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ABSTRACT: Excessive Fe?* accumulation in tumors has been
extensively studied as a target for ferroptosis-based cancer therapy.
A carbon nanoparticle—Fe(II) complex through suspension
injections (CNSI—Fe) has been established as a delivery system
of Fe®" for tumor inhibition through ferroptosis. However, it is still
largely unknown about the Fe** delivery mechanism through CNS],
which is critically urgently needed for the clinical trials of CNSI—
Fe. Herein, the Fe’" delivery mechanism is derived by combining
theoretical and experimental investigations in comparison with the
Cu’* the Zn** adsorption by CNSIL. The similarity is that all three
metal ions undergo heterogeneous chemisorption through hydro-
gen bonds formed between the oxygen-containing groups of CNSI
and the coordination water of the metal ions. The differences lie in
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the fact that CNSI exhibits cluster-mediated adsorption for Fe®’, multilayer adsorption for Cu®*, and primarily single-layer
adsorption with loose ion stacking for Zn**. The formation of Fe** clusters is attributed to the bidentate coordination of SO}~ with

Fe®', so the hydrogen bonds between the outer-layer SO;~ of the

Fe" clusters and the oxygen-containing groups of CNSI also

contribute to Fe?* delivery. This unique Fe?* delivery mechanism, mainly based on the acidic formulation and mesoporous
characteristics, makes CNSI—Fe highly valuable for clinical ferroptosis-based cancer therapy.

B INTRODUCTION

Excessive iron accumulation in tumors arouses intense
oxidative stress and initiates ferroptosis. This phenomenon
has been adopted for cancer therapy, where Fe-containing
nanoparticles (NPs) are considered an emerging nanomedicine
for ferroptosis-based cancer therapy. For instance, Wang et al.
modified ferrous sulfide NPs with a carbonic anhydrase
inhibitor (CAI) to release CAI, Fe**, and H,S, which initiated
the Fe*"-mediated Fenton reaction to start ferroptosis for
efficient tumor inhibition." In Liang et al’s investigation, the
renal clearable ultrasmall single-crystal Fe NPs were effective in
inducing immunogenic cell death and tumor cell ferroptosis.”
A near-infrared (NIR) light-triggered Fe** delivery agent
(LET-6) was disclosed by He et al.” When NPs were exposed
to laser irradiation, their thermal expansion caused LET-6 to
release Fe’*. Li et al. delivered Fe®* via metal—organic
framework ZIF-8 NPs, where the ferroptosis stopped MDA-
MB-231 cells and tumors from growing.4 However, Fe-
containing NPs face lots of challenges, such as complex
formulation, difficulty in large-scale manufacture, and batch-to-
batch variability, as well as crucial toxicity and safety problems
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for clinical applications. Beyond the common challenges faced
by nanomedicine, the major challenge for Fe-containing NPs
in ferroptosis-based cancer therapy is releasing enough Fe** in
a short time to reach an effective concentration.
Alternatively, recent progress has been made in the field of
microextraction of heavy metal ions using carbonaceous
materials, on which there are many oxygen-containing groups
(OG) to interact with metal ions.’ Among those promising
carbon nanomaterials, carbon nanoparticle suspension in-
jection (CNSI), also known as Canarine, is the only
commercially and clinically utilized carbon nanomaterial.
CNSI is mainly applied in staining the tumor drainage
lymph node black after intratumoral injection during
surgery.”” Experimental and clinical studies have proven the
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Figure 1. Specification of the surface and defect systems (a) and the oxidized carbon surface and defect layers with the distribution of their oxygen-

containing group (b).

biosafety of CNSL®’ Moreover, CNSI also finds new
applications in other biomedical areas, such as drug carriers,
photothermal therapy, and immune adjuvants.'”~"® When
CNSI is simply mixed with Fe** ions, the CNSI—Fe complex
could be easily prepared as a black suspension.'* CNSI—Fe
could efficiently load Fe®* into tumor cells, which demon-
strated high antitumor efficiency. The intratumoral injection of
CNSI—Fe resolved the Fe®" buildup issue in the tumor, and
the good biosafety of carbon enabled its safe use. CNSI—Fe
has been established in the ferroptosis-based therapy of
multiple tumor models.'”'> CNSI—Fe has been approved for
clinical trials (National Medical Products Administration’s
Center for Drug Evaluation: No. CTR20222235) and is
currently under the evaluation of the Phase II trial. However, it
is still not clear how CNSI effectively delivers and releases Fe>*
after intratumoral injection. The lack of a delivery mechanism
of Fe?* by CNSI largely hinders the clinical application and
commercialization of CNSI—Fe. Therefore, it is crucial to
thoroughly investigate the delivery mechanism of CNSI—-Fe at
the molecular level.

