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ABSTRACT: Inorganic nanomaterials hold immense potential in Degradation, ultrasound &
theranostics, but their translation is limited by the toxicity resulting -~~~ "~"""""~ .~ photoluminescence imaging
from non-degradability. Bulk phosphate-based glasses offer great | o™ s e -
biodegradability, biocompatibility, and ease in incorporating imaging B o 3 1 i ‘I iﬁ,
dyes and drugs. However, the facile and mild solution-based synthesis e oy

of micro-/nanoparticles of this material is yet to be explored. Inspired 2 T QA
by the biosilicification process in the diatom, we created o T ™M™

polyethylenimine (PEI)/phosphate aggregates via the hydrogen | “ el S

bonding between amine (PEI) and hydroxyl (phosphate) groups, ° o

which was proved by dynamic light scattering and 'H solution nuclear |
magnetic resonance. The sol—gel reaction between the calcium Biomimetic sol-gel
precursor and PEI/phosphate aggregates yielded degradable PEI/

calcium phosphate (PEI/CP) micro-/nano-composites with versatile

sizes (396 + 128 nm to 63 + 8 um) and morphologies (hexagonal micro-disc, micro-flower, micro-leaf, nano-butterfly, and nano-
ribbon). The PEI/CP composition and chemical structure were examined. PEI/CP has negligible cell cytotoxicity and degrades
within 24 h. In vitro studies showed the promise for PEI/CP in transient ultrasound and photoluminescence imaging.

H INTRODUCTION ions and show promising biomedical applications, for example,
gene delivery to breast cancer with fluorescence imaging.”” ™"
However, these CP nanocrystals are not degradable at the
physiological pH (~7.3), causing the long-term retention
problem when applied at the physiological pH. Even though
they can degrade at more acidic conditions (pH < 6), that is,
within the endosome/lysosome (pH 6—4.5), the resulting
over-concentrated ions within the cell can trigger the cell
necrosis.”® On the other hand, amorphous MODP or
phosphate-based glasses are known for excellent biodegrad-
ability and biocompatibility at both the physiological and
acidic pH values.”> This degradability is a result of their
amorphous structure, that is, the terminal oxygen in the PO,*~
tetrahedron reduces the connectivity of the phosphate
network. After degradation, they release ions routinely found
in the human body (e.g, PO,’", Ca®", and Na*).** Finally,

Inorganic nanomaterials hold immense potential in theranos-
tics.' "' Specific for bioimaging, inorganic nanomaterials have
the advantage of controllable size, chemically functionalizable
surfaces, and unique physical properties creating imaging
signals. For example, gold nanoparticles are a versatile imaging
agent for photoacoustic imaging owing to surface plasmon
resonance.. Semiconducting quantum dots have tunable
emission spectra, photostability, and high efficiency ideal for
fluorescent imaging.lz_14 Superparamagnetic iron oxide nano-
particles are good contrast agents for magnetic resonance
imaging.'>'® Silica nanoparticles have a high acoustic
impedance mismatch and can improve ultrasound imaging.'”
Despite this success, one major limitation of most inorganic
nanomaterials is no/slow biodegradability and high toxicity
resulting from the long-term retention.'® ** Therefore,
biodegradation into non-toxic and renal clearable components
is an ideal property of theranostic nanomaterials.”*~>* Received: March 22, 2022
Metal oxide-doped phosphate (MODP) is an emerging class Revised:  July 17, 2022

of biomaterials. MODP can be crystalline or non-crystalline. Published: August 5, 2022
Crystalline MODP nanomaterials, for example, calcium

phosphate (CP) nanocrystals, can be easily prepared from

the controlled precipitation of metal (e.g. Ca®>") and H(PO,)*~
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Figure 1. Diatom-inspired synthesis of PEI/CP for transient ultrasound and photoluminescence imaging. SEM images showing the [A(i)] diatom
cell (coscinodiscus) and [A(ii)] silica cell wall made from the [A(iii)] biosilicification process, where silicic acids are templated by long-chain
polyamine via hydrogen bonding between amine and hydroxyl groups and polycondense to form patterned silica.** Reproduced with permission
from Sumper and Kroger."”> Copyright (2004) Royal Society of Chemistry. [A(iv)] Scheme showing that by mimicking the biosilicification,
phosphate precursors can also be templated by PEI, and further the reaction between phosphate and calcium precursors produces PEI/CP. [A(v)]
SEM image showing an example of the as-prepared PEI/CP structure (PEI/CP-3). [A(vi)] Scheme showing the biodegradation and decay of the
ultrasound and photoluminescence signal of PEI/CP in water. Created with BioRender.com. (B) Synthesis simply adding n-butyl phosphate (NBP)
to [B(i)] PEI in ethanol to form [B(ii)] templated PEI/NBP aggregates. These aggregates serve as nuclei in [B(iii)] the sol—gel reaction between
calcium methoxyethoxide (CME) and NBP to form [B(iv)] PEI/CPs particles. Created with BioRender.com. (C) Hydrodynamic diameter of PEI1/
phosphate aggregates versus the phosphate/PEI molar ratio as measured by DLS showing that the aggregate size increases only with phosphate
esters containing hydroxyl groups (DBP and NBP). ns: not significant, *p < 0.0, **p < 0.01, ***p < 0.001; n = 3. (D) 'H solution NMR
chemical shift of amine vs phosphate/PEI molar ratio, showing that the amine peak shifts only with phosphate esters containing hydroxyl groups
(DBP and NBP). 'H solution NMR spectra of PEI-25k (1 mM) and its mixture with (E) TBP and (F) DBP. 300 MHz, CDCl, 298 K. The amine

peak of PEI (1.8 ppm)** is filled in pink.

