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Abstract
Currently, the treatment for acute disease encompasses the use of various biological drugs (BDs).
However, the utilisation of BDs is limited due to their rapid clearance and non-specific accumulation
in unwanted sites, resulting in a lack of therapeutic efficacy together with adverse effects. While
nanoparticles are considered good candidates to resolve this problem, some available polymeric
carriers for BDs were mainly designed for long-term sustained release. Thus, there is a need to
explore new polymeric carriers for the acute disease phase that requires sustained release of BDs over
a short period, for example for thrombolysis and infection. Poly(succinimide)-oleylamine (PSI-OA),
a biocompatible polymer with a tuneable dissolution profile, represents a promising strategy for
loading BDs for sustained release within a 48-h period. In this work, we developed a two-step
nanoprecipitation method to load the model protein (e.g. bovine serum albumin and lipase) on PSI-
OA. The characteristics of the nanoparticles were assessed based on various loading parameters, such
as concentration, stirring rate, flow rate, volume ratio, dissolution and release of the protein. The
optimised NPs displayed a size within 200 nm that is suitable for vasculature delivery to the target
sites. These findings suggest that PSI-OA can be employed as a carrier for BDs for applications that
require sustained release over a short period.

Keywords: sustained release, polysuccinimide, nanoprecipitation, biological drug loading, drug
delivery

1. Introduction

Small-molecule drugs are primarily used for treatment of
various diseases but are usually associated with unwanted off-

target outcomes, resulting in adverse effects [1]. Biological
drugs (BDs) are an increasingly popular class of drugs in
treatment applications due to their more specific targeting
effect [2], resulting in a market share that is estimated to be
over 500 billion AUD by 2025 [3]. Nonetheless, this highly
promising class of drugs is also limited by its intrinsic nature,
which results in short plasma half-lives leading to wastage of
administered dosage [4, 5]. Therefore, there is a need to
resolve this problem.

Nanoparticles (NPs) have been widely employed as
vehicles for effective delivery of BDs to target sites while

Nanotechnology

Nanotechnology 35 (2024) 055101 (13pp) https://doi.org/10.1088/1361-6528/ad0592

∗ Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

0957-4484/24/055101+13$33.00 © 2023 The Author(s). Published by IOP Publishing Ltd1

https://orcid.org/0000-0002-2208-1038
https://orcid.org/0000-0002-2208-1038
https://orcid.org/0000-0003-2048-595X
https://orcid.org/0000-0003-2048-595X
https://orcid.org/0000-0003-3626-5361
https://orcid.org/0000-0003-3626-5361
https://orcid.org/0000-0003-1188-0472
https://orcid.org/0000-0003-1188-0472
mailto:h.ta@griffith.edu.au
https://doi.org/10.1088/1361-6528/ad0592
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/ad0592&domain=pdf&date_stamp=2023-11-15
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/ad0592&domain=pdf&date_stamp=2023-11-15
http://creativecommons.org/licenses/by/4.0


slowly releasing them over time for the desired therapeutic
outcome [6–11]. Previously, several clinical trials have been
conducted or completed on chemical drugs with nanodelivery
that requires sustained release within a 48-h period, such as
for pulmonary antibacterial and cardiovascular applications
[12–17]. However, there is limited research on delivery of
BDs using NPs as a carrier for release over a short period.
Hence, there is the need to develop a strategy to provide
localised delivery of BDs for sustained release within a 48-h
period to maximise the utility of BDs.

Two of the most widely used types of NP for drug
delivery are inorganic and liposomal NPs. However, inor-
ganic NPs are more toxic and do not effectively load BDs
[18]. Moreover, the instability of liposomal NPs and low
encapsulation efficiency also lead to wastage of BDs. Poly-
meric NPs may therefore be a practical alternative. Polymeric
NPs approved by the US Food and Drug Administration, such
as polylactic-co-glycolic acid (PLGA) and polylactic acid
(PLA), have been widely studied as vehicles for drug delivery
[19]. However, the slow-release feature of PLGA and PLA
(from days to a month) prevents them from being used for
controlled drug release for acute disease applications such as
thrombolysis and treatment of acute lung infections.

Here we employ polysuccinimide-oleylamine (PSI-OA) to
prepare facile NPs to load BDs and allow sustained release of
the BD over a 2-day period. PSI is non-toxic and non-mutagenic
and has been utilised in various industrial and biomedical
applications from sugar manufacturing to drug delivery systems
[20–23]. Moreover, PSI can hydrolyse into poly(aspartic acid)
under physiological conditions and is excreted from the body
through renal and other physiological processes [24–29]. Oley-
lamine (OA) is a fatty acid that has been utilised for biomedical
applications such as transdermal and anticancer treatment
[30–32]. Previously, PSI-OA has been used to enhance the
biocompatibility of a 19F magnetic resonance imaging agent
[33]. However, the use of PSI-OA in drug delivery remains
unexplored. Thus, the present study will assess the efficacy of
PSI-OA as a BD carrier for sustained release within 48 h.

