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ABSTRACT: Phosphate-based glasses are well-studied biodegradable materials FiGwrato
in the bulk. However, less is known about the synthesis and properties of o © @

phosphate glass when prepared as microparticles or nanoparticles. These glasses N

have excellent biodegradability and biocompatibility. Therefore, phosphate glass Tri-butyl phosphate concentration
micro/nanoparticles have significant potential for advances in drug delivery, é,"‘ ;ﬁ A
bioimaging, degradable implants, and tissue engineering. In this study, calcium Electrospray » k“‘*ﬂ [& uﬂ {
phosphate micro/nanoparticles (CPPs) with the composition (P,O5),s-(Ca0)s 6% & ’ Morphology Control —
were prepared through a combination of the sol—gel and electrospray methods. 50 cen C?; Time
This synthesis method shows great flexibility in controlling the size and oot ° o © O
morphology of CPPs. CPPs with an average diameter in the range of 345—952 \

nm and various morphologies including carnation flower-like, golf-ball-like, and
apple-like were obtained. Optical microscopy was further used to demonstrate
that the CPPs can have an average size increase of 95% in diameter and 720% in volume within the first 5—10 min of hydration in
neutral aqueous media. The hydro-expansion process is accompanied by a two-stage ion release of phosphorus and calcium. We
propose to utilize the expansion of the particle to mechanically ablate tissue and destroy cells.
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Hydro-expansion
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Bl INTRODUCTION

Bulk phosphate-based glasses have been extensively studied for
decades.""* This research interest is driven by three unique
properties: biodegradability and biocompatibility,”™"" tunable

dissolution rate,”>™'” and ease of drug and biomolecule

dissolves. These properties make phosphate glasses promising
candidates for biological applications such as bioimaging,”
drug delivery,17_23 tissue engineering,lS bone regeneration,l
bacterial control,'® neural repair,ls’28 oral healthcare,”

bioresorbable optical fiber,’ etc.

9

loading.'” > Different from their silicate counterparts,'®**~>°
phosphate glasses can completely dissolve in aqueous media
and release ions such as Ca** and Na* that are routinely found
in the human body.”'""® This biodegradability is a direct
result of the underlying chemical structure. The phosphate
glass consists of an inorganic phosphate network along with
modifiers such as metal oxides. The PO,>” tetrahedron unit
contains at least one terminal oxygen and shares the other
three with neighboring PO,>” units. This terminal oxygen
reduces the connectivity of phosphate glasses compared to
their silicate-based counterparts.”

The connectivity is further reduced by adding modifier
metal oxides (e.g., CaO, Na,0, MgO, K,0, AL, O;, Fe,0;, and
TiO,), which depolymerize the glass structure by converting
the bridging oxygens into nonbridging oxygens. Second, the
capability of introducing versatile modifier oxides makes the
dissolution rate tunable from hours to several weeks.'® Third,
phosphate glasses can have biomedical functions: Drugs and
biomolecules (e.g, trypsin inhibitor,”' tetracycline,22 growth
factors,” gentamicin sulfate,'> vancomycin'”) can be easily
loaded into the glass matrix and then released as the glass
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Bulk phosphate glasses are typically synthesized via the melt-
quenching of precursors. This is a high-temperature process
(~1000 °C) and incompatible with most biomolecules and
drugs. More recently, sol—gel methods have been shown to
create bulk phosphate glasses with a wide range of
compositions below 200 °C."""**°7** I the sol—gel process,
the phosphate precursors (e.g., n-butyl phosphate and triethyl
phosphate) and desired metal oxide precursors (e.g., sodium
methoxide and calcium methoxyethoxide) are mixed, hydro-
lyzed, and condensed to form the gel and carefully dried to
form the glass.