phosphate glasses can be facilely functionalized by incorporat-
ing imaging dyes’* and drugs.*>*® However, an obstacle to the
wide theranostic application of phosphate glasses is the lack of
facile, mild, and solution-based methods for preparing this
material into monodispersed particles with controllable sizes.
Ideally, the size should be tunable from nanometers to microns
for customized theranostic tasks. Taking ultrasound imaging as
an example, the pore size of tumor endothelium constrains the
size of contrast agents to less than 380 nm for tumor
targeting;”” cell labeling requires the contrasts to be sufficiently
small for efficient cell uptake.'” However, for vascular imaging,
contrasts of several microns (comparable to those of blood
cells, e.g., microbubbles) are more suitable considering
stronger echogenicity.””” Phosphate glass particles (PGPs)
of 200 nm —3 pum have been prepared via sol—gel combined
with electrospray.”**”*! These PGPs show strong echogenicity
effective in in vivo ultrasound imaging and ease in
incorporating dyes for fluorescence imaging. Moreover, their
biodegradability and biocompatibility circumvent the long-
term toxicity issue.”* However, this synthetic approach is
limited by sophisticated instrumentation, risk of electric shock
(20—30 kV), and high temperature (180 °C) incompatible
with temperature-sensitive drugs, peptides, and proteins.*”*'
One may learn from biosilicification in order to design a
solution-based method for preparing phosphate glass micro-/
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nano-particles. Diatoms are unicellular photosynthetic organ-
isms known for the sophisticated design of their silica-based
cell walls via the biosilicification process.”*>*>* 1In this
process, silicic acids are attracted and templated by amine-
rich polypeptides (silaffins) or long-chain polyamines via
hydrogen bonding between the hydroxyl and amine groups.
The templated silicic acid further polycondensates to form
biosilica.”*> We hypothesized that a similar interaction could
happen between phosphate precursors and synthetic poly-
amines [e.g, polyethylenimine (PEI)], which may be exploited
to produce phosphate micro-/nano-particles.

Here, we report for the first time the synthesis of
biodegradable PEI/CP micro-/nano composites via the
biomimetic route for transient ultrasound and photolumines-
cence imaging. Inspired by the biosilicification process of
diatoms, we applied PEI to template phosphate esters in
solution and eventually produced PEI/CP particles with
controllable size and morphology at a mild temperature
range (25—90 °C). The interaction between phosphate
precursors and PEI was systematically studied by dynamic
light scattering (DLS) and 'H solution nuclear magnetic
resonance (NMR), confirming the formation of PEI/
phosphate aggregates referred to as “phosphate sponges”.
These phosphate sponges act as nuclei and mediate the growth
of PEI/CP particles. The size, morphology, composition, and

https://doi.org/10.1021/acs.chemmater.2c00857
Chem. Mater. 2022, 34, 7220-7231
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Figure 2. Exemplar particles and effects of synthetic parameters. Optical microscopy and SEM images showing [A(j,ii)] hexagonal micro-discs
(PEI/CP-3 and -10), [A(iii)] micro-flower (PEI/CP-5), [A(iv)] micro-leaf (PEI/CP-25), [A(v)] nano-butterfly (PEI/CP-17), and [A(vi)] nano-
ribbon (PEI/CP-22). [A(vii—x)] TEM and EDX mapping images of the nano-butterfly (PEI/CP-17) showing element P, Ca, and N. The diameter
decreases with increasing [B(i,ii)] PEI/NBP molar ratio, stirring speed, and [B(iii)] PEI molecular weight, while increases with increasing [B(iv)]

reaction temperature and [B(v)] time.
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Figure 3. Effects of the PEI/NBP molar ratio, magnetic stirring, and PEI molecular weight. Optical microscopy (white, low-magnification), SEM
(white, high-magnification), and TEM (black) images of PEI/CP prepared from (A) PEI-1.8k, 90 °C, 18.5 h, no stirring, and various PEI/NBP
molar ratios (PEI/CP-1 to -6), (B) PEI-1.8k, 90 °C, 18.5 h, 500 rpm stirring, and various PEI/NBP molar ratios (PEI/CP-7 to -12), and (C) PEI-
25k, 90 °C, 18.5 h, 500 rpm stirring, and various PEI/NBP molar ratios (PEI/CP-13 to -18).

chemical structure were characterized using DLS, SEM,
transmission electron microscopy (TEM), optical microscopy,
inductively coupled plasma mass spectroscopy (ICP—MS),
energy-dispersive X-ray spectroscopy (EDX), Fourier trans-
form infrared spectroscopy (FTIR), X-ray diffraction (XRD),
and solid-state *'P and 'H magic angle spinning nuclear
magnetic resonance (MAS NMR). Lastly, their biodegrad-
ability, cell cytotoxicity, and promise for transient ultrasound
and photoluminescence imaging was validated.

B RESULTS AND DISCUSSION

Synthetic Strategy and Mechanism. We hypothesized
that the hydroxyl-amine hydrogen bonding between silicic acid
and polyamines found in diatoms (Figure 1A(i—iii))**** could
also form between the phosphate precursor and synthetic PEL
This interaction may result in a templated phosphate precursor

(Figure 1A(iv)) and be exploited to produce structured PEI/
CP micro-/nano-composites (Figure 1A(v)). Besides, these
PEI/CP may be degraded in the aqueous environment and
used as transient ultrasound and photoluminescence imaging
agents (Figure 1A(vi)).

