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Abstract: Mesoporous carbon nanoparticles (MCNs) with large and adjustable pores
have been synthesized by using poly(ethylene oxide)-b-polystyrene (PEO-bH-PS) as a template
and resorcinol-formaldehyde (RF) as a carbon precursor. The resultant MCNs possess small
diameters (100-126 nm) and high BET surface areas (up to 646 m’g'). By using
home-designed block copolymers, the pore size of MCNs can be tuned in the range of 13-32
nm. Importantly, the pore size of 32 nm is the largest among MCNs prepared by the
soft-templating route. The formation mechanism and structure evolution of MCNs was
studied by TEM and DLS measurements, based on which a soft-templating/sphere packing
mechanism was proposed. Because of the large pores and small particle sizes, the resultant
MCNs were excellent nano-carriers to deliver biomolecules into cancer cells. MCNs were
further demonstrated with negligible toxicity. It is anticipated that this carbon material with
large pores and small particle sizes may have excellent potential in drug/gene delivery.

Key words: Mesoporous carbon nanoparticles, large and tunable pore sizes, soft-templating,

sphere packing, nano-carriers
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1. Introduction

In the past two decades, nanoscience has achieved great advances in the synthesis,
modification/functionalization and application of mesoporous materials. Their large specific
surface area and pore volume, well-defined mesostructure, tunable pore size and open
frame-work make mesoporous materials useful in many valuable applications.'"” Of many
types of mesostructured materials that have been developed, mesoporous carbon nanoparticles
(MCNs) have attracted considerable attention because of their potential applications in
absorbents, drug/gene carries, fuels cells, supercapacitors and lithium batteries.'®*’” Motivated
by their promising prospects, great efforts have been devoted to the preparation of MCNs. The
first synthetic approach relies on hard templating with mesoporous silica spheres or colloidal
crystals, which is a multiple step and complex process.”” ***° The mesostructure and
morphology of the replicated MCNs is limited by the parent template.’"** The largest pore
size of MCNs prepared by this method can reach up to 31 nm.”* However, the size of resulting
MCNs is generally in micrometer ranges, which cannot be internalized by live cells'.
Nanoparticles with small particle size possessed advantages in cellular uptake in biomedical
applications®***. Therefore, it is highly desired to fabricate small MCN’s as nano-carriers for
bioapplications. Recently, facile approaches such as the “silica-assisted” strategy’® and
low-concentration hydrothermal route’’ have been developed for the synthesis of MCNs. With
these methods, MCNs of controllable size and morphology can be directly prepared.
Nevertheless, their pore sizes are usually very small (2-5 nm), which may limit their practical
applications in the encapsulation of biomolecules with large molecular weights. Hence,
convenient synthesis of MCNs with both small sizes as well as large, tunable and uniform
pores (larger than 10 nm) is highly desired.

Non-Pluronic amphiphilic block copolymers with high molecular weight, which have

long rigid hydrophobic segments and high carbon contents, such as poly(ethylene
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oxide)-b-polystyrene  (PEO-H-PS), poly(isoprene)-b-poly(ethylene oxide) (PI-b-PEO),
poly(ethylene-co-butylene)-b-poly(ethylene oxide) (KLE) and poly(ethylene
oxide)-b-poly(methyl methacrylate) (PEO-b-PMMA), have been widely used as ideal
templates for the synthesis of large-pore mesoporous materials.*®*’A series of silica materials
with different morphologies, including two/three-dimensional ordered mesoporous silica
monoliths,*™ *° dual-mesoporous silica monoliths,”® and mesoporous silica spheres’’ have
been fabricated. Using non-Pluronic block copolymers as templates, great success has also
been achieved in the synthesis of carbon materials, including two-dimensional ordered
mesoporous carbon films,”> monoliths,” and hollow carbon spheres®. Unfortunately, high
molecular weight non-Pluronic block copolymers surfactants have low water solubility, thus
solvent evaporation induced self-assembly (EISA) and solvent evaporation induced
aggregating assembly (EIAA) approaches are generally used to prepare mesoporous carbon
materials with film or monoliths morphologies.”® It is difficult to synthesize MCNs using
non-Pluronic surfactants with both large pores and small particle sizes.