Although bulk phosphate glasses are established, studies on
the synthesis and properties of phosphate glass micro/
nanoparticles are still limited. The reduction of the size to
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Figure 1. (A) Schematic illustration of the combined sol—gel and electrospray process. The sol solution prepared from the sol—gel chemistry (step
1) was pumped through the emitter charged with a high-voltage (step 2). This process generated fine droplets, which were collected by the heated
silicone oil to form CPPs. 1, emitter; 2, syringe pump; 3, high voltage generator; 4, ring electrode; 5, silicone oil bath; 6, ground electrode; 7, hot
plate. Vg, the voltage of the emitter; Vy, the voltage of the ring electrode; Vg, the voltage of the ground electrode; H;, the distance between the
emitter and ring; H,, the distance between the ring and ground electrode (working distance). This figure was created with BioRender.com. Main
findings of this study include (B) the size and morphology control achieved by tuning the flow rate and tributyl phosphate concentration,
respectively and (C) the hydro-expansion behavior of CPPs in aqueous media. Inset: schematic illustration of the phosphate glass network modified
by calcium oxide. Note that this scheme does not reflect the actual chemical structure and composition.

micro/nano range may benefit biomedical applications such as
drug delivery, bioimaging, and degradable implants. One
approach for the preparation of nano phosphate glasses is the
combined sol—gel and electrospray method.”” Electrospray is
an electrohydrodynamic atomization process that generates
small charged droplets. Micro/nano- materials with control-
lable size and morphology can be formed once the as-
generated droplets are further solidified.”> This method has
been used in previous research to generate biodegradable
(P,05)ss—(Ca0);3p—(Na,0),5 glass nanoparticles in the range
of 200—500 nm.”” These phosphate glass nanoparticles
demonstrate good biodegradability and were exploited as a
transient contrast agent for ultrasound stem cell imaging.
However, influences of synthetic parameters such as the
solvent physical property and the electrospray voltage, flow
rate, and working distance have not been explored in this work.

Here, we further refine this method to prepare (P,O5),5—
(Ca0),5 calcium phosphate particles (CPPs) via a combina-
tion of sol—gel and electrospray. CPPs of the size in the range
of 345—952 nm and various morphologies including carnation
flower-like, golf-ball-like, and apple-like were obtained by
tuning the flow rate of the electrospray process and tributyl
phosphate concentration. More importantly, we also report the
discovery of the hydro-expansion property of CPPs associated
with the degradation process in aqueous media at pH 10 and 7.
To the best of our knowledge, this is the first detailed study of
size and morphology control and the first report demonstrating
the hydro-expansion property of phosphate-based glass micro/
nano particles. We envision that the expansion of the particle
could be utilized to mechanically ablate tissue and destroy
cells.

Bl RESULTS AND DISCUSSION

Synthesis, Composition, and Structure of CPPs. CPPs
were };repared with a combination of sol—gel and electro-
spray (see Materials and Methods). Briefly, a sol solution was

prepared using n-butyl phosphate (NBP) and calcium
methoxyethoxide (CME) as phosphate and calcium precur-
sors, respectively. As-prepared sol solution was subsequently
electrosprayed with the setup as shown in Figure 1A. In the
electrospray, the sol solution was pumped through a metal
needle and charged by the applied high voltage. As a result, fine
droplets were formed and collected by the silicone oil bath
maintained at 150 °C. CPPs finally formed in the silicone oil
bath after solvent evaporation. The size and morphology can
be well-controlled by adjusting the flow rate in the electrospray
parameters and the solvent mixture of the sol (Figure 1B),
which will be discussed later. A summary of the sample ID and
detailed synthetic parameters including the sol—gel recipe, flow
rate, voltage, and working distance are provided in Supporting
Information (SI) Table S1.

A comparison of the intended composition of CPPs and that
determined by EDX and ICP-MS is shown in Table 1. The

Table 1. Composition of CPPs

intended* EDX” 1CP-MS"
sample P,04 CaO P,04 CaO P,04 CaO
ID (mol %) (mol %) (mol %) (mol %) (mol %) (mol %)
CPP-4° 25.0 75.0 24.6 75.4 25.1 74.9
CPP-9° 25.0 75.0 253 74.7 26.0 74.0

“The intended value was calculated based on the ratio of NBP and
CME chemical input in the sol—gel process. ®Both EDX and ICP-MS
results were converted to mol % for comparison. “See SI Table S1 for
specific synthetic parameters.