A two-step nanoprecipitation method was developed to
prepare BD-loaded PSI-OA NPs. This method avoids the
requirement for elevated temperature, shear stress and ultra-
sound treatments that tend to denature BDs. A model protein,
bovine serum albumin (BSA; 66 kDa), and model enzyme,
lipase (∼52 kDa), were used to mimic the loading of BDs.
The current study optimises the conditions for BSA NPs and
BSA loading and also assesses the basic characteristics such
as size, polydispersity index, shape, zeta potential, loading
efficiency, loading capacity, hydrolysis profile and release
profile of the loaded NPs. The current study also assessed the
activity of the BD after release from PSI-OA NPs.

2. Materials and methods

2.1. Chemicals

All non-listed chemicals were purchased from commercial
suppliers at analytical grade. PSI-OA was synthesised in our lab

using the existing protocol. BSA was obtained from Bovogen.
Acetonitrile (ACN; lot 10913991) was purchased from
LiChrosolv®. Aspartic acid, H3PO4 and sulfolane were pur-
chased from Sigma. Dimethyl sulfoxide (DMSO; lot 1414511),
dimethylformamide (DMF) and Pierce Micro-BCA™ Assay Kit
(#23235) were purchased from Thermo Fisher.

2.2. Synthesis of PSI

PSI was synthesised using poly-condensation reactions of
aspartic acid as described by Adelnia et al [34], Nakato et al
[35] and Tomida et al [36]. Aspartic acid (21 g), H3PO4

(1.5 ml) and sulfolane (75 ml) were separately poured into a
100 ml three-necked flask immersed in a 185 °C oil bath
under nitrogen gas flow with 150 rpm over-head stirring.
After 6 h, the solution was precipitated in over ten times the
volume of deionised water (dH2O). The white PSI precipitate
was washed three times with dH2O under 4000g centrifuga-
tion for 10 min to remove excess solvent and chemicals and
finally dried in a freeze drier or a vacuum oven to obtain
white PSI powder. A 78% yield was achieved for PSI
synthesis.

2.3. Synthesis of PSI-OA

To synthesise PSI-OA, typically 10 ml of 10% w/v PSI in
DMF was mixed with 995 μl of OA and incubated under 500
rpm stirring using a stirring bar at 70 °C for 12 h. The final
product was cooled at room temperature and washed three
times with methanol using the same conditions as in
section 2.2 to remove the redundant DMF. The final orange
brown polymer powder was obtained from a freeze drier or
vacuum oven.

2.4. Characterisation of NPs

The size, polydispersity index and zeta potential of the NPs
were measured by dynamic light scattering with an Anton
Paar Litesizer. The synthesised NPs were diluted ten times in
either ACN or dH2O before measurement. TEM images were
taken on a JEOL-JEM-1010 TEM with an accelerating volt-
age of 80 kV. Protein concentration was evaluated using the
micro-BCA protein assay according to the manufacturer’s
protocol.

2.5. Protein precipitation and loading

We modified the protocol of Morales-Cruz et al [37] and
Nelemans et al [38]. BSA was first precipitated into small
spherical NPs. Optimisation of this process encompassed
various parameters whereby BSA at different concentrations
was precipitated by dropwise addition of its non-solvent,
ACN, at various flow rates and different BSA:ACN volume
ratios under 500 rpm stirring using a magnetic stirring bar.
The mixture was incubated for 5 min at room temperature
under the same stirring condition. The intensity-weighted
sizes and the polydispersity index (PDI) of the resultant BSA
NPs (diluted 10 times in ACN) were measured by an Anton
Paar Litesizer 500 (Graz, Austria).
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We utilised the above BSA NP solution for the sub-
sequent loading process. A volume of 1 ml of PSI-OA at 40
mg ml−1 was added to the BSA NP solution at different
volume ratios. One millilitre of the mixed solution was
transferred to different volume ratios of water in a beaker with
different flow rates, with or without stirring. Details of con-
centrations, volume ratios and other details are listed in the
results section. Data in this study are stated as mean ±
standard deviation.