Molecular dynamics (MD) simulations provide dynamic and
high-resolution details, which are instrumental in gaining a
deep understanding of the adsorption and delivery properties
"7 For example, Tang et al.
investigated the adsorption of aromatic compounds on
graphene oxide (GO), where theoretical calculation demon-
strated that the adsorption capacity was mainly guided by the
7-stacking ability of aromatic compounds.'® Hou et al. studied
the structural, dynamical, and interfacial behavior of calcium
and sulfate ions in the vicinity of the GO sheet and pointed out
the effects of surface properties on the behavior of ions and
four surface types.'” However, there are almost no MD studies
of the adsorption and interaction of Fe?* by carbon
nanomaterials.

. 1.16
of carbon nanomaterials.
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In this study, we aimed to explore the delivery mechanism of
Fe’* by CNSI in the ferroptosis-based cancer therapy by
CNSI-Fe. Experimental approaches were carried out to
characterize the structures and functional groups of CNSI—
Fe and measure the adsorption behaviors of Fe**, Cu?*, and
Zn*" on CNSL Based on the characteristics of CNSI and the
acidic environment of the CNSI—Fe system, surface and defect
oxidation models were constructed for the CNSI—Fe, CNSI—
Cu, and CNSI—-Zn systems. Combining with the experimental
results, the similarities and differences of MD simulations were
analyzed at the atomic/molecular level to elucidate the Fe*
delivery mechanism. Further, the implications for the clinical
applications of CNSI—Fe are discussed.

B MATERIALS AND METHODS

Adsorption Experiments. CNSI was provided by
Chongqing Lummy Pharmaceutical Co., Ltd. and carefully
characterized (Supporting Information). CNSI and different
amounts of Fe?*, Cu**, and Zn?" solutions were mixed, and the
volume was fixed with aqueous hydrochloric acid solution (pH
3.0). The adsorption was carried out by a vapor-bath shaker at
37 °C and 110 rpm for different times of oscillation to reach
equilibrium. Then, an appropriate amount of the solution was
taken out, added to a 30 kDa ultrafiltration tube, and
centrifuged at 4000 rpm for 10 min. The filtrate was subjected
to different complexation reactions and was fixed to a volume.
Finally, the concentrations of Fe?*, Cu*, and Zn** solutions
(C, at different time points and C, at 180 min) were
determined by a UV—vis spectrophotometer at 510, 455, and
620 nm, respectively. Please refer to the Supporting
Information for specific reagents, apparatus, and solution
configurations.

Equation 1 was used for the calculation of the adsorption
capacity. The adsorption kinetics data for Fe**, Cu**, and Zn**
adsorption were treated with the following pseudo-first-order™’
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Figure 2. Characterization of starting material C40 in CNSI. (a) TEM image of C40, (b) dynamic light scattering (DLS) particle size distribution
of CNSJ, (c) N, adsorption/desorption isothermal curve of C40, and (d) pore size distribution of C40.

(eq 2) and pseudo—second-order21 models (eq 3) in linear
forms:

(G -V
LA (1)
In(qe - qt) =Ingq - kit )
t 1 t
R > 4+ —
9, k9. 4, (3)

where g, (mg-g™") and g, (mg-g™") are the adsorption amount
at moment t and the equilibrium adsorption capacity,
respectively; C, (mg'L™') and C, (mgL™") are the initial
concentration and the concentration at moment ¢ of metal
ions, respectively; V (mL) is the solution volume; m (g) is the
amount of the CNSI adsorbent; t (min) is the time; k, (min™")
is rate constant of the pseudo-first-order model, and k, (g
mmol"‘min~') is rate constant of the pseudo-second-order
model.

The isothermal adsorption data were fitted with the
Langmuir model”* (eq 4), the Freundlich model” (eq 5),
and the Temkin model** (eq 6).

