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Stable Polymer Nanoparticles with Exceptionally High Drug Loading

by Sequential Nanoprecipitation
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Chun-Xia Zhao*

Abstract: Poor solubility often leads to low drug efficacy.
Encapsulation of water-insoluble drugs in polymeric nano-
particles offers a solution. However, low drug loading remains
a critical challenge. Now, a simple and robust sequential
nanoprecipitation technology is used to produce stable drug-
core polymer-shell nanoparticles with high drug loading (up to
58.5%) from a wide range of polymers and drugs. This
technology is based on tuning the precipitation time of drugs
and polymers using a solvent system comprising multiple
organic solvents, which allows the formation of drug nano-
particles first followed by immediate precipitation of one or
two polymers. This technology offers a new strategy to
manufacture polymeric nanoparticles with high drug loading
having good long-term stability and programmed release and
opens a unique opportunity for drug delivery applications.

Introduction

Engineering nanoparticles to deliver therapeutic drugs
remains an exciting concept. A plethora of nanoparticles
(NPs) have been designed to exhibit desirable physicochem-
ical properties for enhanced delivery efficiency.'! Biodegrad-
able polymeric NPs have been extensively explored as
promising drug delivery vehicles owing to their excellent
biodegradability and biocompatibility.’! However, among
various polymeric nanoparticle systems, drug loading (the
mass fraction of drug in the entire drug-loaded NPs) is usually
below 10% 1! which hinders their practical applications.

Emulsion-based techniques™ and nanoprecipitation® are
two commonly used methods for producing drug-loaded
polymeric NPs. Compared to the emulsion methods, nano-
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precipitation is simpler, more cost-effective and requires no
external energy input (for example, homogenization, sonica-
tion).’) However, nanoprecipitation under slow mixing often
leads to the failure of drug encapsulation with drug loading
less than 5 or even 1% owing to their different solubility
thus different precipitation times. One approach to improve
drug loading is to modify the drug or polymer”! to enhance
polymer—drug interactions. Another approach is to use rapid
mixing to co-precipitate the drug and polymer, for example,
flash nanoprecipitation® or microfluidic flow-focusing.”
However, drug-loaded nanoparticles using such rapid-mixing
methods are unstable due to Ostwald ripening and drug
recrystallisation especially for those molecules with a water-
octanol partition coefficient below 6 (for example, curcumin,
paclitaxel ).

Results and Discussion

We report a simple, rapid, and robust nanoprecipitation
approach to produce drug-core polymer-shell nanoparticles
with exceptionally high drug loading from a wide range of
polymers and drugs. Instead of using rapid mixing to co-
precipitate the drug and polymer, we tune their solubility by
screening different solvent systems and engineering the
precipitation process so that the drug can precipitate first
followed by immediate precipitation of the polymer. To
demonstrate how our method works differently from the
traditional nanoprecipitation process, we used a generic
hydrophobic drug, curcumin, and shellac (E904, the food
additive code), a natural resin which has been used in
pharmaceuticals and food industries."") For the traditional
nanoprecipitation, curcumin and shellac are co-dissolved in
a solvent (for example, dimethylformamide (DMF)). Then
this solution is added to a large amount of water or buffer with
vigorous mixing (Figure 1a). The solution became cloudy
instantly and then big aggregates were observed after a few
minutes (Figure 1a). Transmission electron microscope
(TEM) images show a mixture of polymer nanoparticles
and curcumin crystals (Figure 1a; Supporting Information,
Figure S1). Because of the intrinsic solubility difference of the
drug and the polymer in a single solvent, their precipitation
times can be very different, resulting in the formation of large
drug aggregates and polymeric nanoparticles containing
a very small amount of drug.