2.6. Loading efficiency and loading capacity

An indirect measurement method was used to calculate the
loading efficiency (LE). WE centrifuged 1.5 ml of the NP
solution at 16 100g for 15 min. The supernatant of the solu-
tion was collected to perform a micro-BCA assay. The
amount of loaded protein for each group was calculated from
the standard curve of the assay. The following equation was
used to obtain the LE:

Loading capacity (LC) was calculated using the follow-
ing equation:

2.7. In vitro release study

The NPs were washed twice, redispersed in phosphate-buf-
fered saline (PBS) and incubated at 37 °C for 2 days. At
different time points, 500 μl of the sample was taken and
centrifuged at 16 100g for 15 min. The supernatant from the
centrifuged sample was collected for measurement. A micro-
BCA assay was performed to determine the BSA concentra-
tions following the manufacturer’s instructions. Data were
used to construct a cumulative release profile graph.

2.8. Dissolution study

The NPs prepared in water were washed, redispersed in PBS,
added to a 96-well plate and incubated at 37 °C to mimic
physiological conditions [39–43]. The absorbance was mea-
sured over 48 h using a CLARIOstar® Plus plate reader
(BMG Labtech) at 320 nm.

2.9. Viability study

The cytotoxicity was measured according to the company’s
manual using a PrestoBlue cell viability reagent with Chinese
hamster ovary (CHO) cells. Briefly, CHO cells were seeded

into 96-well plates at a density of 5000 cells per 100 μl
solution per well and left overnight under 37 °C and 5% CO2

for cell adherence. (The solution contained high-glucose
Dulbecco’s modified Eagle’s medium, 10% heat-inactivated
fetal bovine serum and 1% antibiotics.) Then the cells were
incubated with 50, 100, 200, 400, 500 and 1000 ppm of the
BSA-loaded PSI-OA NPs for 24 and 48 h. After the incu-
bation treatment, the medium containing NPs was discarded
and PrestoBlue reagent in PBS solution (one to ten dilution)
added to each well. The plates were incubated under the same
condition of cell adherence for 30 min after the addition of
PrestoBlue. Finally, the plates were read in a CLARIOstar®

Plus plate reader (BMG Labtech) to obtain the data.

2.10. Enzyme activity assay

Lipase activity was determined using p-nitrophenyl palmitate
as the substrate. The protocol was modified from Margesin
et al [44], Godoy et al [45] and Lam et al [46]. Typically, 100
μl of substrate solution consisted of 10 μl of 3 mg ml−1 p-

nitrophenyl palmitate isopropanol solution, 89.6 μl of 50 mM
Trix-HCl and 0.4 μl of Triton-X 100. The released NP PBS

solution containing lipase was added to the substrate solution in a
1.5 ml Eppendorf tube and incubated at 37 °C for 60min to start
the reaction. The reaction was stopped by placing the tubes on ice
for 10min. The solution in the tubes was transferred to a 96-well
plate and read in a CLARIOstar® Plus plate reader at 400 nm.
The same process was performed for the freshly prepared lipase
PBS solution to construct a standard curve as a control.

2.11. Statistical analysis

Data are presented as mean ± standard deviation. One-way
analysis of variance (ANOVA) with a post-hoc Dunnet test
were employed for significance testing, with a p-value �
0.05 being considered statistically significant. Data ana-
lyses were performed using GraphPad Prism (GraphPad
Software Inc.)

3. Results and discussion

3.1. BSA NP formation

Figure 1 summarises the synthesis procedure for the protein-
loaded NPs. BSA NPs were produced by dropwise addition of

( ) ( )%LE
amount of proteinused amount of supernatant protein

amount of proteinused
100. 1=

-
´

( ) ( )%LC
amount of proteinused amount of supernatant protein

amount of polymerused amount of proteinused
100. 2=

-
+

´
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ACN to BSA solution under stirring (figure 2(A)). Previous
studies demonstrated the fewest protein aggregates with smaller
particle sizes and uniform distribution when ACN was utilised as
the non-solvent compared with acetone and ethanol [38]. Thus,
ACN was selected as the non-solvent for BSA. To gain a more
comprehensive understanding of protein precipitation, we asses-
sed the parameters for preparing BSA NPs, such as the flow rate,
BSA concentration and protein to non-solvent volume ratios.

Firstly, we assessed whether the increased flow rate of
ACN to BSA solution affected the size of BSA NPs. Previous
reports demonstrated that the flow rate of non-solvent had a
significant effect on particle size [47]. The results of the
current study confirmed this hypothesis. The increase in flow
rates from 500 to 1200 μl min−1 resulted in a decrease in NP
diameter and a decrease in PDI (improved NP uniformity)
(figures 2(B) and (C)). The one-go group displayed a high
standard deviation in the sizes and a significantly higher PDI
compared with the 500, 800 and 1200 μl min−1 groups.
Multiple peaks were observed in the size distribution of NPs
from this group. Results demonstrate that using a syringe
pump to control the flow rate to a higher level resulted in
reproducible smaller-sized BSA NPs (94.2 ± 4.6 nm). The
present study indicates that high flow rates are essential for
future large-scale production, and the rate of 1200 μl min−1