The synthesis (Figure 1B) simply added NBP and CME
stepwise to branched PEI in ethanol. Ethanol was used instead
of water to avoid the uncontrollable hydrolysis of CME.***
Then, the sol—gel reaction between NBP and CME was
allowed at the controlled stirring rate (0—500 rpm), temper-
ature (25—90 °C), and time (1—18.5 h) (see Methods and
Table S1 for detailed parameters). NBP was chosen as the
phosphate precursor because of its well-known reactivity with
CME.*> Mixing PEI and NBP may form PEI/NBP aggregates
with reactive NBP on the surface via the hydrogen bonding
between the hydroxyl group (NBP) and amine group (PEI)

7222 https://doi.org/10.1021/acs.chemmater.2c00857
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Figure 4. Effects of the reaction temperature and time. SEM (white) and TEM (black) images of PEI/CP prepared from (A) PEI-25k, PEI/NBP
molar ratio 0.001, 90 °C, 18.5 h, S00 rpm stirring, and various temperatures: [A(i)] 40 °C (PEI/CP-23), [A(ii)] S0 °C (PEI/CP-22), A(iii) 60 °C
(PEI/CP-21), [A(iv)] 70 °C (PEI/CP-20), [A(v)] 80 °C (PEI/CP-19), and [A(vi)] 90 °C (PEI/CP-15). The growth process of (B) hexagonal

micro-disc (PEI/CP-3) and (C) nano-flower (PEI/CP-15).

(Figure 1B(ii)). We term these aggregates as “phosphate
sponges” in analogy to the well-known “proton sponges”.*’
Upon the addition of CME (Figure 1B(iii)), it may react with
NBP on the phosphate sponge surface (via hydrolysis and
polycondensation) to form PEI/CP micro-/nano-composites
(Figure 1B(iv)).

To verify the as-proposed phosphate sponge mechanism, the
interaction between phosphate esters and branched PEI of 25k
MW was studied using DLS (Figures 1C and S1) and 'H
solution NMR (Figures 1D—F and S2). TBP, DBP, and NBP
are phosphate esters with 0, 1, and 1.5 equivalent hydroxyl
groups on average (Figure S1A). In DLS measurements,
ethanol was used to maintain the same solvent conditions as
the synthesis process. DLS results showed a nearly invariant
PEI hydrodynamic diameter (~10 nm) in the presence of
increasing TBP (Figures 1C and S1B). However, a steady
increment of the diameter was observed with increasing DBP
and NBP addition (Figures 1C and S1C,D), indicating that the
formation of PEI/phosphate aggregates is only possible when
the phosphate precursor contains hydroxyl groups. To further
prove that the formation of PEI/phosphate aggregates is
governed by the hydrogen bonding between hydroxyl and
amine groups, the chemical shift of the amine groups (PEI)
was tracked by 'H solution NMR when PEI was titrated by
these phosphate esters (Figures 1D—F and S2). CDCl; was
used as the solvent to exclude the hydroxyl groups from the
solvent. The amine peak of PEI (1.8 ppm,™ highlighted in
pink, Figure 1E) remained invariant, despite increasing TBP
addition. However, in cases of both the DBP and NBP
addition, the amine peak shifts steadily toward the downfield
direction (Figures 1F and S2). Therefore, both DLS and 'H
solution NMR results support the formation of the phosphate
sponges via hydrogen bonding between hydroxyl and amine
groups.

7223

Exemplar Particles, Composition, and Chemical
Structure. This PEI-mediated sol—gel approach is simple
(stepwise addition of reactants and incubation) and mild (25—
90 °C). Moreover, it is highly flexible in controlling PEI/CP
morphology (Figure 2A) and size (Figure 2B) when
parameters were tuned. These parameters include the PEI/
NBP molar ratio, solution dynamic conditions, PEI molecular
weight, reaction temperature, and reaction time (see Table S1
for detailed parameters). The effects of these parameters will
be discussed in detail later (Figures 3 and 4). Briefly, PEI/CP
particles ranging from 63 + 8 ym to 396 + 128 nm and
versatile morphologies were obtained, including hexagonal
micro-disc (Figure 2A(i,ii)), micro-flower (Figure 2A(iii)),
micro-leaf (Figure 2A(iv)), nano-butterfly (Figure 2A(v)), and
nano-ribbon (Figure 2A(vi)).

We expected the as-prepared particles to be composites of
PEI and CP phases. The composite nature was proved using
three tools. First, EDX mapping shows three major elements:
P, Ca, and N (Figure 2A(vii—x)). Second, FTIR spectra of
seven representative PEI/CP (Figure S3) show characteristic
bands of PEI and phosphate species. Specifically, bands of PEI
were seen at 2952—2862 and 1453 cm™! (CH,CH,), 1620—
1585 cm™' (NH), and 1122 ecm™ (CN).**** The phosphate
phase was evidenced by bands at 1220 cm™ (v,,(PO,)™), 1000
and 1070 cm™ (,(PO;)*7), 900 cm™ (1,(P—O-P)), and
790, 730, and 540 cm™! (§(P—O—P)).* Lastly, solid-state *'P
and '"H MAS NMR shows the presence of phosphate species
and amine groups (Figure SS and Table S3). The calculation of
the composition based on ICP—MS (Table S2) showed that
the weight percentage of PEI (or CP) varies from 67.34
(32.66%) to 50.26 (49.74%), depending on synthetic
conditions. Besides, the CP phase has a formula of
(P,05),(Ca0),_,, with x varying from 0.31 to 0.40.

XRD spectra of PEI/CP (Figure S4) were compared to
those of nine typical CP phases reported in the litera-

https://doi.org/10.1021/acs.chemmater.2c00857
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ture.*”*°™>” The major XRD peaks of PEI/CP formed from
PEI-25k match well with those of the HAp crystal’” but are
broader; PEI/CP prepared from PEI-1.8k have an even
broader XRD pattern like the amorphous electrospray CP,"’
indicating the glassy nature of PEI/CP. Based on the
broadness of XRD peaks, the degree of crystallization decreases
in the order of HAp > PEI-25k/CP > PEI-1.8k/CP >
electrospray CP.