22528

quLCe
T T+ xC (4)
_ 1/n
qe - KFCe (5)
q,=BInA+BInC (6)

where g, (mg-g™') is the maximum adsorption capacity, C,
(mg-L™") is the concentration of metal ions at equilibrium,
Langmuir’s constant K; (L-mg™") is related to the energy of
adsorption, Freundlich’s constant Ky (mg-g™")-(mg-L™") ™" is
indicative of the relative adsorption capacity of the adsorbent,
the linear exponent n is lying in the range of 1-10 for
classification as favorable adsorption, Temkin’s constant B
(mg-g™") is about the variation of adsorption energy, and A
(mg-L™") is the equilibrium binding constant.

MD Modeling and Method. According to the acidic
formulation of CNSI—Fe, the oxygen-containing groups only
included carboxyl (—COOH), hydroxyl (—OH), and epoxy (—
0-).”® Both models were built by a water box with 2400 H,0O
molecules, an FeSO, solution box with 24 Fe** ions, 24 SO}~
ions, and 1600 H,O molecules, and a carbon box with three
37.71 X 36.28 A’ graphene layers with 24 oxidized groups
(Figure 1). For the surface, only the top layer was oxidized,

https://doi.org/10.1021/acs.jpcc.5c05997
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while for the three defect layers, the upper two layers were
excavated with two sizes of hexagonal holes, whose side lengths
were 8 and 6 times the width of benzene, respectively. As a
result, three surface systems and three defect systems were
built: Surf—~CNSI-Fe—COOH, Surf—CNSI-Fe—OH, Surf—
CNSI-Fe—0—, defect—CNSI-Fe—COOH, defect—CNSI—
Fe—OH, and defect—CNSI—Fe—O— systems. Similarly, 12
CNSI-Cu and CNSI-Zn models were built.

All water boxes and FeSO, solution boxes were optimized,
followed by 200 ps NVT and 200 ns NPT MD simulations
before they were included in the systems. Then, all the systems
were reoptimized and run 500 ps equilibration at the NVE
ensemble. At last, they were performed in the NVT ensemble
for S ns to prepare the final analysis. All the MD simulations
were performed with the COMPASS force field”® using the
Forcite module of the Materials Studio 2008 programs.”” Time
steps and temperatures were 1 fs and 300 K, respectively. The
Berendsen thermostat and barostat were applied to control the
temperature and pressure, respectively.”” The long-range
electrostatic forces were calculated through the Ewald
summation routine.”’

B RESULTS AND CONCLUSIONS

Characterization of CNSI. C40, the starting material of
the CNSI, showed a diameter of 20.4 nm under transmission
electron microscopy (TEM) (Figure 2a). Due to n—7
interactions and hydrophobic interactions, significant aggrega-
tion of carbon NPs occurred during the preparation of CNSI
suspension, which was reflected by the hydrodynamic diameter
of 211.8 = 3.0 nm (Figure 1b). In the N, adsorption/
desorption isothermal curves of C40, the adsorption curves
during pressure increase and the desorption curves during
pressure decrease did not overlap, but formed a mesoporous
hysteresis loop, which was assigned to a type IV isotherm of
the H1b-type hysteresis loop (Figure 2c). The specific surface
area of C40 was 107.7 m>g™" and the pore volume was 0.41
cm®g~!, as measured by Brunauer—Emmett—Teller (BET).
The pore size distribution was mainly at 28 nm (Figure S1d).
Compared to C40, there was a decrease in the oxygen content
after making the CNSI suspension (Table S1) from 4.60 to
2.49%, a reduction of 2.11%. These results collectively
indicated the presence of mesopores with large pore sizes
and oxygen-containing groups on CSNI, which served as the
basis for the construction of the defect model (Figure 1).

Adsorption of Metal lons on CNSI. Figure S1 presents
the adsorption kinetics of Fe**, Cu®**, and Zn>* by CNS]I,
showcasing the time-dependent behavior of the adsorption
process. The adsorption of ions reached 90% of the
equilibrium adsorption within 30 min, and a slow increase
was observed at the later stage. Therefore, the adsorption time
of CNSI for metal ions was considered to be 30 min. The
pseudo-first-order model and the pseudo-second-order model
of adsorption kinetics were fitted at intermediate concen-
trations. The relevant parameters of adsorption kinetics are
listed in Table 1. The R* values of the pseudo-second-order
kinetic model (>0.99) were higher than those of the pseudo-
first-order kinetic model, indicating that the pseudo-second-
order kinetic model better fitted the adsorption kinetic data of
three metal ions. Moreover, the qgal(Fe2+) of 9.38 mgg™’,
g(Cu*) of 6.79 mg-g™", and ¢=(Zn**) of 1.79 mg-g™" fitted
by the quasi-second-order kinetic model were very close to the
measured values of goP(Fe*") of 9.24 mg-g™', qo®(Cu®") of
6.70 mg-g~', and q®(Zn**) of 1.73 mg-g™', further