was selected for the next optimisation steps in this study.
Secondly, the impact of BSA concentration on BSA NP

size was assessed. The size of the samples increased with
increasing BSA concentration (figure 2(E)). As the BSA
concentration increased from 5 mg ml−1 to 10 mg ml−1 and
15 mg ml−1, the particle size increased significantly from 53.2
± 2.6 nm to 70.5 ± 2.3 nm and 90.1 ± 2.3 nm, respectively
(figure 2(F)). However, PDI reduced from 18.4% to 14.5%
and 13.8%, respectively, as the BSA concentration increased.
The correlation between protein concentration and increase in
NP size was consistent with previous studies [38, 48]. BSA
NPs prepared with 5 mg ml−1 BSA solution had a larger PDI

(20%) than the other groups. This may be explained by the
LaMer concentration relationship model for precipitation
whereby the solute concentration was not high enough to
initiate precipitation [49], and thus resulted in non-uniform
NP formation. Taken together, a BSA concentration of 10 mg
ml−1 was selected for the rest of the study based on the size
and PDI.

In the current study, an increase of ACN in the BSA to
ACN volume ratio from 3.5 to 5.5 did not significantly affect the
size distribution, size or PDI of the BSA NPs (figures 2(H)–(I)).
Contrastingly, Tarhini et al [48] demonstrated that a decrease in
non-solvent resulted in an increase in the diameters and size
distributions of BSA NPs. However, other studies demonstrated
a size reduction of zein protein NPs with increase in the non-
solvent content [50]. It is suggested that the nature of the protein
may contribute to this inconsistency.

Generally, the increase in non-solvent was thought to
enhance the nucleation of the BSA NPs, whereby the rise in
non-solvent content may cause a more rapid diffusion of
solvent to non-solvent, thus reducing the diameter of the BSA
NPs [51, 52]. While no significant difference was observed in
the size and PDI of NPs with increased ACN in the BSA to
ACN volume ratio in our study, a higher volume ratio was
chosen for the loading step. The TEM image in figure 2(G)
displays a spherical shape for the optimised BSA NPs pre-
pared with 10 mg ml−1 BSA, a BSA:ACN volume ratio of
1:5.5 (e.g. 0.5 ml of 10 mg ml−1 BSA in dH2O was added to
2.75 ml of ACN solution) and a flow rate of 1000 μl min−1

under 500 rpm stirring. The produced spherical NPs were
stable without aggregation.

In this study, we did not investigate the effect of ACN
solvent on the conformational changes and activity of BSA.
However, existing literature supported the use of ACN to
form BD particles with retained BD activity [37, 38, 53, 54].
In the future, when functional BDs are employed for disease

Figure 1. Scheme of the loading of BSA into PSI-OA via two-step nanoprecipitation.
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treatment we will thoroughly evaluate the impact of ACN on
their activity.

3.2. Loading of BSA NPs in PSI-OA

We achieved protein loading by adding a mixture of BSA NP
solution and PSI-OA solution into the non-solvent of the
polymer, dH2O (figure 3(A)). Parameters that affect the
loading process include mixture:dH2O volume ratio, PSI-OA:
BSA NP volume ratio, flow rate of the addition of the mixture
to water and stirring speed of the solution Firstly, the effect of
the volume ratio of the mixture solution to dH2O was

investigated. Mixture:dH2O volume ratios of 1:5, 1:9 and
1:12 were evaluated. Other parameters were kept constant.

Theoretically, a rise in non-solvent induces a higher
supersaturation level, leading to a reduction in particle size
[52, 55]. In our study, when the volume of dH2O increased
from five to nine parts (figure 3(C)), the size of the BSA-
loaded NPs significantly decreased. However, increasing
dH2O to 12 parts did not reduce the NP size further but
instead increased it. The particle size of the 1:9 group was
significantly smaller than the 1:5 and 1:12 groups by about
26 nm (110 ± 7 nm versus 126 ± 3 nm and 126 ± 2 nm,
respectively). In addition, PDI was not significantly different