Our nanoprecipitation approach is to use a mixture of
multiple solvents (Figure 1b) instead of a single solvent. For
example, curcumin and shellac are first dissolved in a solvent
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Figure 1. Traditional method and our new nanoprecipitation method. a) The traditional nanoprecipitation method. A solvent solution containing
a hydrophobic drug and a polymer is added to an anti-solvent (1). Yellow precipitation is observed (2) showing a mixture of polymeric NPs and
drug crystals (3), and enlarged image of drug crystals (4). b) Our new nanoprecipitation approach. An anti-solvent is added to a three-solvent
mixture containing a hydrophobic drug and a polymer under gentle mixing (1). Uniform drug NPs precipitate first (2), followed by the
precipitation of polymer covering the drug NPs, thus forming a drug-core polymer-shell structure. A homogeneous yellow suspension is observed
indicating the complete encapsulation of drug in polymeric nanoparticles (3), and the TEM image shows uniform NPs with a core—shell structure
(4). c) Drugs that we tested for making polymeric nanoparticles with high drug loading including paclitaxel, docetaxel, ibuprofen, amphotericin B,
curcumin, ketamine, scutellarin and bulleyaconitine A. d) The polymers we used to encapsulate drugs, including PLGAs-PEGsy, PLGA,4-PEGs,
PLGA .15 PLAo-PEGsy, and shellac. Curcumin and shellac are used to demonstrate the new nanoprecipitation method.
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mixture of dimethyl sulfoxide (DMSO), DMF and ethanol
(EtOH) at a volume ratio of DMSO/DMF/EtOH =4:3:3 at
the same concentration of 3 mgmL~'. Equal volume of
phosphate buffered saline (PBS) buffer at pH 7.4 is poured
into this solution with gentle mixing, and uniform curcumin
nanoparticles of about 40 nm are observed (Figure 1b). Then
another equal volume of the buffer is added resulting in the
formation of a homogeneous yellow suspension (Figure 1b)
with uniform nanoparticles containing a drug-core and
a polymer-shell (Figure 1b). Remarkably, an extremely high
drug loading of 49.3 % and a high encapsulation efficiency of
98.6% were achieved. Furthermore, this nanoprecipitation
approach can be adapted to produce stable drug-core
polymer-shell nanoparticles with high drug loading (up to
58.5%) from a wide range of polymers and drugs (Fig-
ure 1c,d), including drugs from very hydrophobic to relatively
hydrophilic such as paclitaxel (PTX), docetaxel (DTX),
curcumin, amphotericin B, Scutellarin, Bulleyaconitine A,
ibuprofen and ketamine; and various polymers including
poly (D,L-lactide-co-glycolide)-block-poly(ethylene glycol)
(PLGA-PEG) of different molecular weights, shellac, and
poly(D,L-lactide)-block-poly(ethylene glycol) (PLA-PEG).

We argue that such drug-core polymer-shell nanoparticles
with exceptionally high drug loading (near 50%) are gen-
erated as a result of the controlled sequential nanoprecipita-
tion process using a solvent mixture instead of a single
solvent. Figure 2a—e outlines the precipitation diagrams of
curcumin and shellac in different solvents, showing the
correlation between the amount of nanoparticles that precip-
itates out and the water/solvent volume ratio (Ve Veoivent)
considering the total number of nanoparticles when they
precipitate out completely as 100 %. When using the single
solvent DMF, more than 80% of shellac precipitates when
adding 1.6 times of water to the shellac-dissolved DMF
solution (V,/V,=1.6:1). However, curcumin only starts to
precipitate at this volume ratio (Figure 2a3-5). The big
difference in the precipitation volume ratio between shellac
and curcumin (Figure 2 a5) leads to the separate precipitation
of shellac and curcumin nanoparticles thus big aggregates
(Figure 2a2) and low drug loading using traditional single-
solvent nanoprecipitation methods.

To determine the precipitation propensity of curcumin
and shellac in different solvents, we dissolved them in
different solvents, including EtOH, DMSO, and DMF. The
solubility of shellac in these three solvents is EtOH > DMF >
DMSO, while the solubility of curcumin is in the order of
DMSO > DMF > EtOH. The basic idea is to use the precip-
itation curves of curcumin and shellac in DMF as the baseline
and adjust the precipitation curves by increasing or decreas-
ing DMSO or EtOH. For example, the ratio of DMSO can be
increased to delay the precipitation of curcumin as it has
a higher solubility in DMSO. To screen the anti-solvent, we
used the precipitation curve to illustrate the mechanism of our
sequential nanoprecipitation method.

