhanced
chemotherapeutic efficacy.”

The nitrogen adsorption-desorption isotherms of the three
samples (Fig. 5a and b) revealed critical impact into their
surface area and pore structure, which are pivotal for evaluating
their potential as nanodrug carriers. Notably, the isotherm of
the PEG-coated eggshell powder after carbonization (C-
PEG®@ES) exhibited a typical Type IV adsorption-desorption
profile, indicative of a well-developed mesoporous structure. In
contrast, the untreated PEG-coated eggshell particles displayed
no hysteresis loop, while the ultrafine eggshell particles showed
a minor hysteresis loop. This distinct divergence in hysteresis
behavior can be attributed to the role of PEG in encapsulating
the eggshell particles, which effectively blocked the interparticle
stacking pores. According to the updated IUPAC classification,
the pronounced hysteresis loop observed in the C-PEG@ES
sample aligns with the H3-type, typically associated with slit-
like pores, wedge-shaped structures, or plate-like configura-
tions. These findings suggest the formation of a porous archi-
tecture within the material. The observed porous architecture
originates from the carbonized PEG layer formed during high-
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(a) Nitrogen adsorption—desorption isotherms, (b) distribution curves.
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temperature treatment, which adheres to the eggshell particle
surface. The mesoporous carbon layer provides high specific
surface areas for drug adsorption, while the interconnected
pore network could facilitate the potential for drug loading.
These structural features collectively highlight the promising
drug delivery potential of the synthesized C-PEG@ES material.
The pore size distribution, derived from the adsorption branch
of the nitrogen isotherms in Fig. 5b, further elucidates the
properties of the samples. For fine eggshell powder, the broad
pore distribution arises from the interparticle stacking of fine
particles. Upon PEG coating, the adhesion between particles
significantly reduces these interparticle voids, as evidenced by
the diminished pore volume. Remarkably, after high-
temperature carbonization, the C-PEG@ES sample exhibits
two distinct pore size peaks at 5 nm and 20 nm, with an average
pore diameter of 15.5 nm. This distribution confirms the
formation of a porous carbon layer derived from the thermal
decomposition of PEG on the eggshell surface, corroborating
the abundant mesoporous structure.

Table 1 summarizes the specific surface area and pore
volume data for the three samples. The ultrafine eggshell
powder exhibits a relatively large surface area of 12.3 m”> g~
after crushing and superfine. However, PEG coating induces
particle agglomeration, drastically reducing the surface area by
over 70% to 3.5 m” g~ . Remarkably, thermal treatment reverses
this trend, the carbonization of PEG generates a porous carbon
film on the eggshell surface, amplifying the surface area to 75.6
m?® g~ '—a sixfold increase compared to the pristine eggshell.
This enhancement aligns with the pore volume data, the
carbonized sample shows a 59-fold rise in micropore volume
and a 12-fold increase in mesopore volume compared to the
untreated PEG-coated sample. The mesoporous carbon layer
and the increased surface area provides ample space for drug
adsorption. These structural advantages strongly suggest that C-
PEG@ES could achieve high drug-loading capacities as
a promising candidate for drug delivery.

As shown in Fig. 6a, the drug loading capacity of both C-
PEG@ES and ES increased over time. The drug loading of ES
reached a maximum of 18.03% at 30 min, while that of C-
PEG@ES gradually plateaued at 80 min with a loading
capacity of 57.79%. These results indicate that, compared to
pristine ES, the C-PEG@ES composite possesses a more porous
structure and greater availability of surface active sites, result-
ing in continuous adsorption of more oxaliplatin (OXA) over
time. After 80 min, the number of available adsorption sites on
C-PEG@ES decreased significantly, and further increasing the

Table1 Surface area and porous structure parameters of ES, PEG@ES,
and C-PEG@ES

Sample ES PEG-ES C-PEG-ES
Surface area (m”> g %) 12.3 3.5 75.6
Average pore size (nm) 19.4 36.8 15.5
Micropore volume (cm?® g™ ) 0.003 0.001 0.06
Mesoporous volume (cm® g ™) 0.068 0.024 0.285
Total pore volume (cm?® g™) 0.071 0.025 0.345
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loading time did not notably enhance the drug loading, indi-
cating that equilibrium had been reached. The significantly
improved drug loading capacity of C-PEG@ES demonstrates its
promising potential as an efficient drug carrier.