Figure 2. Optimisation of BSA NP synthesis. (A) Scheme of BSA NP production. (B), (C) Effect of flow rate upon addition of ACN to BSA
solution on BSA NP size. (B) intensity-weighted distribution graph and (C) bar graph of the size and PDI of the BSA NPs synthesised using
[BSA] = 15 mg ml−1 and BSA:ACN volume ratio = 1:4 with ACN flow rates of 500 μl min−1, 800 μl min−1 and 1200 μl min−1 and by
pipette in one go. ####, p < 0.0001 for PDIs compared with the one-go group. (D)–(F) Effect of BSA concentration on BSA NP size. (D)
Appearance of the BSA NPs synthesised from different concentrations, from left to right 5 mg ml−1, 10 mg ml−1 and 15 mg ml−1. (E)
Intensity-weighted distribution graph and (F) bar graph of the size and PDI of the BSA NPs synthesised using 5 mg ml−1, 10 mg ml−1 and 15
mg ml−1 of BSA stock solution with a BSA:ACN volume ratio of 1:4 at an ACN flow rate of 1200 μl min−1. ****, p < 0.0001 for the NP size
compared with the 5 mg ml−1 group; ###, p < 0.005 for the PDIs compared with the 5 mg ml−1 group. (G)–(I) Effect of the BSA:ACN
volume ratio on BSA NP size. (G) Representative TEM images of the BSA NPs synthesised with a BSA:ACN ratio of 1:5.5. (H) Intensity-
weighted distribution graph and (I) bar graph of size and PDI of the BSA NPs synthesised using 10 mg ml−1 BSA stock solution with BSA:
ACN volume ratios of 1:3.5, 1:4 and 1:5.5 at an ACN flow rate of 1200 μl min−1 and 500 rpm of stirring. N = 3 for all groups.
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between the 1:5 and 1:9 groups (16.8% versus 17.2%,
respectively). Nonetheless, the 1:12 group displayed a PDI of
11.1%, which was significantly lower than the 1:9 group.
However, the PDI attained for the 1:9 group is still within an
acceptable range (<20%) [56]. Whilst the hydrophobic nature
of various polymers differs, this paper argues that the size
variation of the loaded polymeric NPs in a supersaturated
non-solvent solution requires a case-by-case analysis. Based
on previously published studies, conflicting results have been
reported whereby an increase in non-solvent effected an
increase in size of polycaprolactone NPs, while a decrease in
size was also observed in various other studies using poly-
mers to load drugs [57–59]. At this stage, a smaller size of
110 nm and acceptable PDI is favourable for future delivery
applications. Thus, we selected the ratio of PSI-OA and BSA
NP mixture to water as 1:9.

The current study then assessed the impact of PSI-OA:
BSA mixture ratios on the loaded NP size. One part of the
polymer solution (40 mg ml−1) was added to 2, 9 or 13 parts
of BSA NPs to form a miscible mixture solution. The mixture
solution was then added to nine parts of dH2O to form the
BSA-loaded NPs. Figures 4(A) and (B) show intensity-
weighted particle sizes of 110 ± 7 nm, 81.1 ± 6.1 nm and
426 ± 1044 nm for 1:2, 1:6 and 1:13 groups, respectively.
Notably, the standard deviation of the 1:13 group particle size

was higher than for the other two groups. The increase of the
BSA NP content made the size distribution wider. The 1:13
group formed unstable NPs that were not homogeneous,
evidenced by the large standard deviation and PDI of the 1:13
group compared with the other two groups (PDI values of
17.2%, 21.7% and 24.9% for 1:2, 1:6 and 1:13 respectively;
figure 4(B)). Even though the loading efficiency of the 1:13
group was significantly higher than for the 1:2 and 1:6
groups, the size at 426 ± 1044 nm and PDI over 20% were
deemed unsuitable for drug delivery; the same applied to the
1:13 group (figure 4(B)). A large size would pose a risk of
obstructing the pulmonary capillaries during circulation,
subsequently causing adverse effects in human patients [60].
As the BSA NP content increased, the LE did not change
significantly but the LC increased remarkably (figure 4(C)).
Considering the size, PDI, LE and LC, a PSI-OA:BSA ratio
of 1:2 was adopted for the rest of the study.

Next, the effect on NP size of the flow rate for the
addition of PSI-OA/BSA NP mixture solution to dH2O was
assessed. The NP diameter of the fast pipetting one-go group
was significantly lower than for the 100 μl min−1 and 1000 μl
min−1 groups (110 ± 7 versus 127 ± 5 and 131 ± 4 nm,
respectively; p < 0.0001 for both groups) (figures 4(D) and
(E)). While the two-step nanoprecipitation method for loading
BDs in the past did not examine the effect of addition rate in

Figure 3. Optimisation of BSA-loaded PSI-OA NPs by varying the volume ratio of BSA NP/PSI-OA mixture and dH2O. (A) Scheme of the
production of BSA-loaded PSI-OA NPs. (B), (C) Effect of the volume ratio between PSI-OA/BSA NP mixture and water. (B) Intensity-
weighted size distribution graph and (C) bar graph of size and PDI of the loaded NPs at different conditions. ****, p < 0.0001 for PDI
compared with the 1:9 group. One part of 40 mg ml−1 PSI-OA/DMSO was added to two parts of the BSA precipitate. The mixed solution
was then added to 5, 9 and 12 parts of dH2O. One-way ANOVA with the Dunnet test. N = 3 for each group.

