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ABSTRACT: Developing drug delivery systems (DDSs) with high drug-loading
capacity and sustainable releasing is critical for long-term chemotherapeutic efficacy,
and it still remains challenging. Herein, vaterite CaCO; nanoplate assemblies with
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exposed high-energy {001} facets have been synthesized via a novel, additive-free c?
strategy. The product shows a high doxorubicin-loading capacity (65%); the best of i "1 i — ‘—> ‘

all the CaCOj-based DDSs so far. Also, the product’s sustainable releasing
performance and its inhibition of the initial burst release, together, endow it with 80] Loading Capacity (%) | o1
long-term drug efficacy. The work may shed light on exposing directed high-energy 60 60
facets for rationally designing of a drug delivery system with long-term efficacy. 49
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D eveloping anticancer drug delivery systems (denoted as
DDSs) has become a primary research focus for cancer
cure in the past few decades.”” Inorganic-based DDSs, because
of their desirable biocompatibility, convenient surface conjuga-
tion, and excellent mechanical stability, have been actively pur-
sued.*> A high drug-loading capacity is generally required
to attain desirable drug efficacy, and an adequate initial release
as well as a subsequent sustained release are also considered
critical for long-term pharmacological function, and these have
been achieved to some extent, according to a few reports.’™®
Thus, to design and construct an inorganic-based DDS with both
high drug-loading capacity and sustainable releasing behavior
via a convenient, low-cost route still remains a cha]lenge.g’10 Since
CaCO; was proposed as an anticancer drug vehicle in 2008,
CaCOs-based DDSs have been demonstrated to be promising
candidates because of their intrinsic pH-sensitivity, low-toxicity,
and good biocompatibility.''~* Nevertheless, to the best of
our knowledge, a considerable amount of tested systems based
on calcium carbonate feature low drug-loading capacity and lack
sustainable release afterward."'~'* Thus, it is still a challenge to
achieve CaCOs-based DDS with high drug-loading capacity and
sustainable releasing behavior for practical applications.

For an inorganic carrier, interactions between drug molecules
and inorganic surfaces play key roles in drug loading and release.
To date, most work has focused on functionalizing inorganic
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surfaces with particular organic groups to facilitate bonding with
drug molecules. 1516 Though the inherent nature of an inorganic
crystal might be of interest in several ways, the useful effects
of crystal facets, which have active physicochemical properties,
have rarely been demonstrated and highlighted for designing
a DDS.”" Thus, we speculate that interactions between
coordinatively unsaturated high-energy crystal facets and drug
molecules might be favorable for high drug loading and
sustainable releasing, because of the crystal’s distinct bonding
strength.

Additives, such as surfactants, and synthetic polymers are
always employed to control the morphology and the polymorph,
as well as to aid surface conjugation with organic residues of an
inorganic-based carrier.'®'® However, organic residues on crystal
surfaces might be avoidable in further applications, and presently,
they hinder use of the effect of the high-energy facets on drug
loading and releasing. Alternatively, crystallization in mixed
solvents without additives, paves the way for synthesizing inorganic
materials with relatively “clean” crystal surfaces.”® Until now, most
work gives full attention to the function of additives in CaCOj;
crystallization based on the familiar additive-free systems.*"**
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Figure 1. (a) XRD pattern of the vaterite CaCO; nanoplate assemblies, and standard XRD pattern of vaterite. (b, c) FESEM images, (d) TEM
image, and (e) HRTEM image of the vaterite CaCOj nanoplate assemblies, with SAED pattern inset in e. (f) FT-IR spectrum of the vaterite CaCO,

nanoplate assemblies.

However, these additive-free systems alone usually lack enough
morphological and polymorphic control, with products limited
to usual morphologies and structures.””** Thus, it is desirable
to develop a new additive-free system to obtain CaCOj-based
vehicle with directed high-energy crystal facets.

In this work, we propose an additive-free strategy for syn-
thesizing a unique vaterite CaCOj; nanoplate assemblies with
exposed, {001} high-energy facets. By employing doxorubicin
(DOX) as the model drug molecule, we demonstrate high
drug-loading capacity (65%) of our product. Moreover, the
inhibition of initial burst release, and the continuous sustainable
releasing can be realized for this type of DDS, rendering it a
promising candidate for anticancer drug vehicle.