There are three possible bonding types contributing to the
PEI/CP network formation: P—O—P bonding, PO—Ca—OP
bonding, and/or POH—NH, hydrogen bonding. We first
investigated the nature of P—O—P bonding using solid-state
3P MAS NMR. Q" is widely applied to represent phosphate
species, where n is the number of P—O—P bonding (..,
bridging oxygens) in each PO43_ tetrahedron.>*> For PEI/CP
prepared from both PEI-1.8k and -25k, all *'P resonances
(Figure SS and Table S3) were observed between —4 and 4
ppm, which can be assigned to the Q' speciation (i.e.,
pyrophosphate).”® Therefore, pyrophosphate is the building
block of PEI/CP. Figure SSI shows the chemical structure of
pyrophosphate with four isolated oxygens highlighted.
Assuming the presence of calcium oxide and partially reacted
NBP, each of the four isolated oxygens can form PO—Ca, PO—
H, or PO—-CH,CH,CH,CHj; groups. Pyrophosphate units
containing different combinations of these chemical groups are
different Q' species measured by *'P MAS NMR (Figure S5).
We observed only one dominant Q' peak (~1 ppm) in all PEI-
25k/CP (Figure SSD—H) and those prepared from a high PEI-
1.8k concentration (Figure SSC). Pyrophosphate units in these
PEI/CP are mainly connected by PO—Ca—OP because their
ICP—MS-measured composition (Table S2) is close to
(P,05)033(Ca0)g; which is the theoretical composition of
the Q’ species saturated by Ca. In contrast, multiple Q" species
were seen from PEI/CP prepared from low PEI-1.8k
concentrations (Figure SSA,B). Besides, the ICP—MS-
measured P,O; ratio of these particles is larger than 0.33.
Both results support the presence of PO—H and/or PO—
CH,CH,CH,CH; along with PO—Ca. PO—H may form
hydrogen bonding with NH, (PEI) and therefore, further
connects pyrophosphate units and extends the network.
Indeed, solid-state'H MAS NMR results (Figure SSA,B) of
PEI/CP containing multiple Q' species also show multiple
amine peaks, including those highly shifted (>9 ppm), which
supports the formation of POH—NH, hydrogen bonding.

Effects of the PEI/NBP Molar Ratio. Sol—gel reactions
were first performed using PEI-1.8k at 90 °C for 18.5 h without
magnetic stirring. The PEI/NBP molar ratio was varied from
0.0002 to 0.006. The average diameter of PEI/CP decreases as
the molar ratio increases and can be tuned from 63 + 8 ym
(ratio = 0.0002) to 861 nm (ratio = 0.006) (Figures 2B(i) and
3A. See Figure S6 for size distributions). PEI/CP appeared to
be porous hexagonal micro-discs with the size ranging from 28
+ 6 to 63 + 8 um when the molar ratio was between 0.0002
and 0.002 (Figures 2A(i) and 3A(i—iv)). High-magnification
SEM images (Figure 3A(i—iv)) indicate that these hexagonal
micro-discs may be assembled from smaller micro-flakes, which
is supported by particle growth studies shown later (Figure
4B). This PEI/NBP molar ratio-dependent size change can be
explained by the proposed phosphate sponge mechanism.
Phosphate sponges can be considered as nuclei for particle
growth. With fixed NBP and CME addition, a higher PEI/NBP
molar ratio results in a higher number-concentration of nuclei
and therefore smaller particles.
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Effects of Solution Dynamic Conditions. We then
repeated sol—gel reactions using PEI-1.8k at 90 °C for 18.5 h
with magnetic stirring at 500 rpm. At the same PEI/NBP
molar ratio, magnetic stirring at 500 rpm resulted in 18.5 to 1.4
times smaller particles than without stirring (Figure 2B(i)).
These particles also appeared to be micro-discs with the molar
ratio ranging from 0.0002 to 0.002 (Figure 3B(i—iv)) and
micro-/nano-flowers when the ratio was above 0.002 (Figure
3B(v,vi)). By carefully controlling the stirring speed from 0 to
200, 400, and 500 rpm, the average particle size can be finely
tuned from 34 + 3 to 7.8 + 2.7, 4.8 + 1.4, and 2.8 + 1.3 um
(Figures S6C and S7).

Effects of the PEl Molecular Weight. To determine the
influence of the PEI molecular weight, PEI-1.8k was replaced
by either PEI-25k or PEI-800, while other conditions were kept
the same (Figure 3C). Comparing Figure 3C to B, at the same
PEI/NBP molar ratio, PEI-25k resulted in smaller particles.
This trend is clearer in Figure 2B(iii). The micro-disc shape
(~2790 nm) appeared when the molar ratio was 0.0002
(Figure 3C(i)). When the molar ratio exceeded 0.0002,
submicron-flowers (914 + 240 to 760 + 181 nm) and nano-
butterflies (659 + 138 to 546 + 131 nm) were formed (Figure
3C(ii—vi)). The PEI molecular weight-dependent size change
can be explained by the difference in chemical bonding. Based
on the solid-state *'P and 'H MAS NMR results discussed
before (Figure SS and Table S3), PEI/CP prepared from low-
concentration PEI-1.8k can extend their network via both PO—
Ca—OP and POH—NH, hydrogen bonding, which explains for
the formation of larger particles in these conditions. However,
in the case of high-concentration PEI-1.8k and PEI-25k, the
connection of pyrophosphate units via the POH—NH,
hydrogen bonding is less likely, resulting in smaller particles.
As shown in Figure S8, within the tested range of PEI/NBP
molar ratio (0.0002 to 0.006), PEI-800 did not produce
monodispersed particles with defined shapes as seen in the
case of PEI-1.8k and PEI-25k. Instead, only amorphous gel-like
products were observed. This difference indicates that PEI-800
may be too small to efficiently regulate the growth of
monodispersed PEI/CP particles.