6

Nanotechnology 35 (2024) 055101 X Chen et al



the final loading step, the increase in polymer flow rate in
other modified nanoprecipitation methods using microfluidic
devices and mixers for both BDs and non-BDs significantly
reduced the particle size [61–63]. Even though the difference
in PDI did not have statistical significance among the groups,
the 1000 μl min−1 group had the lowest PDI of 13.0 ± 2.3%,
and the other two groups had a slightly higher PDI than the
1 ml min−1 group (14.7 ± 4.0% and 17.2 ± 3.1% for 100 μl
min−1 and the one-go group). Furthermore, the controlled

flow rates increased the LE and LC of the particles, which is
beneficial for future actual drug delivery. The LE of the one-
go group (16.0 ± 10.3%) was lower than that of the 100 μl
min−1 group and the 1000 μl min−1 group (24.9 ± 5.9% and
34.6 ± 13.1%, respectively). The LC followed the same trend
(figure 4(F)). However, LE and LC amongst groups were not
statistically significantly different. As a 1000 μl min−1

flow
rate resulted in more homogeneous NPs with a slightly higher
BSA loading this was therefore chosen as the optimised

Figure 4.Optimisation of BSA-loaded PSI-OA NPs by varying PSI-OA:BSA NP volume ratios, flow rate of the mixture to water and stirring
speed of the solution. (A)–(C) Effect of PSI-OA:BSA NP volume ratio. (A) intensity-weighted size distribution graph and (B) bar graph of
size and polydispersity (PDI), #, PDI p < 0.05 for the 1:13 compared with the 1:2 group. (C) LE and LC of the loaded NPs at different PSI-
OA to BSA volume ratios. ***, p < 0.005 for the LC of the 1:13 group compared with the 1:2 group. One part of 40 mg ml−1 PSI-OA/
DMSO was added to 2, 6 and 13 parts of BSA NP solution. The mix solution was then added to nine parts of dH2O for loading. (D)–(F)
Effect of flow rate for adding a PSI-OA/BSA NP (1:9) mixture to dH2O. (D) Intensity-weighted size distribution graph and (E) bar graph of
size and PDI of the loaded NPs using different flow rates for a 1:9 mix to dH2O volume ratio. ****, p < 0.0001 when comparing the sizes of
100 μl min−1 and 1000 μl min−1 groups with the one-go group. (F) LE and LC of the loaded NPs. (G)–(I) Effect of stirring rate at 500 rpm,
1000 rpm and 1500 rpm when adding a PSI-OA/BSA NP (1:9) mixture to water at 1000 μl min−1. (G) Intensity-weighted size distribution
graph. (H) Bar graph of size and PDI and (I) LE and LC of the loaded NPs. One-way ANOVA with a post-hoc Dunnet test. N = 3 for each
group.
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parameter. The data suggested that the addition of the poly-
mer/BSA NP mixture should be controlled and accelerated to
achieve optimum BSA-loaded PSI-OA NPs.

Subsequently, we examined the effect of stirring speed
on loaded NPs. Speeds of 500, 1000 and 1500 rpm were
selected. The three stirring rate groups demonstrated no sig-
nificant differences in particle diameter, including in PDI, LE
and LC. The highest stirring rate (1500 rpm) only reduced the
particle size by 1.4 nm when compared with the 500 rpm
group (122 ± 6 nm versus 120 ± 6 nm; figures 4(G), (H)). A
moderate speed of 1000 rpm produced particle sizes 4.6 nm
larger than the 500 rpm group. Generally, increasing the
stirring speed is considered beneficial for particle size
reduction [64]. For example, Sanjeev et al [65] showed that a
significant reduction in PLGA particle size could be achieved
by increasing the stirring rate, but this was from 1000 rpm to
2500 rpm. In our study, we did not observe NP size reduction
when increasing the stirring speed from 500 rpm to 1500 rpm.

Similarly, PDIs of NPs from all three groups were not
significantly different. Although the 500 rpm group had a
lower PDI than the 1000 rpm and 1500 rpm groups (10.7 ±
4.7%, 13.6 ± 3.4% and 13.4 ± 3.4%, respectively;
figure 4(H)), the difference was not statistically significant.
Besides, the 500 rpm group had a higher LE (39.9 ± 11.2%
versus 29.5 ± 6.4% and 28.0 ± 6.9%, respectively) and LC
(4.6 ± 1.2% versus 3.4 ± 0.7% and 3.2 ± 0.8%%, respec-
tively) than the 1000 rpm and 1500 rpm groups. However,
again, a statistically significant difference was not observed
for LE and LC. These data suggested that stirring speed did
not significantly affect the loaded NPs, but a lower speed
resulted in a more favourable outcome. Previous studies
showed that by increasing the agitation speed, the size of the
particles decreases; however, after reaching a threshold the
size increases as the speed increases further [66, 67]. In our
study, the size increased slightly when the speed increased
from 500 rpm to 1500 rpm, probably because this speed range
was above the threshold. The further increase in stirring speed
may also quicken the nanoprecipitation process of the poly-
mer, and thus protein does not have enough time to be
included within the NPs, resulting in a reduced loading effi-
ciency. Therefore, a 500 rpm stirring speed in the loading step
was chosen as the optimum speed in our study.