A typical sample is synthesized by solvothermal reaction
of Ca(CH;COO0), (¢ = 7 mM) in DMF/H,O mixed solvent
(3:1 v/v) at 120 °C for 6 h. (see the experimental section in the
Supporting Information) The structural and morphological
characterizations of the typical sample are presented in Figure 1.
The XRD pattern (Figure 1a) shows diffraction peaks indexed
to vaterite CaCO; (space group: P63/mmc, JCPDS 33—0268).
Notably, the single-polymorph nature is distinctly identified as
no peaks from calcite or aragonite are detected. As shown from
FESEM and TEM images in Figure 1b—d, the as-synthesized
sample is characterized by three-dimensionally (3D) assembled
nanostructures consisting of stacked nanoplates with a sub-
micronsized cavity near the center. The well-defined and mono-
dispersive CaCOj; nanoplate assemblies are ca. 1.2 um in
diameter and ca. 0.8 ym thick. The nanoplate subunit, roughly
40 nm thick (Figure S1), has hexagonal edges (red marks in
Figure 1c), which are ascribed to the hexagonal symmetry of
the vaterite polymorph. Figure le shows a HRTEM image of the
nanoplate subunit with a regular lattice fringe of the {110} planes
(d = 0357 nm), confirming the vaterite polymorph, and the
single-crystalline nature of the nanoplate subunit. Moreover, a
typical SAED pattern taken from the edge of a nanoplate subunit

(inset in Figure le) shows single-crystalline-like diffraction spots
viewed from the [001] zone axis, confirming the exposed high-
energy {001} facets as marked in Figure lc, which, to the best
of our knowledge, have rarely been exposed without the aid of
additives.”* ¢

The FT-IR spectrum in Figure 1f shows that the typical
absorption bands that correspond to the CO5>~ vibrations
of vaterite (CO;>~ bands at 745 cm™, 875 cm™, 1088 and
1477 cm™).***> The weak absorption bands of 2922 cm™ is
characteristic absorption of C—H stretching, and 2507 cm™ is
likely assigned to the stretching vibration of N—H in R,-NH,*
or Ry-NH'. Upon heating, TG-DSC curves (Figure S2) show
a notably small weight loss of ca. 2.5% below 400 °C, which can
be ascribed to adsorbed water, and the organic residues. From
the results, we pay attention that, there is a relatively small
amount of organic residues left on the crystal surface, compared
to previous work.***> Thus, vaterite CaCO; nanoplate
assemblies with large quantities of exposed {001} facets were
successfully synthesized by this additive-free route. Compared
to previous work, the product herein, features a more suitable
particle size, and a larger amount of the exposed {001} facets
provided by the assembly of the submicrometer-sized vaterite
nanoplates.”*?

In our reaction system, multiple roles of the DMF/H,0
solvent are demonstrated, apart from the regular solvent effects
of increased supersaturation and decreased ionic mobility and
activity. TG-MS curves (Figure 2a, b) show a variety of species
released as temperature increases (start at T = 80—90 °C),
involving H,0, CO,, (CH;),NCOH, and (CH;),NH. Actually,
it is speculated that these moieties contribute to building ions
(CO,4*") for CaCO; crystallization, crystal modifier ((CH;),NH,")
for stabilizing vaterite and promoting the high-energy {001}
facets formation. It is well recognized that vaterite does not usually
expose its high-energy {001} facets, whereas crystal modifier, such
as ammonium ions, stearic acid monolayers, etc., have been
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Figure 2. (a) TG-DSC and (b) TG-MS curves of DMF/H,0 (3:1 v/v) mixed solvent at temperature ranging from 40 to 180 °C. The schematic
illustration presents the tentative formation mechanism of the vaterite CaCOj nanoplate assemblies with exposed {001} facets, where the positively
charged dimethylamine ions ((CH;),NH,*) bond with the carbonate ions via electrostatic interaction, stabilizing and promoting the {001} facets of

vaterite in the final product.