Very recently, Dai et al. reported a successful synthesis of MCNs using a non-Pluronic
amphiphilic block copolymer as a soft template.”* N-doped MCNs with a large mesopore of
16 nm and small particle size of 200 nm were obtained through the co-assembly of dopamine
and a commercial diblock copolymer (PEO-H-PS). The resultant MCNs exhibited high
electrocatalytic activity and excellent long-term stability. However, the advantage of MCNs
has not been tested in bio-applications. Carbon materials have many advantages over silica
materials due to their hydrophobic property and chemical inertness. 2'->>>" Similar to silica,
carbon nanoparticles are biocompatible, nontoxic, and nonimmunogenic, which allow them to
be used extensively in bio-applications.lg’ %% %% Moreover, although various formation
mechanisms of silica based mesoporous materials are well-understood, such as liquid-crystal

template (LCT),® micellar rod assembly (MRA),*! cooperative self-assembly (CSA)* and
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hard-sphere packing (HSP)*pathways, the formation mechanism of MCNss is less understood.
It is of great significance to explore the formation mechanism and structure evolution of
MCNss in the soft-templating strategy, which will provide insight in the design and synthesis
of MCNs with new structures and properties.

Herein, we reported the synthesis of large-pore MCNs with small particle size (<150 nm)
through a soft-templating/sphere packing route. By using home-designed non-Pluronic
amphiphilic block copolymers (PEO-b-PS) as templates, the pore size of MCNs can be tuned
in the range of 13-32 nm, which is the largest among MCNs prepared by soft-templating route.
The structure evolution process in the formation of MCNs was clearly observed for the first
time. It is demonstrated that MCNs can be utilized as nano-carriers for delivering genetic
molecules into different cancer cells, showing their potential in drug/gene delivery.

2. Experimental Section
2.1 Chemicals and Materials

Monomethoxy poly (ethylene oxide) (monomethoxy PEO5000),
2-bromoisobutyrylbromide , N,N,N’,N’,N”-pentamethyldiethylenetriamIn-e¢(PMDETA), and
CuBr were purchased from Sigma-Aldrich. Pyridine, styrene, petroleum solution, anhydrous
ethanol, formaldehyde solution (37-40 %) and resorcinol were purchased from Sinopharm
Chemical Reagent Co., Ltd. Ammonia aqueous solution (25-28 %) and Tetrahydrofuran (THF)
were purchased from Nanjing Chemical Reagent Co., Ltd. All chemicals were used as
received without any further purification. PEO-b-PS copolymers, with different molecular
weights (i.e., PEO125-b-PS139, PEO125-b-PS173 and PEQj;5-5-PS;49) were synthesized via
sequential atomic transfer radical polymerization (ATRP) as previously reported.*
Paraformaldehyde (PFA), twenty-one-nucleotide (oligo) DNA conjugated with cyanine dye
(Cy-3), antifade fluorescent mounting medium with 4’-6-diamidino-2-phenylindole (DAPI)

and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) were purchased
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from Sigma-Aldrich. Fetal calf serum was purchased from Moregate Biotech, Australia.
Millipore water was used in all experiments.

2.2 Synthesis of hollow carbon spheres (HCSs) and mesoporous carbon nanoparticles
(MCNs)

In a typical synthesis of HCSs with a void size of 15 nm and MCNs (MCNs-1) with a
pore size of 15 nm, 100 mg of PEO,,5-b-PS;75 was first dissolved in 10 mL THF. Then the
above oil solution was poured into a mixture solution containing 10 mL H,O, 10 mL ethanol
and 0.1 mL ammonia. After that, resorcinol (40 mg for HCSs, 160 mg for MCNs-1) was
added into the mixture oil-water-ethanol solution under mild stirring. After stirring for 30 min
at 30 °C, formaldehyde solution (0.06 mL for HCSs, 0.2 mL for MCNs-1) was added to the
reaction solution and stirred for 24 h at 30 °C. Then, the reaction mixture was further heated
for 24 h at 100 °C under a static condition in a Teflon-lined autoave. The solid product was
recovered by centrifugation and air-dried at 80 °C over night. Calcination was carried out in a
tubular furnace at 800 °C for 3 h under N, flow. The heating rate was 1 °C min™ below 450 °C
and 5°C min" above 600 °C. The pore sizes of MCNs were tailed by changing the diblock
copolymers (PS-6-PEO) with different chain lengths of the PS blocks. In this work, we also
used other block copolymers, such as PEO1,5-b-PS1,¢, and PEO1,5-b-PS;50. The corresponding
MCNs were denoted as MCN-0, and MCN-2, respectively.