To narrow down the gap between the two precipitation
curves of curcumin and shellac (Figure 2a5) in single-solvent
systems, two- or three-solvent mixtures with different volume
ratios were screened. Compared to the single-solvent system,
the two-solvent systems (DMF + EtOH) narrowed the gap
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between the precipitation curves of curcumin and shellac
(Figure 2b,c5) but the two curves still stayed apart from each
other. As curcumin has the lowest solubility in EtOH among
these three solvents, adding EtOH will result in faster
precipitation of curcumin. In contrast, when the three-solvent
system (DMF + EtOH + DMSO) was used, the precipitation
curves of curcumin and shellac moved much closer (Fig-
ure 2d5) indicating that both the drug and polymer precip-
itate at a similar volume ratio. When a solvent mixture with
DMSO/DMF/EtOH =4:3:3 (v/v/v) was used, the encapsula-
tion efficiency of curcumin increased to more than 90%. As
shellac is more soluble in weak alkaline condition,['!! by using
PBS or HEPES buffer at pH 7.4 we were able to precipitate
curcumin first followed by shellac (Figure 2¢3,4), so bring the
curcumin curve to the left of the shellac curve (Figure 2e5).
Consequently, the encapsulation efficiency increased further
to 98.6% resulting in a very high drug loading of 49.3%
(Figure 2e; Supporting Information, Figure S2). Because
HEPES buffer contains a much lower concentration of salts
than PBS buffer, the similar performance of these two buffers
implied that pH, in this case, played a dominant role in
controlling the encapsulation efficiency. To precipitate shellac
completely, a minimum of 2.5 times of PBS or HEPES buffer
needs to be added. After screening the long-term stability of
NPs, the optimal anti-solvent/solvent ratio should fall within
the range of 10:1 to 20:1 (v/v), to limit the Ostwald ripening
effect as a result of the presence of the solvent in the
solution."”! Furthermore, we found this method is independ-
ent of mixing (Supporting Information, Figure S3), which is
easy to understand as the precipitation in this case mainly
depends on their intrinsic properties of solubility rather than
mixing.

To show the versatility of this nanoprecipitation method,
we produced various drug-loaded nanoparticles using differ-
ent polymers, including PLGA, PLGA-PEG with different
molecular weights, PLA-PEG, and different hydrophobic
drugs, such as paclitaxel (PTX), docetaxel, ibuprofen, and
ketamine. PLGA-PEG as an FDA approved polymer has
been widely used to formulate various drug-loaded nano-
particles.'”! Both PLGA,-PEGsx and PLGA.-PEGs
polymers are soluble in DMSO and DMF but not in EtOH.
We screened the optimal solvent formulation for making
curcumin-loaded PLGA (x-PEGs¢ NPs (10K-CUR). A max-
imum curcumin drug loading of 58.5% was achieved using
a solvent mixture of DMSO, DMF and EtOH (3:3:4, v/v/v).
Then we tried an anticancer drug, PTX, which has been
regarded as one of the most difficult hydrophobic drugs to be
encapsulated with high drug loading.™! Using our method,
we successfully produced the PTX-core polymer-shell NPs
using a similar tri-solvent formulation (DMSO/DMF/
EtOH =2:4:4, v/v/v) and PLGA (x-PEGsk (10K-PTX). When
the concentrations of PTX and PLGA,-PEGsx were
3mgmL !, a drug loading of 49.1% was achieved. We also
used the same tri-solvent system for PTX to encapsulate
docetaxel (DTX), as DTX has a similar structure to PTX, and
they both belong to the taxane class of drugs (Supporting
Information, Figure S4).! The successful encapsulation of
DTX using the same method as for encapsulating PTX
suggests that we could encapsulate those drugs having similar
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Figure 2. Nanoprecipitation of drug and polymer in one-, two-, and three-solvent formulations. The nanoprecipitation process of drug and polymer
in a) a single-solvent system; b) two-solvent systems with DMF/DMSO (v/v=1:1); and c) DMF/EtOH (v/v=1:1); d),e) three-solvent system with
DMSO/DMF/EtOH (v/v/v=4:3:3) using d) water and e) PBS. The experimental schematic (1) and snapshot (2) showing the nanoparticle
formation when adding 20 times of anti-solvent (water or buffer solution) to a solvent solution with a drug and polymer dissolved. (3-5) show the
precipitation of drug (3), polymer (4), drug and polymer (5) when adding the anti-solvent repeatedly to the solvent solution containing either drug
or polymer. For example, for the single solvent system, a drug and a polymer are dissolved in 180 uL DMF at the same concentration of