EDX and ICP-MS results are consistent with the intended
CPPs composition, (P,0O5),s—(Ca0),s. Note that CPP-4 and
CPP-9 were prepared without and with tributyl phosphate
(TBP) addition, respectively. No significant compositional
difference was found in these two samples indicating that TBP
did not react with the sol. However, the addition of TBP was
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Figure 2. (A) XRD pattern of CPP-4 indicating the amorphous nature and (B) FTIR spectrum and band assignments for CPP-4 indicating the
presence of P—O—P bonding and Q' and Q? species. Abbreviations: 1, stretching; 5, deformation; s, symmetric; as, asymmetric. See SI Table S1 for

detailed sample ID and synthetic parameters.

found to affect the morphology of particles, which will be
discussed later.

The structural characterization of the CPPs used a
combination of XRD, FTIR, and *P MAS NMR techniques.
The XRD pattern of the as-prepared CPPs (Figure 2A) shows
three broad reflections observed between 20 and 60 degrees
26, which indicates the amorphous nature of these particles as
reported in the literature.’*™** Figure 2B shows that the nature
of bonding in the CPPs can be determined by FTIR. All bands
are assigned according to previous literature reports.""**~*
Specifically, the bands measured at 540, 730, 790, and 900
cm ™" are all assigned to vibrational and stretching modes of the
P—O-P bonding. The Q" terminology is widely applied for
explaining the degree of polymerization of phosphate
glasses.'"'®*"*3 Here, n represents the number of bridging
oxygens in the network. A higher n number represents a higher
degree of polymerization of the glass network. The presence of
Q' species is indicated by the symmetric and asymmetric
PO, stretching modes at 1000 and 1100 cm™". The weak
signals at 900 and 1220 cm™" are assigned to the asymmetric
P—O—P and PO, vibrations, which indicates the presence of
Q’ units. However, the Q” signal is much weaker than Q'
signal. The band around 3600 and 1600 cm™ is assigned to the
symmetric stretching and the deformation modes of O—H
groups, respectively, which can originate from surface hydroxyl
groups or physically adsorbed surface water. The band at 2900
em™" is assigned to C—H stretching modes associated with
residual organics. Figure 3 shows the *'P MAS NMR data
measured under quantitative conditions from CPPs, where
each deconvoluted resonance is assigned according to previous
literature values.”””"** From Table 2, 75.3% of Q°, 24.3% of
Q', and 0.4% of Q’ species comprise the CPP structure, thus

A B
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- ——
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Figure 3. 3P MAS NMR spectra of CPP-4 presented in the range of
(A) —200—200 ppm and (B) —15—15 ppm. Predominant Q° and Q'
species indicate a low degree of polymerization.

Table 2. 3'P MAS NMR Peak Parameters of CPP-4

Siso (ppm) Q" fwhm (ppm) relative intensity (%)
1.1 Q 52 75.3
-2.3 Q! 4.0 24.3
—6.2 Q* 1.6 0.4

indicating a very low degree of polymerization throughout the
phosphate network. Hence, the glass network is predominantly
connected by P—O—Ca bonds rather than P—O—P bonds.
The theoretical phosphate glass compositions sustaining pure
Q°, Q, and Q speciation are (P,05),5—(Ca0)ys, (P,05)33—
(Ca0)y;, and (P,05)50—(Ca0)s, respectively. Therefore, the
theoretical composition of CPPs with 75.3% of Q°, 24.3% of
Q!, and 0.4% of Q” species is close to (P,05),7 14— (Ca0)7, 56
(calculated by weighted average). This NMR-derived
composition is consistent with EDX and ICP-MS results of
Table 1.