demonstrated to stabilize and inhibit {001} facets of
vaterite.>*"2® Herein, combined with the solvent effects of the
mixed solvents (DMF-H,0), the in situ produced positively
charged (CH;),NH," ions are proposed to adsorb onto {001}
facets of vaterite, stabilizing and directing the formation of the
exposed {001} facets. To the best of our knowledge, it is a novel
strategy to utilize DMF-H,O solvothermal reactions to syn-
thesize carbonates, quite apart from its familiar functions in
previous work as mere solvent or reducing reagent.””**

The products are formed via an aggregation-mediated
process, as shown in Figure S3. After 2 h, the primary round
cakelike particles consisted of vaterite nanoparticles formed.
The particles have an average diameter of 1 ym, indicating
that the initially formed nanoparticles aggregated orientedly
(Figure S3a, b). As time was prolonged to 4 h, the nano-
particles of the round cakelike particles encountered a series
of mesoscale growth process, involving the hollowing of the
central district, and the crystallographic fusion of the vaterite
nanoparticles, due to the Ostwald ripening (Figure S3c, d). As
indicated by the red arrows in Figure S3d, the nanoparticle
around the central district of the particles had a slower
crystallographic fusion process than those in the districts outside,
as may be caused by the more sufficient reaction ions around the
particle than in the central district. The matured product was
formed after reaction for 6 h, as indicated by the red arrows in
Figure S3e, f, the nanoparticles in the central district almost
disappear, indicating a further crystallographic fusion process in
the final product. The tentative formation mechanism of the
product is illustrated in Figure 2. The particle size of the product
can be controlled by altering the reaction temperatures, and the
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reaction time. In this regard, a variety of similar products with
diameters ranging from 0.8 to 1.9 ym can be achieved at
100—140 °C for 4—8 h (Figure S4). The particle size increases
while the reaction temperature rises, which is attributed to the
increased reaction ions mobility, and the increased concentration
of the in situ (CH;),NH," ions at elevated temperature, resulting
in an enhanced effect on forming the {001} high energy facets,
and thus the increase of the particle size. We wish to highlight that
this work presents us an example on reworking and exploring an
earlier binary-solvent system for synthesizing calcium carbonate by
reaction-assisted synthetic protocols without additives.

To evaluate the performance of the sample as an inorganic
vehicle, we tried different weight ratios of DOX to CaCOj in
order to obtain the maximum drug-loading capacity. Interest-
ingly, as shown in Figure 3a, the sample has a maximum drug-
loading capacity up to 65% and a high encapsulation eficiency
of around 80%. To the best of our knowledge, the maximum
drug-loading capacity of our sample is nearly 8 times greater
than the best of previous CaCOj;-based vehicles (that proved
effective in cell cytotoxicity tests),''~** and is even comparable
to SWCNTs loaded at normal PH (68%).>® Statistical data of
the performance of a variety of inorganic vehicles is presented
in Table S1, part of which are shown as bar chart for visuali-
zation in Figure 3b. The high drug-loading capacity renders our
product an appealing host for DDS.

The drug-release profiles of the CaCO;-DOX delivery system
are presented in Figure 3c. First, our product has an admirable
PH-sensitivity with extremely low drug release (<10% at pH 7.4)
at simulated physiological condition, and 80% release at pH 4
over 216 h, as illustrated by the dramatic change from opaque
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Figure 3. (a) DOX loading capacity and encapsulation efficiency of the samples at different weight ratios of DOX to CaCOs. (b) Statistical bar chart
of DOX loading capacity of diverse inorganic-based vehicles. The red bar represents data of our work, whereas black bars represent those of other
work. 171329 () Releasing profile of the CaCO,-DOX delivery system at pH 4.0, 5.0, 6.0, 7.0, and 7.5. (d) FT-IR spectra of the free DOX, bare
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red at pH 4 to near-translucent light at pH 7 (inset in Figure 3c).
Furthermore, compared to previous work, the initial burst release
appears to be inherently quite well inhibited in acidic conditions,
as evidenced by no more than 30% release within the first 4 h at
pH 4—6. More importantly, sustainable release responses are
realized at acidic conditions, as can be seen that a long period
of 216 h is required to release 80% of the total DOX molecules
at pH 4. Key release parameters of diverse inorganic-based DDSs
are presented in Table S2. Actually, we envision that the inhi-
bition of initial burst release and the behavior of subsequent
sustainable releasing are both considered favorable for cancer
cure as such a pattern causes less shock to a patient’s body, as
well as prolongs the drug efficacy and decreases the drug uptake
frequency, which might be particularly beneficial for elderly
patients and children.