2.3 Characterization

TEM (transmission electron microscopy) analysis was conducted on a TECNAI G2 20
LaB6 electron microscope operated at 200 kV. SEM (scanning electron microscopy) analysis
was conducted on FEI S4800 system. N, adsorption and desorption isotherms were measured
using Micromeritics ASAP-2020 at liquid nitrogen temperature (-196 °C). The specific
surface area and the pore size distribution were calculated by using the

Brunauer-Emmett-Teller (BET) and nonlocal density functional theory (NLDFT) method,
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respectively. The mean diameter of the samples was measured by dynamic light scattering
(DLS) using a Zeta potential/particle Sizer ZetaPALS (Brookhaven, USA). Fourier transform
infrared (FTIR) spectra were collected on a Nicolet Fourier spectrophotometer using KBr
pellets. TGA measurements were carried out on a SDTQ600 analyzer from 25 to 800 °C
under N, with a heating rate of 5 °C/min. The small-angle X-ray scattering (SAXS)
measurements were taken on a Nanostar U SAXS system (Bruker, Germany) using Cu Ka
radiation (40 kV, 35 mA).

2.4 Biological experiments

Cell culture: KHOS and HCT-116 cells were maintained in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with fetal calf serum (10%), L-glutamine (2%), penicillin
(1%), streptomycin (1%) in 5% CO, at 37 °C. The medium was routinely changed every 2
days and the cells were separated by trypsinisation before reaching confluency.

Cell viability test of MCNs-1: The cytotoxicity of MCNs-1 in KHOS and HCT-116 cells was
tested by the MTT method. KHOS or HCT-116 cells were seeded in a 96-well cell culture
plate with a density of 5x10° cells/well. After incubation for 24 h, the cells were treated with
different concentrations of MCNs-1 for 48 h. Afterwards, the cell viability was measured by
adding MTT agent and reading the absorbance at 570 nm using a Synergy HT microplate
reader. The cells incubated in the absence of particles were used as the control. All the
experiments were performed in triplicates for each group. The statistical data were shown as
mean+(SD).

Cellular uptake of Cy3-0ligoDNA/MCNs-1: KHOS/HCT-116 cells were seeded in a 6-well
plate with coverslips inside (1x10° cells/well) and incubated for 24 h prior to cell uptake
assay. 160 pg of MCNs-1 and 2 pl of 100 uM Cy3-oligoDNA was mixed in 100 pl of
phosphate buffered saline (PBS) solution and incubated at 4 °C for 4 h. After incubation, the

mixture was added to the cell, and the final concentration of MCNs-1 and Cy3-oligoDNA was
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80 pg/ml and 100 nM, respectively. After incubation for 4 h at 37 °C, the cells were washed
twice with pre-warmed PBS, then fixed with 4% PFA in PBS solution for 20 minutes at room
temperature. After washing twice with PBS again, 1 ml of absolute ethanol was added into the
cell to extract water at 4 °C. The fixed cells were treated with 1% BSA in PBS solution for 30
minutes after washing with PBS twice. Alexa Fluor® 488 phalloidin staining agent was
diluted and placed on the coverslip for 20 minutes at room temperature. After washing with
PBS twice, the nuclei were stained with DAPI for 10 minutes. Finally, the cells were observed
under a confocal microscope (LSM Zeiss 710).