Effects of Electrospray Parameters on the Size. The
first electrospray parameter studied is the flow rate of the sol
solution. In the electrospray process, as the applied voltage
increases, the spraying mode changes from c]rip}:»ing mode to
spindle mode, and Taylor cone-jet mode.””™*" Throughout
this study, the Taylor cone-jet mode was applied because it
generates relatively more monodispersed particles with
predictable sizes. According to the scaling law,”>***” the jet
diameter is proportional to the flow rate and governs the size
of as-generated droplets and particles. Our DLS and TEM
results (Figure 4, SI Figure S1 and Table S1) are consistent
with this prediction. As the flow rate increases from 0.05
(CPP-1, SI Table S1) to 0.4 (CPP-3, SI Table S1) mL/h, the
mean diameter (Z-Ave.) of CPPs increases from 345.5 to 952.3
nm. The polydispersity index (PDI) remains around 0.25 for
CPPs prepared from the flow rate of 0.05—0.2 mL/h. The PD],
however, increases significantly to 0.564 when the flow rate is
0.4 mL/h. The increasing polydispersity is due to a less stable
Taylor-cone jet when the flow rate is larger than 0.4 mL/h.
The other two parameters, emitter voltage (14.5—16.5 kV) and
working distance (4—10 cm), however, do not result in a
significant change of the particle size (Figure 4B,C). Note that
a second peak ~5000 nm with 0.5—14% in intensity exists in
all samples. This was attributed to larger particles formed due
to the bursting spray caused by the occasional congestion of
the nozzle. This bursting spray may also explain the relative
polydisperse nature of as-prepared CPPs. More detailed size
information (Z-Ave., PDI, peaks, peak percentage, and
standard deviation for each peak) can be found in SI Table SI.
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Figure 4. DLS and TEM images showing the effect of (A) flow rate, (B) emitter voltage, and (C) working distance on the size distribution of CPPs.
The flow rate was adjusted from 0.05 (CPP-1) to 0.1 (CPP-2), 0.2 (CPP-4), and 0.4 (CPP-3) mL/h; the emitter voltage was adjusted from 14.5
(CPP-$) to 15.5 (CPP-6), and 16.5 (CPP-7) kV; the working distance was adjusted from 4 (CPP-5) to 7 (CPP-8), and 10 (CPP-4) cm. See SI
Table SI for details on synthetic parameters. See SI Figure S1 for the TEM image for CPP-3. The mean diameter of particles increases as the flow
rate increases from 0.0S to 0.4 mL/h and does not vary significantly with the change of emitter voltage and working distance in the tested range.

Scale bar, 1 ym.

Effects of the Solvent Mixture on the Morphology.
Both the size and morphology (or shape) have been known to
greatly affect the cell internalization of synthetic particles.”’ ™"
It is therefore essential to be able to control the morphology of
CPPs for potential biomedical applications. Electrospray not
only shows flexibility in the control over the particle size but
also the particle morphology.””****7% One factor that
influences the morphology of particles during electrospray is
the evaporation behavior of solvents. For example, the
preparation of porous particles with tunable pore struc-
tures®>*”® and nonspherical particles (e.g, red-blood cell-
like)*” have been demonstrated via controlling the evaporation
of solvents. We hypothesized that the addition of a high-
boiling point solvent to the sol solution can alter the solvent
evaporation behavior and thus the morphology of CPPs. TBP
was selected as a model additive because of its much higher
boiling point relative to all other reactants in the sol solution
(Table 3). Various amounts of TBP were added to the sol
solution immediately before the electrospray. An interesting
evolution of the morphology CPPs was observed with the
increase of TBP addition (Figure SB). Without adding TBP,
the CPPs surface is highly wrinkled and resembles a carnation
flower (Figure SB (i)). As the added TBP increases from 4.3 to

Table 3. Comparison of the Boiling Point of Reactants

boiling point
chemical (°C)”
n-butyl phosphate(Alfa Aesar) ~124
calcium methoxyethoxide (ABCR, 20% in 118
methoxyethanol)
2-methoxyethanol(Sigma-Aldrich, 99.9%) 124-125
tributyl phosphate(Sigma-Aldrich, 99%) 289

“Data provided by corresponding manufacturers.

18.3 vol %, the surface becomes increasingly smooth, and the
morphology changes from golf ball-like (Figure SB (ii)) to
mildly dented (Figure SB (iii)), and then apple-like (Figure SB
(iv)). The increase of TBP concentration to 34.9 vol % can
further reduce the surface dents and wrinkles (SI Figure S2).
See SI Figure S3 for DLS results of CPPs prepared from
various TBP concentrations.