Table 1. Parameters of Adsorption Kinetics and Isotherms
for the Adsorption of Fe?*, Cu®, and Zn>* by CNSI

model parameter Fe?* Cu** Zn>*
g%, mg-g™ 9.24 6.70 1.73
pseudo-first-order R 0.9805 0.1660 0.5200
ky, min~! 0.0215 0.0001 0.0009
s, mg-g~! 10.23 16.05 2.92
pseudo-second- R? 0.9992 0.9997 0.9996
order k, 0.028 0.167 0.137
g~mmol_1~min_1
¢<™, mg-g~! 9.38 6.74 1.79
Langmuir R? 0.5427 0.8096 0.8402
Ky, L'mmol™ 5.025 0.003 0.005
Gy Mg " 8.80 30.01 822
Freundlich R 0.9102 0.9100 0.7896
1/n 0.056 0.493 0.600
Ky, 7.185 0.824 0.168
mng/n'g_l-L_l/n
Temkin R 0.9152 0.8034 0.8654
InA 15.244 —2.500 —3.240
B, mgg”’ 0.468 4.760 2.046

demonstrating the applicability of this model. The pseudo-
second-order kinetic model is suitable for describing the
complex dynamic behavior of the adsorption process, which
not only takes into account the physical diftusion process but
also emphasizes the dominant role of chemisorption.’”*" On
the other hand, the pseudo-second-order adsorption rate
constants k,(Fe?*) < k,(Zn**) < k,(Cu®") indicated that the
adsorbent CNSI adsorbed Cu** at the fastest rate and Fe** at a
slowest rate. However, the Fe" adsorption rate is significantly
lower than those of the other two, suggesting that the
adsorption characteristics of the CNSI—Fe system differ from
those of the other two.

Figure S2 shows the experimental isothermal adsorption
curves for the CNSI—Fe, CNSI—Cu, and CNSI-Zn systems,
revealing the relationship of maximum adsorption capacities g,
(Cu*, 22.7 mg-g™") > q,, (Fe*', 92 mg.g™') > g, (Zn*, 4.3
mg-g~"). Notably, the adsorption isotherm of CNSI for Cu**
followed a typical BET multilayer adsorption model.””~** The
flatter region in the middle represents the formation of a
monolayer. At the knee, monolayer formation began and
multilayer formation occurred at medium concentrations. At
higher concentrations, capillary condensation occurred. This
not only explained why CNSI had a much higher q,, for Cu**
than for the other two metal ions but also explained why the
adsorption rate constant k, of the pseudo-second-order model
for CNSI—-Cu was negative.

The fitting curves of the Langmuir, Freundlich, and Temkin
isotherm adsorption models for the three ions are shown in
Figure S3, and the related fitting parameters are listed in Table
1. The R* value of the Freundlich model (0.9100) indicated
that the Freundlich model was more suitable for describing the
Cu’" adsorption by CNSI than those of the Langmuir model
(0.8096) and Temkin model (0.7994), indicating that it was a
multilayer heterogeneous adsorption.””* For Zn>* adsorption,
the Temkin and Langmuir models fitted relatively well,
although their R? values are only 0.865 and 0.840, respectively,
implying that the adsorption behavior was closer to single-layer
heterogeneous adsorption.

However, the isothermal fitting indicates that single-layer
adsorption did not apply to the adsorption of Fe** by CNSI,
with a Langmuir R value of only 0.5427. In contrast, the R*

https://doi.org/10.1021/acs.jpcc.5c05997
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Figure 3. Snapshots of MD simulations for Surf~CNSI-Fe—COOH, Surf—CNSI-Fe—OH, Surf—~CNSI-Fe—O—, defect—CNSI-Fe—COOH,

defect—CNSI—Fe—OH, and defect—CNSI—Fe—O—.

values for the Temkin and Freundlich models reached 0.911
and 0.910, respectively. Additionally, the Freundlich parameter
Ke (7.1859 mg”l/”'g_l‘L_l/"), representing the adsorption
capacity, was significantly larger than those for Cu®* (0.8236
mg'™/"g L") and Zn** ions (0.1675 mg'*/"g L 7M");
parameter n, representing the adsorption strength, also
exhibited this trend. Similarly, parameter A, representing
binding capacity in the Temkin model, was also unusually
large.’”*® Since the g,, of CNSI toward Fe®* falls between
those of Cu** and Zn*', neither single-layer nor multilayer
adsorption was suitable for Fe?*. It was reasonable to conclude
that Fe*" delivery by CNSI involved a heterogeneous specific
adsorption process.