Effects of the Reaction Temperature. Sol—gel reactions
were also carried out at various temperatures (90, 80, 70, 60,
50, and 40 °C) with other parameters being kept constant
(PEI-25k/NBP = 0.001, magnetic stirring at 500 rpm, and 18.5
h). The average diameter of particles increased as the reaction
temperature was raised (Figures 2B(iv) and 4A). At 40 and 50
°C, particles have a nano-ribbon morphology (490 and 412
nm) (Figure 4A(iii)). When the temperature was adjusted
between 60 and 90 °C, particles possess the nano-flower
morphology (from 811 + 241 to 768 + 148, 746 + 171, and
677 + 134 nm) (Figure 4A(iiiiv)). The temperature-
dependent change of the particle size can be explained by
the reaction kinetics. A higher reaction temperature may result
in faster reaction and particle growth and therefore a larger size
during a given period of the reaction.

Effects of the Reaction Time. The hexagonal micro-disc
(PEI/CP-3) and nano-flower (PEI/CP-15) were chosen as
models to understand the growth of PEI/CP particles. Particles
were collected at different time points and examined. Figure 4B
shows the evolution of the hexagonal micro-disc (PEI/CP-3)
over time. The first hour of the reaction at room temperature
resulted in an inhomogeneous mixture of nano-spheres (~80
nm) and nano-rods (L X W = 400 X 150 nm, Figure 4B(i)).
After raising the temperature to 90 °C for another hour, these
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Figure S. Ultrasound and photoluminescence imaging and biodegradability. (A) B-mode imaging. [A(i)] Imaging slice in a tube. B-mode images of
[A(ii)] ethanol and [A(iii)] 2.5 mg/mL ethanol solution of PEI/CP-3 (34 + 3 ym), PEI/CP-31 (7.8 & 2.7 um), PEI/CP-32 (4.8 + 1.4 ym), and
PEI/CP-18 (546 + 131 nm). Dashed lines and arrow show the tube wall. [A(v)] Ultrasound intensity versus the particle concentration. (B,C)

ethanol. Overlap of power Doppler and B-mode images of 10 mg/mL PEI/CP-31 (7.8 + 2.7 ym) in ethanol [C(i)] without and [C(ii—iv)] with
flow at time points marked in [C(v)]. [C(v)] Doppler intensity versus time. (D) Photoluminescence imaging. [D(i)] Fluorescence microscopy
images showing PEI/CP-3 emitting blue light [4’,6-diamidino-2-phenylindole (DAPI), excitation at 358 nm]. [D(ii)] Photoluminescence intensity
vs the PEI/CP-3 concentration (excitation at 350 nm). (E) Biodegradability. [E(i)] Optical microscopy images showing the dissolution of PEI/CP-
3 under a continuous flow of PBS. [E(ii,iii)] Release of PO,*>~ and Ca** from PEI/CP-3 under a continuous flow of fresh water (pH 7.30). [E(iv)]
Decay of the ultrasound intensity when PEI/CP-3 and -31 degrade (2.5 mg/mL in 1:1 ethanol and PBS buffer).

mixed structures transformed into homogenous micro-leaves
(L X W = 1200 X 400 nm, Figure 4B(ii)). While extending the
reaction time at 90 °C to 4 h (Figure 4B(iii)), the size and
shape of micro-leaves remained almost the same; meanwhile,
parts of these micro-leaves assembled to form a loose micro-
disc structure (~7 pm in diameter), implying the transition
from micro-leaf growth to the assembly during this period.
Finally, when the reaction time at 90 °C reached 18.5 h, micro-
leaves disappeared, and larger and homogeneous hexagonal
micro-discs (34 + 3 ym in diameter) were observed (Figure
4B(iv)). In short, the formation of hexagonal micro-discs
started with the growth of micro-leaves from a mixture of
nano-spheres and nano-rods. The as-formed micro-leaves then
assembled to form the loose micro-disc structure. Finally,
further deposition of materials on the micro-disc surface led to
the formation of larger and denser hexagonal micro-discs.

A similar observation was obtained for nano-flowers (PEI/
CP-15, Figure 4C). The growth of PEI/CP-15 also began with
a mixture of nano-spheres and nano-rods with an average
diameter of 396 + 128 nm (3 h at 90 °C, Figure 4C(i)). After
4 h at 90 °C, these mixed particles transformed into
homogenous nano-ribbons (549 + 104 nm, Figure 4C(ii)).
These nano-ribbons then evolved into nano-flowers with the
size increasing from 676 + 120 nm (4.5 h at 90 °C, Figure
4C(iii)) to 734 = 157 nm (S h at 90 °C, Figure 4C(iv)) and
811 + 241 nm (18.5 h at 90 °C, Figure 4C(v)) (see Figure
2B(v) for the diameter vs time relationship).