The TBP does not participate in the chemical reactions
because no significant compositional difference resulted from
the TBP addition (Table 1). Therefore, the observed
morphology evolution is more likely a result of changes in
the physical properties of the sol caused by TBP addition. A
possible mechanism is proposed and shown in Figure SA. A
higher amount of TBP addition will increase the overall boiling
point of the solvent mixture meaning a slower evaporation rate.
This reduced evaporation rate may allow for a more sufficient
inward solute diffusion and homogeneous shrinkage of the
liquid droplet before the formation of a solid crust. As a result,
a smaller void-to-crust volume ratio is possible upon the
complete evaporation of solvents. Therefore, the particle is
more robust to resist the tendency toward structural collapse
and result in more smooth and spherical particles. On the
contrary, with less TBP, the solvent evaporation can be so fast
that a crust forms in an early stage. After complete solvent
evaporation, a larger void-to-crust volume ratio is possible.
Such a relatively larger void volume will force the particle to
have a higher degree of structural collapse and the formation of
a more wrinkled surface. Of course, further studies are
necessary to validate this hypothesis.

Hydro-Expansion and Degradation of CPPs. Bulk
phosphate glasses have been known for their good
biodegradability. Here, the dissolution behavior of CPPs of
various morphologies (CPPs-4, -9, -10, and -11 shown in
Figure 5) was investigated using an inverted optical micro-
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Figure S. (A) Schematic illustration of a hypothesized mechanism for the evolution of the morphology of CPPs. A higher amount of TBP increases
the boiling point of the solvent mixture, which will slow down the evaporation of the solvent and allow for a more sufficient inward solute diffusion
and a homogeneous shrinkage of the droplet before the formation of a void crust. This more sufficient inward solute diffusion process can lead to a
smaller void-to-crust volume ratio upon the complete solvent removal and a lower degree of structural collapse and, therefore, a smooth surface.
(B) SEM images showing the evolution of the morphology of CPPs with the increase of tributyl phosphate (TBP) addition in the sol solution from
(i) 0 vol % (carnation-like, CPP-9), (ii) 4.3 vol % (golf ball-like, CPP-10), (iii) 11.8 vol % (dented, CPP-11) to (iv) 18.3 vol % TBP (apple-like,
CPP-4). The surface smoothness increases with the increase of TBP addition. Inset images: higher magnification images showing a representative
particle for each case. Scale bar: 1um for all low-magnification images; 200 nm for all high-magnification images.
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" - e i I8 A
#5002 min

Figure 6. Optical microscopy images showing the size evolution of CPPs (CPPs-4) in (A) H,O (pH 7) + ethanol (Inset: high magnification images
of particle #2) and (B) pure ethanol over time. CPPs expansion was observed in in the presence of H,O but not in pure ethanol. The light blue
arrow indicates a particle that shrinks over time, which may be attributed to the existence of internal voids. Scale bar: S ym for low magnification
images and 2 ym for high magnification images.
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Figure 7. Quantification of the hydro-expansion of CPPs over time based on image analysis of optical microscopy images as shown in Figure 6. (A)
Diameter versus time. (B) The change in relative diameter versus time. (C) Relative volume change versus time. (D) Maximum relative volume
change versus initial diameter. For the calculation of relative diameter and volume changes, diameter and volume values at ¢ = 2 min were used as
D, and V, and an ideal spherical shape was assumed. There was an initial burst increase of diameter within the first S min. The number-average of
the maximum (D—D,)/Dy% and (V—V;)/V% is 95% and 720% respectively. The maximum relative volume change decreases with increasing

initial particle size.

scope. Briefly, CPPs in ethanol solution were dropped to a 35
mm glass-bottom dish and then aqueous solutions of various
pH (pH 5.2, 7, and 10) were added to the dish respectively to
initiate the hydration. We then waited two minutes to allow
particles to settle down and stabilize on the bottom of the dish.
In the acidic condition (pH $.2), CPPs dissolve instantly
(within 10s) regardless of their morphologies, as evidenced by
a significant volume shrinkage (SI Figures S4 (A), S5 (A), S6
(A), S7 (A). On the contrary, an interesting hydro-expansion
behavior was observed for CPPs of all morphologies when they
were hydrated at pH 7 (SI Figure S4 (B), S5 (B), S6 (B) and
Figure 6) and pH 10 (Figure S4 (C), S5 (C), S6 (C), S7(C).
Such dissolution/expansion behaviors were not observed in
pure ethanol solution (Figure 6B), indicating that the
dissolution/expansion of CPPs is associated with the
interaction between CPPs and water. Note that some particles
only shrank even when pH 7 (highlighted by the blue arrow,
Figure 6) and pH 10 (SI Figure S4). This may be due to the
void nature of some CPPs.