3 mgmL™, respectively. 20 uL water is added to the solution repeatedly. Considering the total amounts of nanoparticles when the drug or polymer
completely precipitate out as 100%, the normalized drug precipitate (3) and polymer precipitate (4) against the total amount are shown as

a function of the volume ratio of anti-solvent to solvent. (5) shows the accumulated precipitate curves of drug (yellow line) and polymer (blue
line). Curcumin and shellac are used as the example system to demonstrate the nanoprecipitation process. The mean + s.d. is from three
independent replicates.
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ing from 43.8 % to 49.1 % (Supporting Information, Table S1
and Figure S4). To further validate our method, we also tested
less hydrophobic drugs, such as ibuprofen and ketamine. We
achieved drug loading of approximately 40 % and encapsu-

properties using the same method or with slight modification.
We also successfully encapsulated amphotericin B, bulleya-
conitine A, and scutellarin using the same tri-solvent system
(DMSO:DMF:EtOH =3:3:4, v/v/v) with drug loading rang-
© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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lation efficiency of about 70 % for ketamine due to its high
water solubility. Moreover, we also encapsulated hydrophobic
dye Dil in PLGA i o ssx-PEGsx NPs with approximately
49 % drug loading (DL) which have the potential applications
in imaging.

It is critical to tune the drug release kinetics of drug-
loaded nanoparticles. To allow programmed release, we re-
engineer our nanoprecipitation process to form drug-core
double-polymer nanoparticles. For example, by using two
polymers with different degradation rates or swelling proper-
ties, the drug release kinetics can be controlled by tuning the
ratio of the two polymers. We synthesized a list of nano-
particles with single or two polymers (Supporting Informa-
tion, Table S1), including curcumin-core-shellac/PLGA k-
PEGsk double-polymer NPs (SH/10K-CUR; 10 K:SH=1:1,
w/w; DMSO:DMF:EtOH =3:3:4, v/v/v) with 46.8% DL,
PTX-core-shellac/PLGAsx-PEGsx  NPs  (SH/55K-PTX;
SH:55K =1:4, w/w; DMSO:DMF:EtOH =2:4:4, v/v/v) with
39.6% DL, PTX-core PLGA,;;5x/PLGAk-PEGsx NPs
(10 K/PLGA-PTX; 10K:PLGA =1:4, w/w; DMSO:DMF:E-
tOH =2:4:4, v/v/v) with 35% DL, and PTX-core-shellac/
PLGAx-PEGsy NPs (SH/10K-PTX; SH:10K =1:4, w/w;
DMSO:DMF:EtOH =2:4:4, v/v/v) with 37% DL (Support-
ing Information, Figure S5). The ratio of the two polymers
can be tuned to control the release kinetics of the encapsu-
lated drug.

Figure 3 shows the TEM images of different nanoparticles
with high drug loading using our nanoprecipitation method.
Three different morphologies were observed, namely, one
drug-core in one NP (Figure 3a; Supporting Information,
Figure S6), several drug NPs in the core (Figure 3b; Support-
ing Information, Figure S7), and many drug NPs in the core
(Figure 3c). When the polymer precipitates straight away
after a drug NP forms, one drug-core in one NP structure is
formed. For example, when mixing curcumin and shellac in
a solvent mixture (DMSO:DMF:EtOH =4:3:3, v/v/v) with
a buffer solution, monodispersed curcumin NPs of about
40 nm precipitated first followed by the immediate precip-
itation of shell covering the curcumin core forming the core—
shell NPs of about 50 nm (Figure 3a). In contrast, when using
the polymer PLGA,x-PEGs to encapsulate curcumin, nano-
particles with several drug cores were observed as PLGA k-
PEGsi precipitates much slower than the drug (Figure 3b).
Several drug NPs of 30-40 nm aggregated firstly followed by
the precipitation of PLGA,-PEGsy thus forming a core—
shell nanoparticle containing several drug NPs in the core
(Figure 3b). By adjusting the precipitation of the drug and
polymer, core—shell nanoparticles with many drug NPs in the
core were observed when using PLGAssx-PEGsk to encapsu-
late curcumin (Figure 3¢).