3.3. Dissolution and release study of the optimised NPs

In conclusion, table 1 summarises the optimal parameters for
the synthesis of BSA-loaded PSI-OA NPs. The NPs prepared
by the optimised protocol were homogeneous, displayed a

spherical shape (figure 5(A)) with a size of 120 ± 6 nm, a PDI
of 10.7 ± 4.7% and a zeta potential of −43.0 mV
(figure 5(B)). NPs smaller than 200 nm are beneficial for
biomedical applications such as intravenous drug delivery
[68]. NPs in the range of approximately 150–200 nm have a
longer circulation time than NPs smaller than 70 nm and
larger than 300 nm in size [69]. In addition, NPs with a size of
approximately 100 nm tend to circulate along the vascular
wall [70, 71]. Hence, the NP with a size of ~120 nm devel-
oped in this study would have great potential for targeting
vessel walls, for example thromboses which usually develop
on the blood vessel wall.

The dissolution of the optimised BSA-loaded PSI-OA
NPs and the release of BSA were investigated. Figure 5(C)
shows that dissolution (hydrolysis) of the NPs in PBS at
37 °C was delayed for 3 h. After that, the NPs gradually
dissolved and were completely hydrolysed after 36 h.
Figure 5(D) establishes that 50% of BSA was released at
approximately 16 h, 75% after 24 h and full release occurred
after 40 h. These results demonstrate that PSI-OA can facil-
itate prolonged drug release under simulated human physio-
logical conditions. These newly developed PSI-OA NPs offer
sustained protein release and achieve complete release within
40 h, which is beneficial for acute biomedical applications
requiring sustained release of BDs. In those applications, a
sustained release of BDs over a short period could prevent the
early breakdown of BDs by the body and avoid excessive
aggregation in unwanted sites that could induce adverse
effects, while ensuring the BD can be released quickly
enough to the target sites, for example in emergency events
such as heart attack and stroke.

3.4. In vitro cytoxicity study

The biocompatibility of the BSA-loaded PSI-OA NPs was
assessed using the PrestoBlue cell viability reagent. CHO
cells were incubated with a concentration range from 0.05 to
1 mg ml−1. At 24 h, the cells maintained good viability (over
90%) at all NP concentrations (figure 5(E)). At 48 h, when all
the BDs were released, the viability of the CHO cells was still
at an acceptable level of over 80% (figure 5(F)). The highest
PSI-OA concentration (1 mg ml−1) resulted in cell viability of
95.1% and 97.4% at 24 and 48 h, respectively. These data
support that the proposed NPs have good biocompatibility.

3.5. In vitro BD activity

To address whether simple nanoprecipitation can maintain the
activity and size of various BDs with similar molecular
weight, the optimised parameters with BSA were employed to
load lipase. The lipase-loaded PSI-OA particles had a size of
85.1 ± 6.3 nm, a PDI of 19%, LE of 58.7 ± 1.5% and LC of
4.37 ± 0.1% (figures 6(A) and (E)). The intensity-distributed
size of the lipase-loaded PSI-OA NPs was 35 nm lower than
the BSA-loaded PSI-OA NPs. Moreover, the LE was 18.8%
higher than BSA-loaded PSI-OA NPs, whereas LC was 0.3%
lower than the BSA-loaded PSI-OA NPs. The release and
dissolution behaviours of the lipase-loaded PSI-OA NPs were

Table 1. Optimised parameters for BSA-loaded PSI-OA NPs using
nanoprecipitation.

Parameters Value

Stirring speed 500 rpm
PSI-OA:BSA NPs 1:2
Mixture:dH

2
O 1:9

Flow rate 1000 μl min−1
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assessed in comparison with BSA. The dissolution of lipase-
loaded PSI-OA NPs was slower than the BSA-loaded PSI-OA
NPs, whereby the NPs started to disintegrate slowly for the
first 15 h until full dissolution at 44–46 h (figure 6(B)). The
release of the lipase corroborated the dissolution profile of
NPs, whereby lipase was slowly released in the first 12 h at
17%, and 50% and 100% releases were attained at 35 h and
48 h, respectively. Whilst the release profiles of BSA and
lipase were slightly different, 100% sustained release was
acquired within 48 h.