As an example of quantitative analysis, the average diameter
of particles (CPPs-4) numbered in Figure 6 during the
hydration process at pH 7 and pure ethanol was measured
using Image-Pro Plus 6 software. The evolution of the
diameter, relative diameter change ((D-D,)/D%), and relative
volume change ((V—V;)/V,%) over time is shown in Figure 7.
Figure 7A clearly shows that no size change occurred for CPPs
in pure ethanol (#7 and #8). As for CPPs in the presence of
neutral H,O (#1-#7), an initial “burst” increase of diameter
within the first 5 min was observed. After that, the diameter
change reaches a plateau. The maximum relative diameter
change varies from ~48% (particle #S, Figure 7B) to ~173%
(particle #2, Figure 7B). Similarly, the relative volume change
varies from ~230% (particle #S, Figure 7C) to ~1950%

(particle #2, Figure 7C). The number-weighted average values
for the maximum (D—D,)/Dy% and (V—-V,))/V,% are 95% and
720%, respectively. The actual relative diameter change and
volume change should be more than 95% and 720% because
the diameter and volume at t = 2 min were used as initial
values in our calculation. Figure 7D shows that the maximum
relative volume change tends to decrease with the increase of
the initial particle size. This could be a result of the difference
in the surface-to-volume ratio of particles. The relative volume
change of CPPs caused by the hydration is comparable with
that of some polymer particles reported in the literature, for
example, 330% for chitosan microparticles,”’ 200% for P(St-co-
DMAEMA) nanoparticles,”" 230% for PLGA microparticles,””
and 800% for gelatin nanoparticles.””> SEM images of CPPs
hydrated at pH 7 and then dried at 100 °C (SI Figure S8)
shows that the hydration process significantly altered the
morphology of CPPs. For example, the wrinkled surface of
CPP-9 became smooth. In some cases (CPP-10 and CPP-4),
steps/facets typically observed in crystal materials appeared.
We hypothesize that the observed hydro-expansion behavior
may be attributed to chemical reactions between water and
CPPs to form new calcium phosphate phase (s) that has
(have) a larger volume. A more systematic study combining
microscopy, FTIR, TGA, and XRD will be carried out in the
future to verify the actual mechanism for the hydro-expansion.

The degradation of bulk phosphate-based glasses is known
to release component ions. To monitor the ion release of
CPPs, a dynamic dissolution experiment was carried out by
using a homemade flow cell design. This flow cell is configured
from a syringe and syringe filter. It allows for the deposition of
CPPs on a syringe filter membrane and a continuous flow of
Millipore water passed through the membrane. The liquid
samples were collected at the desired time points for ICP-MS
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Figure 8. Dissolution of CPP-4 monitored with ICP-MS. (A) Cumulative ion release of P and Ca ions versus time showing an initial burst release
of P and Ca ions in the first hour and a linear release starting from the second hour. P-blank and Ca-blank curves were created from DI water
running through a flow cell without particles. (B) Cumulative particle dissolution in weight (blue) and weight percentage relative to initial particles
(red) over time calculated based on cumulative ion release. (C) Released P/Ca molar ratio versus time. The released P/Ca molar ratio decreases in

the first hour and then increases.