Unraveling Fe?* Adsorption of CNSI-Fe by MD
Simulations. Many adsorbents with metal ion adsorption
capacity are chemisorption.”” ** It has been proposed that
oxygen-containing groups play an important role, but almost
none of them have addressed the specific atomic-level
interactions involved. MD simulations are useful in exploring
the details of Fe** chemisorption by CNSL. Figure 3 shows the
snapshots of Surf-CNSI-Fe—OH, Surf—CNSI-Fe—O-,
defect—CNSI—Fe—COOH, defect—CNSI—Fe—OH, and de-
fect—CNSI—Fe—O— systems during the production run. The
ions in the defect—CNSI—Fe systems seemed to be closer to
the interface and more densely packed than those in the
surface—CNSI—Fe system. Moreover, Fe>* and SO}~ ions in
the defect—CNSI—Fe—OH system appeared to be more tightly
adsorbed to the interface than those in other systems.
Furthermore, SO} ions were surrounded by Fe** ions,
which in turn continued to adsorb SO3™. As a result, Fe*
tended to aggregate with Fe®*, showing a tendency to form
clusters.

The radial distribution function (RDF)* was first used to
explore the commonalities between the surface and defect
systems. Figure 4a,h shows that all the RDF curves between
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Fe** and O of oxidized groups had no peaks before 4 A,
indicating that Fe** did not directly coordinate to the oxygen-
containing groups (OG) on the surface. The sharp peaks at
2.03 A for Fe** vs O(H,0) RDF curves (Figure 4b,i) meant
that Fe?* were strongly coordinated with the O of water. The
RDF curves for Fe** vs O(SOj;™) (Figure 4ck) exhibited three
distinct peaks. The first peak at 2.48 A represented Fe®"
coordinating with two Os in the SO} —bidentate coordina-
tion. The second peak at 3.13 A indicated that Fe®"
coordinated with only a single O in the SO} —monodentate
coordination. Furthermore, the intensity of the first peak was
greater than that of the second peak, indicating that FeSO, was
more prevalent in the bidentate form. This was basically
consistent with the quantum mechanics calculations in Table
S2, where the Fe—S distance in the bidentate coordination is
2.65 A. Tt should be noted that the Fe—S distance in the
monodentate coordination is 2.85 A. The bidentate FeSO,
complex had a lower energy and was more stable than the
monodentate complex. The third peak at 4.48 A represented
the electrostatic interaction between solvated Fe** and SO;.

On the other hand, as shown in Figure 4d,j, all kinds of the
oxygen-containing groups formed hydrogen bonds with water
at 2.7 A, indicating that the interface was solvated. In addition,
the oxygen-containing groups —COOH and —OH (Figure
4e]l) also formed hydrogen bonds with the O atoms of SO;".
Now, looking back at the first peak of the RDF curve for Fe—
O(OG), which appeared between 4.1 and 4.5 A, it might be
inferred that the Fe’* adsorption at the interface occurred
through the formation of hydrogen bonds between the water
or SO coordinated with Fe** and the oxygen-containing
groups. Finally, the Fe—Fe RDF curves (Figure 4f]) showed a
plateau between 5.0 and 8.0 A, indicating that Fe** aggregation
occurred. Since Fe?* coordinated with the two O atoms of
SO; simultaneously to reduce the Fe—Fe distance, Fe®"
compact clusters were formed.
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Figure 4. continued
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Figure 4. RDF curves of (a, g) Fe** vs O in oxygen-containing groups, (b, h) Fe** vs O in H,0, (¢, i) Fe** vs S in SO37, (d, j) O in oxygen-
containing groups vs O in H,0, (e, k) O in oxygen-containing groups vs S in SO3~, and (f, 1) Fe** vs Fe?", for Surf—~CNSI—Fe and defect—CNSI—

Fe systems.