Ultrasound and Photoluminescence Imaging. We
hypothesized that PEI/CP particles can have a high acoustic
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impedance mismatch with the liquid phase and be used as
ultrasound contrasts. To determine how the particle size and
concentration affect the echogenicity, PEI/CP in ethanol
solution were added to tubes (Figure SA(i)) and imaged in the
B-mode at 18 MHz. Ethanol was used as the solvent at this
step to prevent any uncertainties from the degradation caused
by water. No ultrasound signal was detected from pure ethanol
(Figure SA(ii)). At the same particle mass concentration (2.5
mg/mL), the ultrasound intensity increases with increasing
particle size (546 =+ 131 nm to 34 + 3 um, Figure SA(iii)),
which is consistent with previous findings and can be
attributed to the differences in the scattering cross-section.””’
This size effect holds true for all concentrations tested (0—10
mg/mL, Figure SA(iv)). With a given size, the ultrasound
signal increases as the mass concentration increases (Figure
5A(iv)). A linear intensity-concentration relationship was seen
at the lower concentration range (Figure S9). Defining the
limit of detection (LOD) as the concentration of particles
creating the intensity at three standard deviations above the
mean of the background and using a background value of 0.08
+ 0.01 and the best-fit equations (Figure S8), we estimated the
LOD of PEI/CP of 34 + 3 um, 7.8 + 2.7 ym, 4.8 + 1.4 um,
and 546 + 131 nm to be 0.17, 0.30, 1.47, and 11.10 pug/mL,
respectively. The LOD of 546 + 131 nm PEI/CP is
comparable with that reported for silica NPs (18.5 pug/mlL,
300 nm, at 16 MHz), which has been demonstrated as feasible
for in-vivo stem cell imaging.17

Contrasts with size comparable to that of blood cells have
been used for Doppler vascular imaging.‘q’g’39 Here, we tested in
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Figure 6. Cell cytotoxicity of pristine PEI and PEI/CP. Tests used resazurin assay on (A) HEK 293T and (B) HeLa cells. The ratio of viability of
cells treated with fresh particles to that of pristine PEI in the case of (C) PEI-25k and (D) PEI-1.8k. PEI/CP-5 was selected to represent particles
made from PEI-1.8k and PEI/CP-15 for PEI-25k. PEI/CP shows negligible cytotoxicity compared to pristine PEL *: p < 0.05; NS: not significant,

that is, p > 0.05; n = 4.

vitro the potential of using PEI/CP for Doppler imaging. As a
negative control, pure ethanol was constantly pumped through
a channel inside an agarose phantom using a peristaltic pump,
which did not result in detectable color-Doppler signals
(Figure SB(i)). In contrast, flowing 10 mg/mL PEI/CP-31
(7.8 um) generated color-Doppler signals with recognizable
Doppler mode is used clinically to monitor heartbeat and
changes in the blood flow rate. Taking advantage of the pulsive
flow of the peristaltic pump, we were able to mimic the
heartbeat. Heartbeat-like wavy power-Doppler signals were
observed from the flow of PEI/CP-31 but not ethanol or
stagnant particles (Figure SC).

PEI/CP also emitted blue light when excited at 358 nm
(Figure SD(i)). This is due to the intrinsic photoluminescence
of PEI reported previously, although the mechanism of this
intrinsic photoluminescence is yet to be explored.®’ The
emission peaks of pure PEI-1.8k and PEI/CP were found at
411 and 450 nm (excitation at 350 nm, Figure S10).

The photoluminescence intensity increases linearly with the
PEI/CP concentration (Figure SD(ii)). Although, considering
the low quantum yield (1%) reported for PEI-1.8k and PEI-
25k,°" PEI/CP may not be the best choice for fluorophores,
this intrinsic photoluminescence can still be used for labeling
and tracking these particles when necessary.

Degradability. The poor clearance of nanomaterials is a
major impediment to clinical translation. By design, PEI/CP
should slowly degrade into small molecules and simple ions for
renal clearance. We further tested the degradability of PEI/CP.
Optical microscopy images show that PEI/CP gradually
dissolved in PBS buffer (Figure SE(i)). PEI/CP particles
were continuously hydrated by fresh water (pH 7.30) and a
release of about 80—90% major ions (i, PO,’” and Ca®")
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were detected within the first 24 h, using ICP—MS (Figure

ultrasound intensity dropped about 40% within the first 24 h
and only slightly in the next 24 h (Figure SE(iv)). Therefore,
in practice, PEI/CP can be dispersed in PBS buffer and used as
transient ultrasound contrast agents with a 24 h imaging
window. They may bridge the gap between the unstable gas
microbubbles (degrade within 30 min) 17 and slowly-
degradable silica nanoparticles (degrade after 24 clays),é2
considering the degradation speed.

Cell Cytotoxicity. The dose-dependent cytotoxicity of
pure PEI and PEI/CP composites was evaluated with HEK
293T and HelLa cells, using the resazurin assay (Figure 6).
Pure PEI-25k showed high cytotoxicity; a low dose of 0.028
mg/mL can dramatically reduce the cell viability to below 20%.
PEI-1.8k is less toxic but still caused a steady drop in the
viability of HEK 293T (Figure 6A). Surprisingly, PEI/CP has
negligible cytotoxicity compared to PEI Both cell types treated
with fresh and degraded PEI-25k/CP and PEI-1.8k/CP have
viability above 85% in the concentration range tested, except
HeLa cells treated with 0.909 mg/mL degraded PEI-25k/CPs
(77%). In the case of HEK 293T cells, fresh PEI-25k/CP and
PEI-1.8k/CP, respectively, resulted in 9—26 and 1—4 times,
respectively, higher viability than the corresponding PEI; these
values are 6—23 and 1—1.6 in the case of HeLa cells (Figure
6C,D). The toxicity of pure PEI is originated from the damage
of the cell membrane by abundant positive amine groups.’®
Therefore, the reduced cytotoxicity of PEI/CP compared to
pure PEI can be explained by the charge neutralization by
negative phosphate species in both intact and degraded phases.
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B CONCLUSIONS