3. Results and discussion

The synthesis of MCNs (e.g. MCN-1) was conducted by a self-assembly route in a
mixing solvent system with PEO-5-PS diblock copolymer as surfactants and phenolic resol
(PR) as a carbon source. Diblock copolymer PEO-b-PS (e.g. PEO,,5-b-PS;75) was prepared by
a simple ATRP method.”® The successful preparation of PEO-b-PS was verified by '"H NMR
spectra (Figure Sla). The signal around 3.60 ppm is attributed to EO units. In addition, the
signals around 1.20-1.63 and 6.29-7.22 ppm are ascribed to the styrene units. The Mn values
of PEO-b-PS calculated from the 'H NMR data are about 23000. As the Mn values of
commercial PEO are 5000, the composition of this block copolymer can be approximately
formulated as PEOjs-b-PSi75. Gel permeation chromatography (GPC) showed a
polydispersity index (PDI) of 1.18 (Figure S1b), indicating a narrow molecular-weight
distribution.

The SEM images of as-synthesized PR/PEO,5-b-PS;75 composites nanoparticles before
carbonization are present in Figure S2a, b. The PR/PEO,5-b-PS, 75 composites nanoparticles
have a spherical morphology with an average size of 160 nm. At a higher magnification, it can
be seen that each sphere is composed of even smaller spheres with an average diameter of 33

nm. From the TEM images of PR/PEO-b-PS composites nanoparticles (Figure S2c, d), it is
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also revealed that the large particles are generated by the gathering of smaller particles, which
is consistent with SEM results. After heat treatment at 700 °C in N, atmosphere, the
PR/PEO»5-b-PS,75 composites nanoparticles were carbonized to MCNs, denoted as MCNs-1.
The average size of MCNs-1 is decreased to 126 nm compared with PR/PEO,,5-b-PS;73
composites nanoparticles (Figure 1a), due to the shrinkage of carbon precursors during the
carbonization process. It can be clearly observed that uniformly sized mesopores are well
distributed on the particle surface (Figure 1b). The mesostructure and interior construction of
obtained MCNs-1 were further investigated by TEM. Extensive mesopores can be found
distributing throughout the whole particles (MCNs-1) after carbonization (Figure Ic), in
correspondence with the SEM measurements. The diameters of large mesopores measured
from Figure 1d are about 17.5 nm in average. From the rough surface of PR/PEO,,5-b-PS;73
composites nanoparticles and mesoporous structure of MCNs-1, it is reasonable to deduce
that the mesopores are generated from PEO;,5-b-PS;75 templates.

To support the above conclusion, PR polymers were prepared without using
PEO\,5-b-PS,75 surfactant. Figure S3, ESI shows the SEM and TEM images for PR polymers.
Unlike PR/PEO,5-b-PS75 composites nanoparticles, the PR polymers show typical spherical
morphology and very smooth surface, similar to the results of stober-carbon system.*!
Subsequently, the obtained PR spheres were also thermally converted to carbon spheres (CSs).
The resultant CSs keep the spherical morphology and smooth surface, with no mesopores
throughout the particles. The results further prove the pore-forming role of PEO;,5-b-PS;7s.

The N, sorption isotherms of MCNs-1 and CSs are shown in Figure 2a and S4,
respectively. MCNs-1 exhibits type IV isotherms with a hysteresis loop in the high relative
pressure range of 0.85-0.95, indicating the presence of uniform and large pores in MCNs-1.
The diameter of the mesopores was calculated to be ~18.0 nm from the adsorption branch by

the nonlocal density functional theory (NLDFT) model (inset of Figure 2a), which is
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consistent with the TEM measurements. Nevertheless, without the templates, CSs show type 1
isotherms, implying the microporous structure of CSs. In addition, the specific surface area
and total pore volume of MCNs-1 are 646 m>'g ' and 0.63 cm’ g ', respectively. The specific
surface area and total pore volume of CSs are 545 m*g ' and 0.27 cm’-g ', The small angle
X-ray scattering (SAXS) pattern of MCNs-1 was shown in Figure 2b, from which a closest
d-spacing between two adjacent pores of 23.9 nm was calculated. This result was in
accordance with the measurement of TEM image.