analysis. Figure 8A shows the cumulative release of P and Ca
ions expressed as molar. The ion release curve of both P and
Ca can be divided into a nonlinear region (t = 0—2 h) and a
linear region (t = 2—8 h). The nonlinear region is featured
with an initial burst release of ions, which is consistent with the
observed initial burst increase of size (Figure 7). As a control
experiment, Millipore water was running through a blank flow
cell (without particles) and analyzed with ICP-MS (P-blank
and Ca blank, Figure 8A). As expected, no ion release was
observed in the control experiment indicating no measurement
error caused by the contamination from the flow cell. The
calculated cumulative particle dissolution (Figure 8B) shows
that ~0.54 mg or 38% of the initial CPPs were dissolved after
8h. Interestingly, as shown in Figure 8C, the molar ratio of P/
Ca released to water decreases in the first hour of dissolution.
It then increases between 1 h and 8 h. This subtle variance of
P/Ca molar ratio over time may be attributed to the
dissolution mechanism of CPPs. The dissolution of phos-
phate-based glasses can either be governed by the hydrolysis of
the P—O bond of the P—O—P unit or the hydration of the
Ca—O bond of the P—O—Ca unit. If the dissolution is
governed by the hydrolysis of the P—O bond, each basic
phosphate unit containing calcium will be released intactly. In
other words, one will expect a constant P/Ca molar ratio
detected from water over time. On the contrary, a changing P/
Ca molar ratio was observed, indicating that the hydration of
the Ca—O bond of the P—O—Ca unit is a more likely
mechanism for the dissolution of CPPs. This is consistent with
findings from previous research: the rate of hydrolysis of P—
O—P bonds is significantly slower than the rate of hydration of
the entire phosphate anion’* and, as a result, phosphate anions
can be separated intactly from their accompanying metal
cations.”

Inspired by the surprising hydro-expansion property of
CPPs, we propose to utilize CPPs to construct a nanosystem
that can mechanically ablate tissue. We envision using the
expansion of the particle to destroy cells. When coated with a
protease-selective peptide, this approach could offer targeted
ablation of malignant tissue. It could also be reused to restore
blood flow in occluded vessels. These ideas will be investigated
in future work.

B CONCLUSION

The preparation of calcium phosphate micro/nano- particles,
(P,05),5-(Ca0);s, via the combined sol—gel and electrospray
method was studied in detail. It was found that the flow rate
has a significant effect on the size of CPPs, while the working
distance and voltage of the emitter in the tested range do not.

We also found that the surface smoothness of CPPs was
improved with increasing tributyl phosphate concentration in
the sol solution. This knowledge enabled us to prepare CPPs
with an average diameter in the range of 345 to 952 nm and
various shapes including carnation flower, golf-ball, and apple-
like. Interestingly, a hydro-expansion behavior of CPPs in
aqueous solutions of pH 7 and 10 was discovered with optical
microscopy. Specifically, CPPs can have a more than 95%
increase in diameter and a 720% increase in volume within the
first 5—10 min of hydration in a neutral aqueous media. Such a
hydro-expansion process is accompanied by a two-stage ion
release of phosphorus and calcium. We envision using the
expansion of the particle to destroy cells. When coated with a
protease-selective peptide, this approach could offer targeted
ablation of malignant tissue. It could also be reused to restore
blood flow in occluded vessels. These ideas will be investigated
in future work.

B MATERIALS AND METHODS

Synthesis of CPPs. Synthesis of the Sol for Electrospray. The
following chemicals were used without further purification: n-butyl
phosphate (NBP, a mixture of mono-n-butyl and di-n-butyl, Alfa
Aesar), calcium methoxyethoxide (CME, ABCR, 20% in methox-
yethanol), 2-methoxyethanol (2-ME, Sigma-Aldrich, 99.9%), tributyl
phosphate (TBP, Sigma-Aldrich, 99%). NBP was diluted by 2-ME in a
molar ratio of 1:3 (NBP:2-ME) and magnetically stirred at 800 rpm
for 10 min. This mixture was cooled in an ice-bath. CME was added
to the solution dropwise via a syringe pump (16 mL/h) with the
solution being magnetically stirred. Upon the completion of CME
addition, the solution was brought to room temperature and
magnetically stirred overnight. See SI Table S1 for specific reactant
addition.

Electrospray. The setup for electrospray is shown in Figure 1A. A
16 G metal needle was used as the emitter, which was charged by a
high-voltage generator. A metal ring with a diameter of 2.5 cm was
inserted 0.5 cm below the emitter, which was also charged by a
secondary high-voltage generator. Both the emitter and ring electrode
shared the same ground electrode. The ground electrode was inserted
below the silicone oil bath. The ring electrode inserted between the
emitter and the ground electrode serves for modifying the spatial
distribution of the electric field and confine the spray inside the space
that is collectible by the silicone oil bath.”® A silicone oil bath
maintained at 150 °C was used as the collection medium for particles.
An appropriate amount of TBP was added to the sol from the
previous step and vortexed for 10 s right before electrospray. As-
prepared sol solution was fed to the emitter at various flow rates and
electrosprayed by the applied voltage. Various combinations of TBP
addition, flow rate, emitter voltage (Vy), ring voltage (Vy), and
working distance (ring-to-ground electrode distance, H,) were
studied to determine their influences on the particle size and
morphology. See SI Table S1 for specific parameters. The resulting
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particles were centrifuged at 5000 rpm, washed with acetone three
times, and then dried at 180 °C for 2 h.