The time-dependent pH changes of PBS solutions after
Addition of C-PEG@ES at different initial pH values are shown
in the Fig. 6b. When the initial pH was 7.4, the pH of the
solution remained largely constant, indicating minimal
decomposition of C-PEG@ES and demonstrating its high
stability under physiological conditions. Notably, at pH
6.7(representative of the typical tumor extracellular microenvi-
ronment), the system effectively elevated the pH to 7.1,
demonstrating its significant modulation capacity under mildly
acidic conditions. At an initial pH of 6.2, the pH gradually
increased over time, reaching 7.0 after 5 hours, suggesting
partial decomposition of C-PEG@ES and its moderating effect
on the acidity of the solution. With a further decrease in initial
pH to 5.0, the pH increase became more pronounced, rising to
6.2 within 15 hours, which reflects enhanced decomposition
under more acidic conditions. These results confirm the pH-
responsive behavior of C-PEG@ES and highlight its potential
to modulate the acidic tumor microenvironment.

To evaluate the drug release behavior of the C-PEG@ES
nanocarrier system, in vitro simulated tests were conducted
under varying pH conditions. First, the calcium ion (Ca®")
release profile of the C-PEG@ES composite was investigated
under varying pH conditions. Four pH values were selected: pH
5.0 (mimicking the acidic tumor microenvironment), pH 7.4
(simulating normal physiological conditions), pH 6.7(repre-
sentative of the typical tumor extracellular microenvironment)
and an intermediate pH 6.2. As shown in Fig. 6¢, Ca®" release
exhibited strong pH dependence, with significantly accelerated
dissolution rates under acidic conditions. Specifically, the
cumulative Ca®" release at pH 5.0 far exceeded that at pH 7.4
over the same time interval. This behavior is attributed to the
rapid dissolution of the internal CaCO; component in acidic
environments. These results suggest that the C-PEG@ES
composite can selectively degrade in the tumor microenviron-
ment, releasing the loading drug while simultaneously
neutralizing the acidic microenvironment through CaCO;
dissolution. This pH-modulating effect may further inhibit
tumor cell invasion. Notably, at pH 6.7, the Ca*' release reached
approximately 165 ppb, demonstrating a moderate but signifi-
cant response between the acidity of the typical tumor extra-
cellular microenvironment and the C-PEG@ES composite.

Subsequently, the pH-dependent drug release kinetics of the
C-PEG@ES system were analyzed using OXA (Fig. 6d). At pH 7.4
(normal tissue conditions), drug release was negligible,
demonstrating the system's stability under physiological
conditions. In contrast, a rapid and sustained drug release was
observed at pH 5.0 (tumor microenvironment), with the
cumulative release reaching 80%. The minimal release at pH 7.4
ensures targeted delivery to tumor sites, while the accelerated
release under acidic conditions enhances therapeutic efficacy.
At the tumor extracellular pH of 6.7, the system showed
moderate yet substantial drug release, achieving approximately
45% cumulative release, indicating its responsive behavior even
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Fig. 6 (a) Drug loading capacity of C-PEG@ES, (b) pH change with different initial pH values over time, (c) release profiles of Ca®* from C-

PEG@ES, (d) release profiles of Pt from C-PEG@ES.

in mildly acidic conditions. These findings highlight the pH-
responsive drug release behavior of the C-PEG@ES, enabling
tumor-specific delivery. Besides, its CaCO; component acts as
a microenvironment modulator to inhibit tumor cell invasion.

When nanocarriers enter human tissue fluid, they attract
proteins that assemble into an adsorption layer on their surface,
a unique structure known as the “protein corona” (PC). The
protein corona not only alters the physicochemical properties of
the nanocarriers but also directly affects their biological
behavior.*®*** To investigate the potential impact of protein
corona formation on drug release kinetics, we conducted
supplementary experiments by preparing PBS solutions sup-
plemented with fetal bovine serum to simulate the physiolog-
ical environment. The drug release profiles were systematically
evaluated wunder these physiologically relevant
ditions(Fig. 7). As shown in Fig. 7, the cumulative drug release
from protein corona-coated carriers reached approximately
48.1%, compared to their non-corona counterparts. During the
initial 2-hour period, the corona-formed samples demonstrated
significantly slowed release kinetics, with substantially lower
release amounts than the control group. However, over time,
the release profile gradually approached that of the control,
with the difference between the two continuously diminishing.
Overall, the formation of the protein corona reduced the

con-
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cumulative release of OXA by approximately 5% and notably
slowed the drug release kinetics.