The TGA curve (Figure S5) of as-made MCNs-1 shows several obvious weight-loss
stages. The weight loss about 10% below 300 °C can be assigned to the removal of water both
physically adsorbed and generated from further condensation. Large weight loss between 300
°C and 700 °C is about 55%, which can be ascribed to the decomposition of PEOs-b-PS;7s
and pyrolysis of PR framework, suggesting that the template can be removed at 430 °C. After
carbonization at 800 °C, the yields for MCNs-1 are calculated to be 35% based on carbon
content. The FT-IR spectrums of PR/PEQO;,5-b-PS|73 composites particles (a) and MCNs-1 (b)
were shown in Figure S6. In the curve (a), the strong and broad band at 3400 cm™ is
associated with the phenolic —OH groups, and the bands at 1100 cm’ and 2800 cm™ are
assigned to PEO block and PS block, respectively.*” ** The disappearance of characteristic
bands at 1100 and 2800 cm™ in curve (b) suggest the decomposition of PEO-H-PS and
pyrolysis of RF framework. Meanwhile, no adsorption was observed in curve (b), suggesting
a carbon framework feature after carbonization at 700 °C. In addition, the nature of carbon
species on the surface of MCNs-1 was further investigated by XPS. Figure S7a is the XPS
survey spectra of MCNs-1, which shows the peaks of Cls and Ols, indicating the indicating
the existence of C and O in the carbon framework. The high-resolution XPS spectra of Cls
(Figure S7b) can be curve-fitted into three-type peaks arising from C=C (284.7 + 0.1 eV),

C-0 (286.5 £ 0.1 eV) and O-C=0 (289.0 = 0.1 eV), which is similar to the conventional

10

Page 10 of 27



Page 11 of 27

Nanoscale

mesoporous carbon materials®® (Figure S7c, d). The above mentioned characterizations have
confirmed that MCNs-1 with large mesopores (ca. 18.0 nm) and small dimensions (ca. 126
nm) have been successfully prepared

To gain insights into the formation mechanism, TEM was employed to monitor the
structure evolution as a function of time (Figure 3). In the experimental process,
PEO,5-b-PS175 was firstly mixed in THF solution, in which it was completely dissolved.
After adding water and ethanol, the micellization process occurred, in which the Tyndall
effect was clearly observed (Figure 4b). The TEM image of 0 h shows the presence of the
PEO-b-PS micelles with a diameter of about 27 nm (Figure 3a). After addition of carbon
precursors, the PR resins were slowly generated with the polymerization of resorcinol and
formaldehyde. Due to the hydrogen bonding between the PR resin and the -OH groups in
PEO block,37 PR particles deposit on the PEO chains of PEO;;5-b-PS;75 micelle and form
PR/PEOQ,5-b-PS;73 composite micelles. The size of composite micelles was slightly expanded
to 32 nm, as measured from the TEM image at 5 h (Figure 3b). Meanwhile, the reaction
solution transformed from light blue to light yellow. The Tyndall effect was still clearly
observed (Figure S4c, d), indicating the generation of PR/PEO;,5-b-PS;75 composite micelles.
When the reaction time was prolonged to 6 h, some larger particles with a diameter of about
65 nm were observed (Figure 3c). After further reaction for 1h, the composite nanoparticles
had a larger size of ~122 nm, with clearly decreased amount of PR/PEQ,5-b-PS,75 composite
micelles (Figure 3d). With the reaction time increased to 8 h, the PR/PEO,,s-b-PS;7s
composite nanoparticles with a diameter of ~145 nm were observed (Figure 3e). After
constantly stirring for 12 h, barely PR/PEO;,5-b-PS;75 composite micelles were found,
indicating the completion of reaction from composite micelles packing into composite
nanopartciels. The PR/PEO-H-PS composite nanoparticles finally formed had a diameter of

166 nm (Figure 3f), in accordance with the SEM and TEM results in Figure S1. It can be
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concluded that spherical composite micelles are formed through soft templating between PR
and PEO,,s-b-PS;75, which further pack into PR/PEO;,s-b-PS;73 composite nanoparticle,
similar to the HSP pathway in mesoporous silica systems.*’