Drug-loaded PLGA-PEG NPs such as 10K-CUR (Fig-
ure 3d,e; Supporting Information, Figure S8) and 55K-CUR
(Figure 3 f; Supporting Information, Figure S9) having sev-
eral drug NPs (generally more than 5) inside one polymeric
NP were bigger than the drug-loaded shellac NPs such as SH-
CUR (Figure 3a) and SH-IBU (Figure 3 g) due to the differ-
ent precipitation time of polymers. Interestingly, the raspber-
ry morphology of 55K-CUR NPs is very unique showing that
many small curcumin NPs are encapsulated (Figure 3 f). We
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also synthesized PTX-loaded shellac/PLGAssx-PEGsx dou-
ble-polymer NPs (SH/55K-PTX, Figure 3h and Figure S10)
and curcumin loaded double-polymer NPs (SH/10K-CUR,
Figure 3i) showing a similar spherical structure. High-reso-
lution TEM and electron diffraction patterns demonstrated
the amorphous structure of the PTX-loaded shellac/
PLGAssx-PEGsg double-polymer NPs, which is beneficial as
the drug solubility can be improved (Supporting Information,
Figure S11).1%]

One of the major challenges to making nanoparticles with
high drug loading is the high propensity toward aggregation
during storage. We examined the stability and release kinetics
of curcumin-loaded NPs (Figure 4a,b) including curcumin-
loaded single-polymer NPs (SH-CUR and 10K-CUR), and
curcumin-loaded double-polymer NPs (SH/10K-CUR) with
various polymer ratios (SH:10K=5:1, 2:1, and 1:1, w/w) in
PBS (Figure 4a; Supporting Information, Figure S12). We
noticed that NP sizes changed more significantly with more
shellac, because shellac is stable in acidic condition (Support-
ing Information, Figure S13) but swells and gradually dis-
solves in PBS."" Based on this property of shellac, we could
tune the release profile of the drug-loaded polymer NPs by
changing the shellac ratios in the polymer shell. We next
evaluated the release profiles of curcumin-loaded single and
double-polymer formulations in PBS containing 0.5% w/v
Tween 80 under 37°C with gentle shaking (Figure 4b). The
single-polymer formulation (SH-CUR) exhibited a fast re-
lease kinetics in the first 24 hours, then a more sustained
release. In contrast, the release profile of the double-polymer
formulation (SH/10K-CUR) showed a sustained release over
seven days (Figure 4b). The TEM images show that the
single-polymer formulation SH-CUR swelled and released
a significant amount of drugs (dark particles) after 24 hours
(Figure 4c¢). In contrast, the double-polymer formulation SH/
10K-CUR showed very minimum drug release and their
morphology remained unchanged after 24 hours (Figure 4d).

We also tested the stability and release profile of PTX-
loaded NPs (Figure 4e¢,f). For the short-term stability of the
PTX-loaded double-polymer NPs in PBS for 21 days, the
polymer ratio of shellac to PLGA jk/ssx-PEGsk was kept at 1:4
(w/w) for the SH/55K-PTX and SH/10K-PTX NPs. Due to the
higher propensity of PTX to precipitate and aggregate than
curcumin, the PTX loaded single-polymer NPs can only be
stable for several hours. However, all the double-polymer
formulations were remarkably stable for the time course of
our experiments (21 days) (Figure 4 ¢). The release profiles of
the PTX-loaded double-polymer formulation (SH/55K-PTX)
was distinct showing a sustained release over seven days
(Figure 4 f). Moreover, the SH/55K-PTX NPs showed good
stability in serum over 48 hours incubation under 37°C
(Supporting Information, Figure S14). For future clinical
applications, the shelf-life of the nanoparticle product is
critical. We evaluated the long-term stability of the lyophi-
lized SH/55K-PTX NPs (39.6 % DL) (Figure 4g). Even after
15 months storage, the NP powder can be easily resuspended
with gentle shaking or vortex (Figure 4h). The recovered
nanosuspension had the same size (ca. 100 nm) and PDI (ca.
0.2) as the freshly prepared nanosuspension after 15-month
storage with high retention of PTX (>94.8%).