Next, the MD analyses of different CNSI—Fe absorption
were used to derive an intrinsic model for the adsorption of
CNSI—Fe. For the three oxidation group systems in Figure
4d,j, the pair correlation function g(r) of O(OG)—0O(H,0)
was stronger for the OH system than for COOH and —O— in
both the surface and defective systems. It indicated that OH
formed the strongest hydrogen bonds with water, and its
interface was most strongly solvated. Moreover, —OH and
SO}~ were also hydrogen bonded, although the g(r) of
0(0G)—0(SO;™) was most prominent in the Surf~CNSI—
Fe—COOH system, and the other g(r) functions showed no
significant interactions in Figure 4e,k. Most notably, the g(r)
for Fe?*—0(OG) was significantly smaller in the defect system
than in the surface system, which seemed to be inconsistent
with previous snapshots. This might suggest that g(r) was not a
determining factor of Fe*" adsorption capacity.

Figure 5 shows the mean square displacement (MSD)** of
particle Fe?*, SO~, and H,O in the surface and defect systems
as a function of time, which better reflects the adsorption
capacity of the interface for Fe**. First, the MSD profiles of
Fe’" and SO}~ looked very similar, indicating that the two were
strongly correlated, including coordination and ionic inter-
actions. Moreover, the MSD changes of both ions over time
were much less than that of H,O, which not only indicated the
different diffusion rates but also suggested the adsorption of
Fe’" and SO}~ by CNSL Second, the smaller the change in
MSD over time, the less pronounced the particle diffusion and
the stronger the adsorption of particles. Overall, the defect
system exhibited stronger adsorption of particles, consistent
with snapshots of the MD simulations (Figure 3).

Furthermore, the contribution of oxygen-containing groups
in the adsorption capacity followed the order: hydroxyl >
epoxy > carboxyl. Therefore, it is inferred that the defect—
CNSI-Fe—OH system was the primary model for Fe®*
adsorption by CNSI. Moreover, the reduction in O content
in the CNSI suspension, in contrast to C40, suggests more
hydroxyl or epoxy groups, which is beneficial to the adsorption
of Fe** by CNSL

Deciphering Fe?* Delivery of CNSI—Fe in Comparison
with Cu?* and Zn**. With reference to adsorption experi-
ments, MD analyses of the CNSI—Fe, CNSI—Cu, and CNSI—
Zn systems were conducive to further elucidating the Fe®"
delivery mechanism of CNSI. Table 2 lists the diffusion
coefficients (D)*” of the three systems, i.., the slopes of the
MSD. The minimum diffusion coefficients of each particle for
both surface and defect systems were examined, which were
usually inversely correlated with adsorption capacity. The
D(Cu*") value of 0.0220 A*ps™ in surface—CNSI—Cu—
COOH was smaller than the D(Fe?*) value of 0.0325 A%ps™!
in surface—CNSI—Fe—O, which seemed to be consistent with
the g,, relationship of Cu** and Fe®". However, the D(SO}™) of
the surface—CNSI—Cu—COOH system (0.0339 A*ps™") was
higher than that of the defect—CNSI—Fe—OH system (0.0308
A%.ps™!). In addition, since the maximum adsorption capacity
dm(Zn*") is lowest among the three, theoretically, the diffusion
coefficients D(Zn**) and D(SO3™) of the CNSI-Zn system
should be greater than those of CNSI—Cu and CNSI-Fe
systems. But this is not the case. These results were
inconsistent with the experimental g, relationship of the
three metal ions.
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Figure 5. MSD diagrams in different CNSI—Fe systems for the particle: (a, d) Fe**, (b, ) SO;7, and (q, f) H,O.

Given the multilayer adsorption of Cu®*, the possible cluster
adsorption of Fe**, and the single-layer adsorption phenom-
enon of Zn*" as analyzed above, the diffusion coefficients of the
ions here, representing average values, were therefore not
suitable for correlating with the total value g,,. MD analysis of
the CNSI—Fe system demonstrated that metal ion adsorption
primarily occurred through the formation of hydrogen bonds
between coordination water and oxygen-containing groups.
Although D(H,0) was significantly larger than D(M**) and
D(SO%7) due to bulk water diffusion, the amount of bound
water around different metals varied, resulting in different
diffusion coefficients. Therefore, D(H,O) should be correlated
to the adsorption capacities of metal ions. Comparing the
minimum diffusion coefficients of water for the three metal ion

systems, which were 0.4173 A%ps™' (defect—CNSI—Cu—
COOH) < 0.4214 A*ps™' (defect—CNSI-Fe—OH) < 0.4590
A%ps™! (defect—CNSI-Zn—COOH); this was fully consistent
with the experimental q,, relationship. Meanwhile, this also
indicated that defect adsorption was the primary source of
metal ion adsorption by CNSI, which aligned with the
mesoporous characteristics of C40 as the CNSI raw material
(Figure 2). Therefore, the defect—CNSI—Cu—COOH and
defect—CNSI-Zn—COOH systems should be the primary
models for Cu** and Zn** adsorption by CNSIL