As most earlier systems have much larger specific surface area

than our product (Figure SS, 21 m* g ") 891316 4y particular,

15689

single-walled carbon nanotubes with a theoretical specific
surface area up to 2600 m* g~',* we speculate that the intrinsic
nature of the crystal structure, especially the surface structure, is
the dominant factor for our good results in the DOX loading
and releasing, which has been proposed as one important factor
for the high drug-loading of calcium silicate hydrate in previous
work.” First, to eliminate the effects caused by the small amount
of the organic residues, we tested the loading capacity of the
annealed sample with the organic residues completely removed.
As can be seen in Figures S6 and S7, the annealed sample
showed comparable DOX loading capacity as to the unannealed
sample, which indicates that, the small amount of organic
residues left in the product make negligible contribution to the
drug loading. The FT-IR spectrum (Figure 3d) of the CaCO;-
DOX displays characteristic bands of DOX and CaCOj; without
obvious band shift or loss, confirming the DOX immobilization
on CaCOj; without prominent structural transformation, and
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also the electrostatic interaction between DOX and CaCOj as the
dominant force. Herein, the —NH," groups of the DOX mole-
cules are proposed to link with the CO5*~ anions of the {001}
facets via the electrostatic bonding, similar to the electrostatic
interaction between —COO™ groups of the ibuprofen molecules
(another type of drug molecule) and the Ca®* cations of the
surface of the calcium silicate hydrate reported by Zhu etc.” The
photoluminescence of the CaCO;-DOX (Figure S8) is quenched
to a certain extent, a phenomenon which has already been
observed in zirconia nanocapsules/DOX and carbon nanotubes/
DOX;** however, it has not been reported in a CaCOs-based
DDS. It is another evidence of interactions between the loaded
DOX molecules and the CaCOj crystal surfaces. Thus, it is bold
to speculate that the high drug loading and the sustaining
of subsequent releasing behavior may be probably ascribed to
the crystal facet—drug molecule interactions at the atomic or
molecular level.

The 48 h 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) in vitro cell cytotoxicity experiment was
conducted to further evaluate the drug efficacy of the CaCOj;-
DOX. As shown in Figure 4a, the bare CaCOj; does not show
distinct cytotoxicity to HepG2 cells, demonstrating its good
biocompatibility. After conjugating DOX molecules, the
CaCO;-DOX shows prominent dose-dependent cytotoxicity
toward HepG2 cells, demonstrating the drug efficacy of the
CaCO;-DOX, which is similar to the result of previous work."!
At appropriate concentrations (¢ > 10 g mL™"), the CaCOj5-
DOX shows enhanced cell cytotoxicity toward HepG2 cells
than free DOX. However, considering the release of less than
60% within 48 h and the prolonged releasing time afterward
(Figure 3c), the long-term drug efficacy of our DDS may be
anticipated. As shown by the images in Figure 4b, ¢, the HepG2
cells are round and bear bubbles inside, indicating the cell
death, and the DOX-induced cell death is confirmed by the
strong red fluorescence emission of the HepG2 cells after
coincubating with CaCO;-DOX (12.5 ug mL™") for 48 h.

In summary, vaterte CaCO; nanoplate assemblies with
substantially exposed {001} high-energy facets are synthesized
via a novel, additive-free strategy in DMF/H,0. A maximum
DOX-loading capacity up to 65% is achieved, rivaling all the
CaCOj-based DDSs so far. Moreover, the product’s sustainable
release behavior and the inhibition of initial burst release endow
it with long-term chemotherapeutic efficacy. The work develops
a new way of additive-free strategy toward vaterite CaCOj;
nanoplate assemblies with exposed high-energy {001} facets,
and more importantly, it highlights the crystal surface structure
and chemistry at atomic level for rational design of a DDS with
high drug-loading capacity and sustainable-releasing behavior.
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