Overall, the performance of our material is competitive with
that of other advanced nanocarriers reported in the literature
(Table 2).**
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Fig. 7 Release profiles of Pt from C-PEG@ES and C-PEG@ES-FBS.
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Table 2 Surface area, porous structure parameters and the release behavior of C-PEG@ES and other similar reported nanocarriers based CaCOs3

and carbon

Surface area Average pore The release behavior
Sample (m*>g™) diameter (nm) of drug (pHS5.0) Ref.
N2HMCN 162 6.17 33% 14
ACC 360 8-9 90% 43
CaCO;/GG 113 3-30 68% 44
Micro-CNs 435 2.5 35% 45
PAA-CD-CaCO; 36 23 30% 46
PSFCaCO;-PEG — — 76.6% 47
C-PEG-ES 75.6 15.5 80% This work

This study systematically evaluated the biocompatibility of
C-PEG@ES nanomaterials and the antitumor efficacy of its
drug-loaded system using BMSC, UMR-106, and CT26 cell
models, with cell viability assessed by the CellTiter-Glo (CTG)
assay. As shown in Fig. 8a, the pristine C-PEG@ES nano-
materials maintained cell viability above 95% after 24 and 48
hours of co-culture with BMSCs, demonstrating minimal cyto-
toxicity and excellent biocompatibility. The cytotoxicity of C-
PEG@ES-OXA and C-PEG@ES-DOX systems against UMR-106
and CT26 cells was further investigated. Both drug-loaded
systems significantly reduced cell viability. After 24 hours of
co-culture with C-PEG@ES-OXA, the viability of CT26 and UMR-
106 cells decreased to approximately 50% and 42%, respec-
tively, indicating substantial antitumor efficacy with a more

()

pronounced effect on UMR-106 cells. In comparison, treatment
with C-PEG@ES-DOX for 24 hours resulted in viability rates of
approximately 45% for CT26 cells and 50% for UMR-106 cells,
demonstrating stronger antitumor activity against CT26 cells.

As shown in Fig. 8b, BMSCs cultured in control medium and
C-PEG@ES-containing medium exhibited robust proliferation,
with the majority of cells displaying green fluorescence (indi-
cating high viability) and minimal red fluorescence signal
(indicating dead cells). This further confirms the minimal bi-
otoxicity and good cytocompatibility of the drug carrier toward
normal cells.

The live/dead cell staining assay further confirmed the
antitumor efficacy of C-PEG@ES-OXA and C-PEG@ES-DOX. As
shown in Fig. 9, both CT26 and UMR-106 cells cultured in
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(a) Cell viability assays of BMSC, UMR-106 and CT26, (b) live-dead staining of BMSC treated with control and C-PEG@ES.
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Fig. 9 Live-dead staining of UMR-106 and CT26 cells treated with C-PEG@ES-OXA and C-PEG@ES-DOX.

medium containing C-PEG@ES-OXA exhibited significant
apoptosis. Compared with Fig. 8b, a notable reduction in green
fluorescence and increased red fluorescence signals were
observed. Furthermore, UMR-106 cells showed lower viability
than CT26 cells, as indicated by a more pronounced increase in
red fluorescence accompanied by a simultaneous decrease in
green fluorescence. These results further demonstrate the
stronger cytotoxic effect of OXA against UMR-106 cells. Simi-
larly, both CT26 and UMR-106 cells treated with C-PEG@ES-
DOX also displayed substantial apoptosis. In contrast to the
OXA-loaded system, CT26 cells showed lower viability than
UMR-106 cells, with markedly enhanced red fluorescence and
weakened green fluorescence. These findings confirm that DOX
exhibits stronger killing activity against CT26 cells. The differ-
ential cytotoxicity profiles of C-PEG@ES loaded with different
drugs highlight its great potential as a versatile drug carrier.
Moreover, the robust tumor-killing efficacy exhibited by drug-
loaded C-PEG@ES against various cancer cell types suggests
broad application prospects in the field of cancer therapy.

4. Conclusion

In summary, biomass waste eggshells were utilized as a calcium
carbonate source to construct a carbonaceous chrysalis-like
structure. By coating the eggshell core with polyethylene
glycol (PEG) followed by carbonization, a loose and porous
carbon-based drug carrier (C-PEG@ES) was successfully

414 | RSC Sustainability, 2026, 4, 404-416

fabricated for tumor-targeted drug delivery. The prepared C-
PEG@ES nanomaterial demonstrated pH-responsive drug
release behavior in the weakly acidic tumor microenvironment,
where the decomposition of CaCOj; accelerated drug release and
synergistically induced cancer cell apoptosis. Additionally, the
CaCO; component neutralized the acidic tumor microenviron-
ment, effectively inhibiting cancer cell invasion into adjacent
normal tissues. This work provides a sustainable strategy for
developing eco-friendly, pH-responsive drug carriers using
biowaste-derived materials, showing promising potential for
precision cancer therapy.
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