Angew. Chem. Int. Ed. 2020, 59, 4720 — 4728
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Figure 3. lllustration and TEM images of nanoparticles with high drug loading (DL) using our nanoprecipitation method. Three morphologies
were observed, namely, a) one drug-core in one NP, b) multiple drug NPs in the core, and c) plentiful drug NPs in the core. a) Single particle
image of curcumin-loaded shellac NPs (SH-CUR; DL: 49.3 %). b) Single particle image of curcumin-loaded PLGA,(-PEGsc NPs (10K-CUR; DL:
45.5%). c) Single particle image of curcumin-loaded PLGAg5-PEGsc NPs (55K-CUR; DL: 49.5%). d) TEM image of curcumin-loaded PLGA, -
PEGs¢ NPs (10K-CUR; DL: 45.5%), €) TEM image of curcumin-loaded PLGA,-PEGs NPs with highest drug loading (10K-CUR,,,,; DL: 58.5%)
and f) curcumin-loaded PLGAs5-PEGs NPs (55K-CUR; DL: 49.5%). g) TEM image of ibuprofen-loaded shellac NPs (SH-IBU; DL: 38%). h) TEM
image of PTX-loaded double-polymer shellac/PLGAss-PEGs, NPs (SH/55 K -PTX; DL: 39.6%). i) TEM image of curcumin-loaded double-polymer
shellac/PLGA,o-PEGs¢ NPs (SH/10K-CUR; DL: 46.8%). Scale bars: 50 nm for (a)—(c) and 100 nm for (d)—(i).

It is evident that the increase of drug loading of drug-
loaded nanoparticles can reduce the material used when using
the same dose of a drug which is more economic and may
have fewer side effects caused by the toxicity of the excess
nanoparticle materials.'®! Nevertheless, to evaluate whether
nanoparticles with a high drug loading have any additional
therapeutic advantages over nanoparticles with low drug
loading, we synthesized two types of nanoparticles, namely,
PTX-loaded double-polymer nanoparticles (shellac and
PLGA;sx-PEGs¢ at a mass ratio of 1:4) with high drug
loading (39.6 %) and low drug loading (3.5%). Using these

Angew. Chem. Int. Ed. 2020, 59, 4720 — 4728
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two type of nanoparticles, we investigated their cell cytotox-
icity using 2D cell monolayer and 3D tumor spheroid in vitro
models. The PTX-loaded NPs with high drug loading
illustrated reduced cell viability compared to the nanoparti-
cles with low drug loading in both 2D-monolayer cells
(Figure 5a) and 3D-tumor spheroids at the same drug
concentration (Figure 5b). Additionally, we also investigated
the growth curve of the tumor spheroid incubated with PTX-
loaded NPs with high and low drug loading. Compared to the
spheroids treated with free PTX and low drug loading NPs,
those treated with the high drug loading NPs exhibit
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Figure 4. Stability and release profiles of curcumin and PTX-loaded single and double-polymer formulations in PBS. a) Stability test of curcumin-
loaded NPs: curcumin-loaded shellac NPs (SH-CUR), curcumin-loaded PLGA,-PEG5¢ NPs (10K-CUR) and curcumin-loaded double-polymer
shellac/PLGA,(-PEGs¢ NPs (SH/10K-CUR) with SH:10 K ratio (w/w) of 5:1, 2:1 and 1:1. b) Release profiles of SH-CUR and SH/10 K (1:1)-CUR.
The release was conducted in PBS containing 0.5% w/v Tween 80 under 37°C with gentle shaking. TEM images of c) curcumin-loaded single-
polymer formulation (SH) and d) double-polymer formulation (SH:10K(1:1)) after 0 and 24 hours of incubation in PBS under 37°C with 100 rpm
shaking. Scale bar: 50 nm. e) The stability test of paclitaxel (PTX)-loaded double-polymer NPs: PTX-loaded shellac/PLGAs-PEGs NPs (SH:55 K
(1:4)), PTX-loaded shellac/PLGA,-PEGs¢ NPs (SH:10 K (1:4)) and PTX-loaded PLGA . s5/PLGAo-PEGs¢ NPs (10 K:PLGA (1:4)). f) Release
profiles of PTX-loaded shellac/PLGAgs-PEGs¢ NPs (SH:55 K (1:4)). The release was conducted in PBS containing 0.5% w/v Tween 80 under 37°C
with gentle shaking. g) Long-term stability test of lyophilized PTX-loaded shellac/PLGA;s-PEGs NPs (SH:55 K (1:4)) and h) snapshots of its dry
powder and the resuspended solution after 15-month storage under —20°C. The mean =+ s.d. from three independent replicates is shown for (a),