DLS was also used to monitor the evolution of particles formed during the assembly
process (Figure 4a). The results show that the origin particle size of PEO-b-PS micelle was
about 29 nm. After 5 h, two new peaks at 5 nm and 35 nm were observed, which are attributed
to the PR particles and PR/PEO;,5-b-PS;75 composite micelles. After 6 h, another new peak
was appeared at 65 nm due to the aggregation of PR/PEO,s-b-PS175 composite micelles. The
disappearance of the peak at 5 nm suggests that most of the PR particles assemble with
PEO,5-b-PS175 micelle into PR/PEO,s-b-PS;75 composite micelles. After 7 h, the peak of
aggregates shifts to the larger diameter of about 123 nm. Meanwhile, the peak at 35 nm is
apparently weakened, indicating the further aggregation of PR/PEQO,;5-b-PS 75 composite
micelles. After 8 h, the composite particles grow to the final form, with size of around 145 nm
following the continuously weakened peak density at 35 nm. After 12 h, single well-resolved
peak at 170 nm is detected. Meanwhile, the peak of PR/PEO-b-PS composite micelle is
disappeared, implying the completion of reaction. The results of DLS are absolutely
consistent with the TEM measurements in Figure 3.

In order to acquire more information on the formation mechanism, a synthesis with a
relatively low PR concentration was conducted keep the other synthesis parameters
unchanged. After carbonization in N,, hollow carbon spheres (HCSs) were obtained (Figure
5a, b). The diameter of the hollow spheres is measured to 32 nm, with a mean shell thickness
of 7 nm and void size of 18 nm. The N, sorption isotherm and the pore size distribution cure
of HCSs are present in Figure Sc. It can be seen that HCSs exhibits type IV isotherms with a
hysteresis loop in the high relative pressure range of 0.85-0.95, similar to the isotherms of

MCN:s, indicating the presence of uniform and large mesopores. The pore size distribution of

12
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HCS:s is centered at 17.5 nm (inset in Figure 5c), consistent with the void size of HCSs and
the mesopores diameter of MCNs measured from TEM. The specific surface area and total
pore volume of HCSs are about 673 m*'g ' and 0.67 cm’-g ', respectively. The as-synthesized
HCSs also show similar well-resolved SAXS pattern with MCNSs at q around 0.027 A, from
which a closest d-spacing between two adjacent pores of 23.3 nm was calculated (Figure 5d).

As reported previously ® % ¢7

, the SAXS peak may be attributed to the short-range
periodicity of closely packed nanospheres.

Based on the results mentioned above, we propose that the MCNs in our synthesis form
by a soft-templating/sphere packing pathway, as described in Scheme 1. The PEO-5-PS
micelles are pre-formed in water, ethanol, THF and block polymer PEO-b-PS mixed solution.
With the addition of carbon precursors (resorcinol and formaldehyde), the assembly between
PR resin and PEO-H-PS micelle is initiated. The PR/PEO-b-PS composite micelles are
generated in the solution. As the reaction proceed, the spherical PR/PEO-b-PS composite
micelles with diameter of 35 nm are spontaneously packed to PR/PEO-b-PS composite
nanoparticles with size of 160 nm. After carbonization in N, at 700 °C, MCNs with
mesopores (ca.18 nm) can be obtained. In our approach, the PEO-b-PS micelles act as a
sacrificial pore-forming agent during carbonization. The mesopore sizes observed on the
surface of the NMCS are slightly smaller than the micelle sizes observed on the original
PR/PEO-b-PS composite micelles, due to thermal shrinkage of the pore walls. The lower
concentration of carbon precursor results in the formation of composite micelles, but the
further packing to composite nanoparticles is not favored. Consequently, individual hollow
carbon spheres with a diameter of 32 nm and a void size around 18 nm were formed. Notably,
these small-sized HCSs, which are considered as building block for the formation of MCNe,

are not reported in previous studies.

The influence of temperature and ethanol on the structure of MCNs was also investigated.

13
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When the reaction temperature was decreased to 20 °C, MCNs with smaller particle size of
100 nm was obtained (Figure S8a). While increasing temperature to 40 °C, MCNs with a
mean particle size of ~170 nm was observed in the TEM image (Figure S8a). It can be
concluded that a relatively higher reaction temperature leads to MCNs with larger particle
sizes, which may be ascribed to the acceleration of temperature to the sphere packing process.
When adjusting the amount of ethanol in the range of 5-15 mL, no obvious change on the
structure and particle size of MCNs was observed (Figure S8c, d). These result further
confirmed the soft-templating/sphere packing mechanism.