We demonstrated a facile and mild (25—90 °C) synthesis
mimicking the biosilicification in diatoms for preparing PEI/
CP composites. Using DLS and 'H solution NMR, we proved
the formation of proposed “phosphate sponges” which are
aggregates composed of phosphate esters and PEI resulting
from hydrogen bonding between hydroxyl (from phosphate
ester) and amine groups (from PEI). These phosphate sponges
served as nuclei in the reaction of CME and phosphate esters.
By controlling parameters such as the PEI/NBP molar ratio,
solution dynamic conditions, PEI molecular weight, reaction
temperature, and reaction time, PEI/CP composites were
prepared with versatile sizes (396 + 128 nm to 63 + 8 ym)
and morphologies (hexagonal micro-disc, micro-flower, micro-
leaf, nano-butterfly, and nano-ribbon). PEI/CP exhibited
excellent biocompatibility and biodegradability, indicated by
negligible cell cytotoxicity and degradation within 24 h. The
echogenicity of PEI/CP increases with the increment of size
and concentration. PEI/CP also generated Doppler signals
containing the flow direction and speed information. Finally,
PEI/CP showed intrinsic blue photoluminescence. We
envision that PEI/CP particles are promising transient
ultrasound and photoluminescence imaging agents.

B METHODS

Materials. Ethanol (200 proof, Koptec) and PBS (X1, Corning)
were purchased from VWR. Tri-n-butyl phosphate (TBP, 98%) and
branched PEI (b-PEI, 1.8k MW) were purchased from Alfa Aesar.
NBP (a 1:1 mixture of mono-n-butyl and di-n-butyl) was purchased
from Thermo Scientific. DBP (97.0%), b-PEI (25k and 800 MW),
chloroform-d (CDCly, 99.8 atom % D), and resazurin were purchased
from Sigma-Aldrich. CME (20% in methoxyethanol) was purchased
from ABCR Chemical. Ultrapure agarose (Invitrogen) was purchased
from Fisher Scientific.

Synthesis of PEI/CP. Ethanol was used instead of water to avoid
the uncontrollable hydrolysis of CME.*>** bPEI (MW 1.8k or 25k)
was dissolved in ethanol to make a 1 X 10™° mol/mL PEI stock
solution. An appropriate amount of the PEI stock solution was then
diluted by extra ethanol to make the desired final PEI concentration.
Under magnetic stirring at 500 rpm, NBP was added to the diluted
PEI in ethanol. After stirring at room temperature for 1 h, CME was
added, and the solution was allowed for another 1 h stirring at room
temperature. Then, the well-mixed solution was incubated at a raised
temperature with or without magnetic stirring for a certain reaction
time. All detailed parameters, including reagent addition, stirring
speed, temperature, and reaction time can be found in Table S1. The
as-prepared particles were purified by repeating centrifugation (5000
rpm, 20 min) and ethanol wash 3 times.

"H Solution NMR and DLS Study of the Interaction between
PEl and Phosphate Esters. The interaction between PEI and
phosphate esters was studied with the combination of 'H solution
NMR and DLS. PEI (25k MW) was first dissolved in either CDCI,
(for '"H solution NMR) or ethanol (DLS) to make 1 mM PEI
solution. Then, an appropriate amount of phosphate precursor (TBP,
NBP, or DBP) was mixed with the PEI solution to obtain the desired
phosphate/b-PEI molar ratios. 'H solution NMR spectra were
recorded on the Bruker 300 MHz spectrometer, and all chemical
shifts are referenced to the reported literature®* (CDCl,: 7.26 ppm).
DLS measurements were performed on the Malvern NANO-ZS90
Zetasizer to determine hydrodynamic sizes of PEI/phosphate ester
aggregates.

Morphology and Size of PEI/CP Particles. SEM images were
obtained using the Zeiss Sigma 500 operated at 5 kV with a 30 ym
aperture and 10 mm working distance. Particles in ethanol were drop-
coated on a silicon substrate (Ted Pella Inc), dried at room
temperature, and sputter-coated with gold alloys before SEM. TEM
images and EDX mapping images were acquired using the FEI Tecnai
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F20 instrument at an operation voltage of 200 kV. Particles in ethanol
were drop-coated on a copper TEM grid, and ethanol was evaporated
naturally at room temperature before TEM imaging.

Keyence fluorescence microscope was used for observations of
microparticles either in bright field mode or fluorescence mode
(DAPI channel, excitation 358 nm). For characterizing the
morphology, ethanol was used as the solvent. To monitor the particle
degradation, particles were deposited in a flow cell,”® and PBS was
flowed at 1.2 mL/min to simulate the human blood flow. [See Figure
S11 (Supporting Information) for details of the flow cell design]. DLS
measurements were performed on the Malvern NANO-ZS90
Zetasizer to determine hydrodynamic sizes of both PEI/phosphate
ester aggregates and PEI/CP particles (<1.5 m) dissolved in ethanol.
The size distribution of PEI/CP particles larger than 1.5 um was
determined by image analysis over 500 particles using Image-Pro Plus
software, based on optical microscopy images.