Next, the defect—CNSI-Fe—OH, defect—CNSI-Cu—
COOH, and defect—CNSI-Zn—COOH systems were used
for further analysis. As shown in the RDF plots for the three
metals in Figure 6a—c, similar to Fe**, Zn** and Cu*" did not
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Table 2. Diffusion Coefficients of Particles in CNSI—Metal Systems”
D(M*") D(SO%) D(H,0)
surface defect surface defect surface defect
CNSI-Fe—COOH 0.1446 0.0668 0.1267 0.0591 0.6077 0.5931
CNSI-Cu—COOH 0.0220 0.0367 0.0339 0.0343 0.5286 04173
CNSI-Zn—COOH 0.0297 0.0805 0.0229 0.0859 0.5604 0.4590
CNSI-Fe—OH 0.0333 0.0443 0.0354 0.0308 0.4530 0.4214
CNSI-Cu—OH 0.0877 0.1410 0.0998 0.1509 0.5885 0.4545
CNSI-Zn—OH 0.0339 0.0726 0.0309 0.0573 0.4605 0.4977
CNSI—-Fe—-0O-— 0.0325 0.0554 0.0346 0.0495 0.5800 0.4546
CNSI-Cu—-0-— 0.0370 0.2653 0.0374 0.2527 0.4665 0.8960
CNSI-Zn—-0- 0.0347 0.0382 0.0389 0.0377 0.5393 0.5001
“Unit: A%ps™; M = Fe, Cu, and Zn.
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Figure 6. RDF curves of (a) M>* vs O in oxygen-containing groups, (b) M** vs O in H,0, (c) M** vs S in SO37, (d) M** vs M*, (e) O in oxygen-
containing groups vs O in H,0, (f) O in oxygen-containing groups vs S in SO3~, for defect—CNSI—Fe systems, and M** for Fe**, Cu®*, and Zn®*.

directly coordinate with the oxygen-containing groups in the
interface but strongly coordinated with H,O SO3~. However,
unlike Fe?*, the RDF curves of Zn**—0(S0%") and Cu®'—
S(SO;") in Figure 6¢ showed that the intensity of the first
bidentate coordination peak was not only smaller than that of
the second monodentate coordination peak but also
significantly smaller than that of Fe*". This indicated that
ZnSO, and CuSO, in aqueous solutions, unlike FeSO,,
exhibited more stable monodentate coordination forms than
the bidentate coordination ones, consistent with density
functional theory (DFT) calculations (Table S2). This could
also be inferred that Zn** and Cu*" were less likely to form
tight clusters like Fe?*.

On the other hand, Figure 6d shows that the RDF curve of
Cu**—Cu*" had three distinct equidistant peaks, indicating that
Cu’" ions were spatially arranged in an orderly manner like
crystal characteristics. This perfectly explained the conclusion
of the adsorption experiment that Cu®* was adsorbed by CNSI
in a multiple-layered form. Additionally, the second peak of the
Cu®*—S(SO;”) RDF curve in Figure 6¢ was significantly
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stronger than the other two ions, suggesting that the strong
monodentate coordination between Cu®* and SO~ was the
key for multilayer adsorption. However, for Zn**, the unstable
bidentate structure made it difficult to form tight clusters, and
the weak monodentate coordination also hindered the
multilayer adsorption. The last column of Table S2 shows
the coordination energies of the three metal ion complexes.
The monodentate coordination of hydrated CuSO, was the
strongest; therefore, it was easy to form multilayer adsorption.
Considering that the monodentate coordination of ZnSO, was
also the weakest, although Figure 6d shows that Zn** formed a
platform structure like Fe**, Zn>" ions could only loosely pile
up rather than form clusters.