To demonstrate the versatility of our approach, block copolymers with the same
composition but different polymerization degree of PS, namely, PEO;;5-b-PSiz, and
PEO,5-b-PS»s0, can also be prepared and used as templates to synthesize MCNs. Mesoporous

carbon nanopartiles with diameters of ~100 nm (denote MCNs-0 and MCNs-2) were

obtained. The TEM and SEM images of MCNs-0 and MCNs-2 demonstrate the uniform
distribution of the large mesopores with diameters of about 12.5 and 31.2 nm (Figure 6). N,
adsorption isotherms of MCNs-0 and MCNs-2 shows type IV curves with a large hysteresis
loop, suggesting a uniform mesopore (Figure S9 a, b). The special surface areas, total pore
volumes, and average pore sizes of MCNs-0 and MCNs-2 are summarized in Table 1. The
as-synthesized MCNs-0 and MCNs-2 show primary mesopores sizes centered at 13.0 and
32.0 nm, respectively (Figure S9 c, d). These values are almost the same as those observed by
SEM and TEM. The TEM images and DLS profiles of PEO-b-PS micelles, including
PEO155-b-PS159 micelle, PEO;,5-b-PS173 micelle and PEO,,5-b-PS,5o micelle, were present in
Figure S10. The size of micelles are 23.0, 29.0, 41.8 nm, respectively. Clearly, with increasing
PS block weight in PEO-b-PS, the sizes of micelles are expanding. In addition, the pore sizes
of MCN-0, MCN-1 and MCN-2 are also increased with micelle sizes (Figure S11). These

results show that our proposed mechanism is general. In addition, the pore size of MCNs can

14
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be adjusted by tuning the hydrophobic moiety of block copolymers. It is noted that the
resultant pore size of 32.0 nm (MCN-2) is larger than any previously reported MCNs
synthesized by soft templating, which may be attributed to the longer PS chains of the
home-designed PEO-b-PS block copolymer.*”>*

To demonstrate the potential applications of MCNs as nano-carriers to deliver
biomolecules into cancer cells, the cyanine dye-labelled oligopDNA (Cy3-oligopDNA) was
chosen as a model. As shown in Figure 7, no Cy3 signals (red fluorescence) are observed in
human colon cancer cells (HCT-116) without any treatment (first row) or treated with
Cy3-oligoDNA alone (second row), indicating that the cells cannot take up negatively charged
molecules. In contrast, strong Cy3 signals localizes within the cell borders when MCNs-1 is
utilized to deliver Cy3-oligoDNA. A similar observation can also be found in osteosarcoma
cells (KHOS) (Figure S12). These results suggest that MCNs-lwithout any surface
modification can efficiently deliver the biomolecules into different cancer cells. The
biocompatibility of MCNs-1 was also evaluated, which shows negligible toxicity in both
HCT-116 and KHOS cells at concentrations from 10-80 pg/ml (Figure S13). Considering their
large pores, small particle sizes and direct interaction with biomolecules, this carbon material
may have excellent potential in drug/gene/protein delivery.

4. Conclusion

In summary, mesoporous carbon nanoparticles (MCNs) with high BET surface area (up
to 646 m”>-g"), tunable large pore size (13-32 nm), and small diameter (100-126 nm) have
been successfully designed and fabricated by a soft-templating/ sphere packing route by using
non-Pluronic amphiphilic block copolymers as templates and phenolic resol (PR) as a carbon
source. Block copolymers and the phenolic resol oligomers spontaneously self-assemble into
spherical micelles, subsequently, the composite micelles then pack into composite

nanoparticles. By tuning the molecular weight of block copolymers, the pore size of resultant

15
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MCNs can be adjusted. Because of the large pores and small particle sizes, MCNs are
excellent nano-carriers to deliver biomolecules into cancer cells. It is anticipated that MCNs
may have promising applications in drug/gene/protein delivery.
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Figure captions

Figure 1. SEM images (a, b) and TEM images (c, d) of mesoporous carbon nanoparticles
(MCNs-1).