Characterization. SEM, EDX, TEM, and DLS. SEM images were
acquired with Zeiss Sigma 500 operated at 5 kV with a 30-um
aperture and 10 mm working distance. CPPs were drop-coated on a
silicon substrate (Ted Pella Inc.) and sputter-coated with gold alloys
before SEM. For EDX, CPPs without gold alloy coating were used
and the voltage and aperture was 20 kV and 60 ym, respectively. TEM
images were acquired with a JEOL 1200 EX II operating at 80 kV.
DLS measurements were carried out using Zetasizer (2S90, Malvern
Panalytical) with CPPs in 2-methoxyethanol solution.

XRD, FTIR, and Solid State 3'P MAS NMR. Dried CPPs-4 powders
were used for XRD, FTIR, and 3'P MAS NMR characterization. XRD
and FTIR spectra were acquired using Panalytical XRD and
PerkinElmer FTIR. The solid state P MAS NMR data were
measured at ambient temperature using a Varian InfinityPlus-300
spectrometer (B, = 7.05 T) operating at a Larmor frequency of 121.5
MHz. The experiments were performed using a Varian HX 3.2 mm
MAS probe spinning at a MAS frequency of 20 kHz. Quantitative data
were acquired with direct detection (single pulse) methods using a 7/
6 flip angle and a recycle delay of 400 s. The NMR data processing
was carried out using ssNake while spectral deconvolution was
undertaken using Origin. All spectra were referenced against the
IUPAC recommended primary reference of 85% H;PO, (6, = 0.0
ppm) via a secondary reference of ammonia dihydrogen phosphate
(ADP) ((giso =099 Ppm)

Hydro-Expansion Observation. The hydro-expansion of CPPs was
observed using an inverted optical microscopy (Keyence). Here, 0.1
mL CPPs in ethanol solution (1 mg/mL) was dropped to a 35 mm
glass-bottom dish with a 14 mm microwell no. 1.5 cover glass
(Cellvis). Two mL aqueous solutions with pH 5.2, 7, and 10 were
added to the dish respectively to initiate the hydration of particles.
The first image was taken after 2 min of waiting time, when particles
naturally settled down on the bottom of the dish and self-stabilized.
Images of the same area were taken at various time points and then
analyzed by Image-Pro Plus 6 to determine the diameter of particles.
pH 5.2 solution was citrate buffer. pH 7 solution was Millipore water.
pH 10 solution was pH 10 calibration buffer for pH meters (Thermo
Scientific).

Biodegradation Monitoring. Biodegradation was monitored via
ICP-MS (iCAP RQ, Thermo Scientific): 1.4 mg CPP-4 (SI Table S1)
was deposited on a syringe filter with a pore size of 0.22 ym (Millex-
GP). CPP-4 was used because the smallest particles found in this
sample were larger than the pore size (see Figure 4 A(i)). ICP-MS
samples were prepared as stated below. Millipore water was
continuously pumped (1.2 mL/h) through the particle-deposited
syringe filter using a syringe pump at room temperature. The liquid
phase was collected at various time points (0 min, 5 min, 10 min, 20
min, 30 min, 1 h, 2 h, 4 h, 8 h, 24 h). A 0.1 mL aliquot of each of
these liquids was mixed with 0.571 mL 70% HNO; and left for
overnight digestion. Subsequently, Millipore water was added to make
a solution of 10 mL. The same process was repeated for a flow cell
without particles to create negative controls. The release of P and Ca
was measured with standard curves created in the range of 0—1000
ppb prepared from commercial phosphorus standard and calcium
standard (TraceCERT). All samples and standards contain 4%
HNO;. Results were expressed as a cumulative ion release in mole
versus time.
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