(b), (e), (f), and (g).
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Figure 5. In vitro and in vivo anti-tumor effects of PTX-loaded high- (SH/55K-PTX; DL: 39.6 %) (High DL NP) and low-drug loading formulations
(SH/55K-PTX; DL: 3.5%) (Low DL NP). a) Cytotoxicity of 2D cells for High and Low DL NP (48 h, 0.9 pgmL™' PTX); b) Cytotoxicity of the High
and Low DL NP for SKOV3 tumor spheroids (72 h, 0.1 ugmL™" PTX); * and *** represent statistically significant difference p <0.05 and 0.001,
respectively (mean £ SD; n=3 per group for a and b). c) The tumor spheroid growth curve after incubation of the PBS, Free PTX, High and Low
DL NP for 72 h (0.1 pgmL~"' PTX). Day 0 is the day of adding Free PTX and PTX-loaded NPs while Day 3 is the starting date of gradual drug
removal by replacing 50% of the total medium every 48 h. * represent statistically significant difference p <0.05 (mean + SD; n=5 per group).
d) Body weight and e) tumor volume of tumor-bearing mice during 24 days since 1% injection (Day 0) for PBS, Free PTX, High and Low DL NP
groups. Five injections in total at day 0, 3, 6, 9 and 12. f) Tumor weight of isolated tumors from tumor-bearing mice after treatment of PBS, Free
PTX, Low and High DL NP. ** and *** represent statistically significant difference p <0.01 and 0.001, respectively (mean & SD; n=6 per group

for d, e, and f).

persistent volume decrease, indicating its significant anti-
tumor effect (Figure 5c).

We further studied the in vivo anti-tumor therapeutic
effects of PTX-loaded high- (SH/55K -PTX; DL: 39.6%)
(High DL NP) and low-drug loading formulations (SH/55K-
PTX; DL:3.5%) (Low DL NP) in tumor-bearing mice. After
initial tumor establishment, four formulations (PBS, Free
PTX, High DL NP, and Low DL NP) were intravenously
injected into the mice at every 72 hours for five injections in
total. The body weight and tumor volume growth curves are
displayed in Figure 5d,e, respectively. The body weight of the
mice treated with High DL NP increased (12.0 % increase at
day 25) faster than Low DL NP group (4.4 % increase at day
25) and Free PTX group (2.9% increase at day 25). In
addition, the tumor volume of High DL NP group grew
significantly slower than the other groups, at day 24 post-
injection the tumor volume of PBS, Free PTX, Low DL NP,
and High DL NP groups increased 885.0 %, 556.0 %, 347.8 %,
and 167.6 %, respectively. The High DL NP showed enhanced
tumor inhibition effect than the Low DL NP and Free PTX at
the same drug dosage (Figure 5f; Supporting Information,
Figure S15). Additionally, the nanoparticle concentration in
the High DL NP is much lower than the Low DL NP
(Supporting Information, Figure S16), which offers some
advantages in terms of intravenous injection, large scale
production of such polymer NPs and production cost as well.
The histopathological analysis of tumor and main organs
(Supporting Information, Figure S17) shows that the High DL
NP group has the most tumor tissue necrosis but no obvious
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necrosis or cell death in major organs including liver, spleen,
kidney, heart, lung, and brain. Our preliminary in vivo results
demonstrated some advantages of using the High DL NP
formulation over the Low DL NP in terms of efficacy and
safety (Supporting Information, Figure S18). More studies
including PK/PD, biodistribution, dosing, dosing schedule,
and different mice models will be conducted in future.

Conclusion

The controlled synthesis of drug-core polymer-shell nano-
composites with an exceptionally high drug loading (up to
58.5% W rug/Warug polymer) and high encapsulation efficiency (up
to 98.5 %) was achieved using a sequential nanoprecipitation
method. This platform technology is based on controlling the
sequential precipitation of the drug and polymer using an
organic solvent system comprising two or more organic
solvents. This allows the precipitation of the drug preferably
just prior to the precipitation of the polymer. More impor-
tantly, we demonstrated the versatility of this technology to
encapsulate various hydrophobic molecules, such as paclitax-
el, curcumin, and ibuprofen. According to our in vitro and
in vivo results, the high-drug-loading NPs synthesized using
our technology demonstrated an enhanced therapeutic effect
and improved safety. Additionally, our high-drug-loaded NPs
can achieve long-term stability (> 15 months) after lyophili-
sation, demonstrating their potential for future -clinical
applications. In future scale-up production of nanoparticles
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using nanoprecipitation, how to minimize the use of organic
solvents and how to recycle the solvents should be carefully
engineered. Nevertheless, this technology offers a new strat-
egy for the manufacture of polymeric nanoparticles with high
drug loading and opens unique opportunities for drug
encapsulation and drug delivery applications.
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