To the best of our knowledge, this is also the first report
on loading lipase in polymeric NPs. The activity of lipase
released from the NPs was assessed to validate the use of PSI-
OA to load BDs for drug delivery. Interestingly, the activity
of the released lipase was retained compared with the freshly
prepared control. The data presented in figure 6(D) suggested
that the activity of the released lipase after dissolution for 48 h
was maintained. This proof-of-concept data provide a good
example for future studies to exploit PSI-OA for loading BDs
while preserving BD activity.

Figure 5. Characteristics of the optimised BSA-loaded PSI-OA NPs. (A) TEM images of the optimised BSA-loaded PSI-OA NPs (Vertical
black scale bar: 100 nm), (B) Physical characteristics of the optimised BSA-loaded PSI-OA NPs, C) Dissolution profile of the NPs, (D)
Normalised cumulative release profile of BSA from the NPs, and (E)–(F) Cytotoxicity study of BSA-loaded PSI-OA NPs after 24 and 48 h
incubation (n = 3–5/group).
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Furthermore, previously reported studies have employed
nanoprecipitation method to load BDs such as lysozyme, α-
chymotrypsin, amylase, trypsin inhibitor and catalase and
their activity was retained [72]. However, these studies uti-
lised various stabilisers such as polyvinyl acetate (PVA)
during synthesis to avoid aggregation of the NPs and support
NP formation during the nanoprecipitation process
[38, 53, 54, 73, 74]. Residual PVA may potentially be cyto-
toxic and affect the release profile [75, 76]. Nonetheless, the
incorporation of stabiliser may have an impact on BD bioa-
vailability and retention time in the blood circulation [77]. In
this study, we did not use stabiliser but were still able to
obtain protein-loaded NPs with a small size (80–120 nm) and
maintain activity. Previously, Morales-Cruz et al [37] used
PLGA to load lysozyme (15 kDa) and α-chymotrypsin
(25 kDa) and achieved a LC of 5%, accompanied by LEs of
94% and 74% for lysozyme and α-chymotrypsin respectively;
however, the sizes of the NPs were larger than those syn-
thesised in our current study (336 and 440 nm, respectively).
These data demonstrate the advantage of PSI-OA NPs
developed in our study for encapsulating BDs.

4. Conclusion and future perspectives

Nanoprecipitation is a method that can be employed to pre-
pare NPs without surfactants or stabilisers, and would be an
efficient method for encapsulating BDs. Nevertheless, only

two articles have been published to date on using PLGA to
load model proteins [37, 38]. In this study, we employed PSI-
OA to load BDs for delivery. PSI has been used as the pre-
cursor for the synthesis of poly(aspartic acid) (PASP) by
alkali hydrolysis. PSI could also be hydrolysed to PASP
under milder condition (e.g. neutral pH) but at a much slower
rate [78]. Due to these characteristics, PSI was employed for
BD loading and release in this study. OA was grafted on the
backbone of PSI to slow down the dissolution and hydrolysis
of PSI NPs. The feasibility of this two-step nanoprecipitation
method to load BSA with PSI-OA was evaluated in this
study. Our data demonstrated that this polymer could achieve
similar or even better results than previous studies using
similar methods in the last decade [37, 38]. This is an
essential move for PSI-OA towards drug delivery, especially
for treatment of acute disease.

Using a two-step precipitation method, the present study
has optimised the synthesis method using BSA as a model
protein. This work reflects the utility and feasibility of using a
two-step nanoprecipitation method for BD delivery, which is
also transferable to different polymers. To the best of our
knowledge, this work is the first to use PSI-OA to load BDs.
The developed NPs could have a wide range of biomedical
applications and have characteristics that are especially
favourable for treatment of acute disease. For example, the
NPs displayed a size of 120 nm and can travel along the blood
vessel wall for various applications. In addition, the capability
of the NPs to release BDs in a sustained manner within a short

Figure 6. Characteristics of the lipase-loaded PSI-OA NPs. (A) Intensity-weighted size distribution graph (N = 3). (B) Dissolution profile of
the NPs. (C) Normalised cumulative release profile of lipase from the NPs. (D) Normalised lipase activity (N = 4 for control and N = 6 for
released lipase group). (E) Physical characteristics of the lipase-loaded PSI-OA NPs (N = 3).
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time period is beneficial for acute treatment applications. The
feasibility of PSI-OA to maintain the enzyme activity was
also assessed. After in vitro release, the activity of the loaded
lipase was retained. In future studies, BSA and lipase could
be replaced by different BDs and binding ligands could be
conjugated on the surface of the NPs for targeting purposes.
Future research could also aim to maximise the use of PSI-
OA to load more BDs for various applications.
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