In Figure 6e, the O(OG)—O(H,0) RDF curves of all three
metal ion systems exhibited strong peaks at approximately 2.68
A, indicating that the adsorption of metal ions by CNSI was
achieved through the formation of hydrogen bonds between
the oxygen-containing groups at the interface and coordinated
water. However, as shown in Figure 6f, only the O(OG)—
S(SO;”) RDF curve of the defect—CNSI—Fe—OH system had
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Figure 7. Snapshots of MD simulations for defect—CNSI—Fe—OH, defect—CNSI-Cu—COOH, and defect—CNSI-Zn—COOH.

a strong peak at approximately 3.42 A because Fe*" readily
formed a dense cluster structure due to the bidentate
coordination with SO3~. Therefore, with SO}~ located on
the outer layer of the cluster structure, the Fe** adsorption by
CNSI could also be strengthened through the formation of
hydrogen bonds between SO3~ and OH groups at the
interface. Moreover, this interaction facilitated the O(OG)—
O(H,0) interaction, explaining that the g(r) value was higher
for the defect—CNSI—Fe—OH system in Figure 6e. This
further validated the cluster-mediated Fe** delivery mechanism
in CNSI—Fe.

Furthermore, the MD snapshot in Figure 7 showed that
Zn*" in the defect—CNSI-Zn—COOH system was loosely
distributed at the interface, exhibiting the weakest adsorption
by CNSIL In contrast, in the defect—CNSI-Cu—COOH
system, most Cu®" ions were more tightly bound to the
interface, indicating the largest g, by CNSI. Further
observation revealed that there were identifiable continuous
SO;™ or Cu®" ions to form layers with the characteristics of
multilayer adsorption. In defect—CNSI-Fe—OH, SO;~ and
Fe* were alternately distributed with a tendency to form
clusters. All these findings were consistent with experimental
results. Therefore, by comparison with Cu®* and Zn>*, the
special cluster-mediated Fe** delivery mechanism of CNSI—Fe
was fully revealed.

B CONCLUSIONS

In summary, this study investigated the Fe®" delivery
mechanism through CNSI (CNSI-Fe system) by using
adsorption experiments and MD simulations in comparison

with those of CNSI-Cu and CNSI-Zn systems. The
adsorption of the three metal ions by CNSI was chemisorption
with maximum adsorption capacities g,,(Cu*") > q,,(Fe**) >
gm(Zn**). CNSI-Cu exhibited heterogeneous multilayer
adsorption characteristics, and CNSI—Zn included heteroge-
neous single-layer adsorption characteristics, but the adsorp-
tion characteristics of CNSI—Fe could not be simply described.
Defect—CNSI—Fe—OH, defect—CNSI—Cu—COOH, and de-
fect—CNSI-Zn—COOH systems served as the primary
delivery models for Fe?*, Cu*, and Zn** by CNSI, which
were aligned with the mesoporous characteristics of CNSI
materials. All metal ions are coordinated with H,O and SO3™.
Cu?* and Zn** primarily formed monodentate coordination of
SO}, which resulted in multilayer adsorption for CNSI—Cu
and loosely packed structures resembling single-layer adsorp-
tion for CNSI—Zn. In contrast, Fe** formed bidentate
coordination with SOj~, facilitating the formation of tightly
clustered structures, which explained the g, relationship of
CNSI toward these three metal ions observed experimentally.
On the other hand, MD analyses indicated that the adsorption
of all metal ions by CNSI depended on the formation of
hydrogen bonds between the oxygen-containing groups of
CNSI and the water coordinated with metal ions. Unlike the
adsorption of Cu** and Zn** ions, the cluster characteristics of
CNSI—Fe exposing SO;~ on the outer layer and the hydrogen
bonding between SO;~ and the oxygen-containing groups of
CNSI also contributed to its adsorption, making the CNSI—Fe
system so special. This provided a comprehensive atomic-level
explanation for the chemisorption of Fe** by the CNSL

In conclusion, the cluster-mediated Fe** delivery mecha-
nism, mainly due to the acidic formula and mesoporous
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characteristics of CNSI, is beneficial for enhancing adsorption
in CNSI suspensions with more hydroxyl or epoxy groups.
Meanwhile, its adsorption strength and kinetic characteristics
would also be conducive to the release of Fe’* in ferroptosis
therapy. It is hoped that our study would benefit the
understanding of CNSI—Fe at the molecular level and
accelerate its clinical applications of ferroptosis-based cancer

therapy.
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