Figure 2. (a) nitrogen adsorption-desorption isotherm and NLDFT pore diameter distribution
curve from adsorption branch (inset of a) of MCNs-1, (b) SAXS pattern of
MCNs-1.

Figure 3. TEM images of samples obtained from the solution PEO125-b-PS178/THF/H,0/
NHs/ resorcinol/formaldehyde after reacting for: (a) Oh, (b) Sh, (c) 6h, (d) 7h, (e) 8h,
(f) 12h.

Figure 4. (a) Dynamic light scattering (DLS) profiles obtained from the solution
PEO,5-b-PS,7s/ THF/H,O/NH3;/resorcinol/formaldehyde after reacting for: Oh, Sh,
6h, 7h, 8h, 12h, Photograph of (b) PEO,,s-b-PS;75 micelles, (c, d) the solution
PEO,5-b-PS,7s/ THF/H,O/NH3;/resorcinol/formaldehyde after reacting for Sh.

Figure 5. (a, b) TEM images of single hollow carbon spheres (HCSs), (c) nitrogen
adsorption-desorption isotherm and NLDFT pore diameter distribution curve from

adsorption branch (inset of ¢) of HCSs, (d) SAXS pattern of HCSs.

Scheme 1. Schematic illustration of the formation process of the mesoporous carbon

nanoparticles (MCNs) by a soft-templating/sphere packing pathway.

Figure 6. (a, b) SEM image and TEM image of MCN-0, (¢, d) SEM image and TEM image

of MCN-2.

Figure 7. Confocal microscopy images of HCT-116 cells only without any treatment (first
row), with the treatment of free Cy3-Oligo DNA (100nM) (second row), the
complex of MCNs-1 (80 ug/ml) and Cy3-Oligo DNA (100nM) (third row). The
cytosols and nuclei in cells were stained by Alexa Fluor® 488 phalloidin(green)

and DAPI (blue), respectively.
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Figure 1. SEM images (a, b) and TEM images (c, d) of mesoporous carbon nanoparticles

(MCNs-1).
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Figure 2. (a) nitrogen adsorption-desorption isotherm and NLDFT pore diameter distribution

curve from adsorption branch (inset of a) of MCNs-1, (b) SAXS pattern of MCNs-1.
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Figure 3. TEM images of samples obtained from the solution PEO,5-b-PS;7¢/THF/

H,O/NHj3/ resorcinol/formaldehyde after reacting for: (a) Oh, (b) 5h, (c) 6h, (d) 7h, (¢)

8h, (f) 12h.



Page 23 of 27

Nanoscale

Qo

12h

8h

7h

100_. 1000 10000
Size (hm)

Figure 4. (a) Dynamic light scattering (DLS) profiles obtained from the solution
PEO,5-b-PS175/ THF/H,O/NH3/resorcinol/formaldehyde after reacting for: Oh, 5h, 6h, 7h, 8h,
12h,  Photograph of (b) PEOjs-6-PS;73 micelles, (¢, d) the solution

PEO1,5-b-PS75/ THF/H,O/NHj3/resorcinol/formaldehyde after reacting for Sh.
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Figure 5. (a, b) TEM images of single hollow carbon spheres (HCSs), (c) nitrogen
adsorption-desorption isotherm and NLDFT pore diameter distribution curve from adsorption

branch (inset of ¢) of HCSs, (d) SAXS pattern of HCSs.
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Scheme 1. Schematic illustration of the formation process of the mesoporous carbon

nanoparticles (MCNs) by a soft-templating/sphere packing pathway.
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Figure 6. (a, b) SEM image and TEM image of MCN-0, (¢, d) SEM image and TEM

image of MCN-2.
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Figure 7. Confocal microscopy images of HCT-116 cells only without any treatment
(first row), with the treatment of free Cy3-Oligo DNA (100nM) (second row), the
complex of MCNs-1 (80 ug/ml) and Cy3-Oligo DNA (100nM) (third row). The cytosols
and nuclei in cells were stained by Alexa Fluor® 488 phalloidin(green) and DAPI (blue),

respectively.