Spectral Studies of the PEI/CP Particles. PEI/CP particles in
ethanol were dried under vacuum at room temperature and used for
spectral studies. FTIR spectroscopy was performed on the
PerkinElmer spectrum two FTIR spectrometer. XRD was performed
on the Rigaku MiniFlex with Cu Ka radiation (1 = 1.5406 A). Solid-
state >'P and 'H MAS NMR. All *'P MAS NMR measurements were
performed at 9.4 T using the Bruker 400 MHz AVANCE III HD
spectrometer operating at a Larmor frequency of 161.4 MHz (398.8
MHz for 'H). Samples were loaded under a N, atmosphere into
Bruker 3.2 mm rotors and spun at a magic angle spinning (MAS)
frequency of 15 kHz. Each spectrum was acquired at room
temperature by direct excitation (single pulse) methods employing
7/4 pulses of length 2 us and 80 kHz of 'H decoupling which was
applied during data (FID) acquisition. To ensure quantitative results,
a recycle delay of 300 s was used which was checked against tests of
longer recycle delays. All data were referenced against the TUPAC-
recommended primary reference of 85% H;PO, (5, = 0.0 ppm), via
a secondary solid reference of ammonia dihydrogen phosphate
((NH;)H,PO, or ADP) (8, = 0.99 ppm). The corresponding solid-
state 'H MAS NMR room temperature measurements were
undertaken at 16.4 T using the Bruker 700 MHz AVANCE III HD
spectrometer operating at a Larmor frequency of 700.13 MHz. All
samples were packed under a N, atmosphere into Bruker 1.3 mm
rotors and spun at a MAS frequency of 60 kHz. To obtain quantitative
spectra, direct excitation (single pulse) methods using z/4 pulses of
length 1.25 us were used in conjunction with a recycle delay of 10 s.
All data were referenced against the IUPAC-recommended primary
reference of tetramethylsilane ((CH,),Si) (8, = 0.0 ppm), via a
secondary solid reference using the methyl (CH;) group resonance
from alanine (§;, = 1.1 ppm). The acquisition and processing of all
solid-state NMR data were performed using the Bruker TopSpin
software package, while deconvolution of spectra was performed using
DMFit. Photoluminescence emission measurements were performed
on the BioTek Synergy H1 microplate reader.

ICP—MS Measurements. ICP—MS measurements were carried
out using iCAP RQ, Thermo Scientific. For ICP—MS analysis of the
particle composition, overnight digestion of particles was carried out
by adding 571 uL of 70% nitric acid to 0.01 mg of dried particles in a
glass vial. This solution was transferred to a 15 mL plastic
centrifugation tube, and Millipore water was added to make a final
solution of 10 mL. For ICP—MS analysis of particle ion releases, 0.1
mL of 10 mg/mL particle in ethanol was deposited on a syringe filter
(Millex-GP, 220 nm). Millipore water (pH 7.30) was continuously
pumped (1.2 mL/h) through the particle-loaded syringe filter. The
solution was collected at the time points of 0, 5, 10, 30, 60, 120, 240,
480, and 1440 min. Collected solutions were diluted 100 times with
4% HNO; and measured by ICP—MS.

In Vitro Ultrasound Imaging. Ultrasound images were captured
with the Verasonics, Vantage 256 system at 40 V with a L22-14vX
transducer (18 MHz, 3k PRF, 6 pulse cycles, ~30% bandwidth, 128
elements, and 0.10 mm pitch). Ethanol solutions of PEI/CP-3 (34 +
3 pum), PEI/CP-31 (7.8 + 2.7 um), PEI/CP-32 (4.8 + 1.4 um), and
PEI/CP-18 (546 + 131 nm) from O to 10 mg/mL were loaded into a
1.5 mL plastic centrifuge tube. The tube was immersed in a water
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bath, and B-mode ultrasound images were acquired. To determine the
ultrasound intensity decay during the particle dissolution, PEI/CP-3
(34 ym) and PEI/CP-31 (7.8 um) were dispersed in 1:1 ethanol, and
PBS buffer solution with a final concentration of 2.5 mg/mL was used.
The ultrasound intensity was then quantified by measuring the
average RGB value of the same area of interest using ImageJ. For
Doppler imaging, 10 mg/mL of PEI/CP-31 (7.8 um) in ethanol
solution was pumped through a channel inside an agarose phantom (2
wt %) with a peristaltic pump. The average red value inside the area of
interest was measured using Image] to quantify the power Doppler
intensity.

Cell Cytotoxicity. The cytotoxicity of materials (pure PEI-1.8k,
pure PEI-25k, fresh PEI/CP-5 and -1S5, and PEI/CP-S and -15
degraded for 24 h in PBS) was studied on both HEK 293T and HeLa
cells, using resazurin assay. 0.1 mL of cell solution [200,000 count/
mL in Dulbecco’s modified Eagle medium (DMEM) with 10% fetal
bovine serum and 1% PS] was loaded on a 96-well plate and
incubated for 24 h (5% CO, at 37 °C). 0.01 mL of materials in PBS
buffer was added to wells containing cells in DMEM to make the final
equivalent PEI concentration in the well in the range from 0 to 1 mg/
mL. After material addition, the cells were incubated for another 24 h
(5% CO, at 37 °C). 0.01 mL of resazurin was then added to each
well. After incubation for another 2 h, the fluorescence was read. A
well with only DMEM and resazurin dyes and another well with only
cells, DMEM, and resazurin dyes were also prepared, following the
same volume and incubation conditions. In the case of PEI/CP
particles, the equivalent PEI concentration is defined as the resulting
PEI concentration, assuming a complete dissolution of PEI/CP
particles. Therefore, to achieve the equivalent PEI concentration,
higher PEI/CP mass concentration was used than pure PEIL The cell
viability was calculated as follows

Lmaterial - FL

cell viability = ey
FL.q — FL

X 100%
empty

FL,.teria: fluorescence intensity read from the well with cells, DMEM,
resazurin dyes, and materials (PEI-1.8k, PEI-25k, fresh PEI/CPs, or
PEI/CPs degraded for 24 h); FL,,: fluorescence intensity read from
the well with only DMEM and resazurin dyes; FL: fluorescence
intensity read from the well with only cells, DMEM, and resazurin
dyes.
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