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Optimization of Ultra-Small Nanoparticles 
for Enhanced Drug Delivery
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Introduction

The blood-brain barrier (BBB) acts as 
both a physical and a biochemical barrier 
to drug delivery into the normal brain; 
thus, extensive efforts have been aimed 
at developing methods to modulate or 
bypass the BBB for the delivery of ther-
apeutics [1]. Unfortunately, these efforts 
have not led to major changes in the land-
scape of brain disease therapy. Previous 
studies have revealed that the function and 
organization of the BBB is altered under 
pathological conditions, including stroke 
and brain cancer [2, 3], thus suggesting a 
potential for drug delivery into the brain. 
Some studies have found that malignant 
glioma (MG) induces small disruptions in 
the integrity of the BBB; however, many 
parent drugs remain unavailable or are 
inefficient in crossing the BBB, thus mak-
ing drug therapy for MG very difficult 
[4–6]. Temozolomide (TMZ), the first-line 
drug for the treatment of MG, is hindered 
by the BBB, which significantly weakens 

its anti-cancer properties and promotes sys-
temic toxicity. Therefore, facilitating the 
passage of TMZ across the dysfunctional 
BBB and decreasing systemic toxic effects 
are goals for treating MG.

Recently, nanoparticles have been 
demonstrated to have excellent ability to 
penetrate the dysfunctional BBB and thus 
might serve as an ideal carrier for deliver-
ing drugs into the central nervous system. 
The BBB is slightly compromised in MG, 
thereby allowing the passage of nanocarri-
ers smaller than 20 nm [7–9].

Lipid-based drug delivery vehicles, 
including liposomes and micelles, have 
been intensively studied and widely used 
for multiple biomedical applications, such 
as cancer therapy [10–12]. As drug carri-
ers, nanoparticles have unique benefits, 
including protecting drugs against deg-
radation in the circulation and decreasing 
systemic toxic effects. Moreover, owing 
to their small diameters, nanoparticles 
can penetrate through the fissures in intra- 
tumor vessels into tumors and remain there 
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Abstract

Nanoparticle delivery of drugs to the brain is hindered by the blood-brain barrier (BBB). In malignant gli-
oma (MG), small disruptions in the BBB may allow nanoparticles smaller than 20 nm to penetrate the dys-
functional barrier. We previously developed ultra-small nanoparticles called hyper-cell permeable micelles 
(HCPMis) with a radius of ∼12 nm and found that a PEGylated HCPMi system showed enhanced cell per-
meability and cellular uptake, and remarkable anti-tumor properties in MG treatment. However, no study 
had examined the delivery of temozolomide (TMZ), the first-line drug for MG, with the HCPMi platform. 
Herein, we use a simple PEGylation increment system (30 wt % PEG, 40 wt % PEG and 50 wt % PEG) 
to develop a robust optimized HCPMi nanoplatform for TMZ delivery. All optimized HCPMi systems 
showed greater stability than the non-PEGylated parent formulation. Compared with commercially available 
micelles (DSPE-PEG

2000
), all optimized HCPMi systems showed greater cellular uptake in vitro. Although 

a higher percentage of PEGylation was associated with better cellular uptake and anti-cancer properties, the 
difference was statistically insignificant. Furthermore, in vitro cytotoxicity assays revealed that all optimized 
HCPMi-encapsulated TMZ formulations showed significantly stronger anti-cancer properties than the parent 
drug TMZ and TMZ encapsulated DSPE-PEG

2000
, thus indicating the feasibility of using this nanoplatform 

for the delivery of TMZ to treat brain malignancies.

Keywords

Blood-brain barrier, hyper-cell permeable micelle, optimization, PEGylation, temozolomide, ultra-small 
nanoparticles.
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because of the obstruction of tumor lymphatic drainage—a 
phenomenon known as the enhanced permeability and reten-
tion effect [13, 14]. Previous studies have indicated that 
 polyethylene glycol (PEG) modification decreases inter-
molecular interactions and the immunogenicity of nano-
particles, thereby increasing the stability of nanoparticles in 
vivo and decreasing phagocytosis [15]. PEGylation has been 
widely used to optimize drug delivery carriers and improve 
the retention and concentration of drugs in circulation. Li 
and colleagues have synthesized a new shielding material by 
conjugating PEG to a hyaluronic acid core for gene deliv-
ery applications [16]. In our previous study, we modified the 
formulation, adding 10 wt % of DMPE-PEG

2000
 to the sys-

tem for formulating disc-shaped bicelles (BCs), thus yield-
ing uniformly distributed ultra-small (∼12 nm) spherical 
micelles, which we termed hyper-cell-permeable micelles 
(HCPMis). HCPMis may serve as an ideal vehicle for deliv-
ering antitumor drugs because of their small diameter, high 
stability and absence of major cytotoxicity, as well as their 
ability to penetrate and accumulate in tumors through rapid 
cellular uptake [17]. Therefore, HCPMis with a size of only 
approximately 12 nm may be effective carriers for deliver-
ing TMZ across the BBB and decreasing systemic adverse 
effects, thus providing a new prospective MG treatment.

Each nanoparticle system has an optimal percentage of 
PEG [13]. For example, 10 wt % PEG for poly (lactic acid) 
nanoparticles and poly (lactide-co-glycolide) nanoparticles 
improves particle dispersibility and the stealth effect [18, 
19]. Furthermore, PEG formulations of nanoparticles are 
associated with circulation duration in vivo. One study com-
paring the stability of two formulations of nanoparticles with 
10 wt % PEG and 30 wt % PEG in mice has found that nano-
particles containing 30 wt % PEG are retained longer in the 
systemic circulation [20]. However, excess PEG may affect 
nanoparticles stability and decrease cellular uptake [13, 21]. 
For example, our previous study has indicated that in BxPC3 
and SCC-7 cells, 10 wt % PEGylated HCPMi shows greater 
cellular uptake than 20 wt % PEGylated HCPMi [17]. At 
present, no study has examined in the delivery TMZ for MG 
treatment with the HCPMi platform. Herein, to obtain nano-
particles with both high stability and rapid cellular uptake 
rates for TMZ delivery, we used a simple PEGylation incre-
ment system (30 wt % PEG, 40 wt % PEG and 50 wt % 
PEG) to develop a robust and optimized HCPMi nanoplat-
form for TMZ delivery.

Materials and methods

Materials

The 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC),  
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N- 
(lissamine rhodamine B sulfonyl) (ammonium salt) 
(Rh-DMPE), 1,2-dimyristoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)-2000] (ammonium 
salt) (DMPE-PEG

2000
), 1,2-distearoyl-sn-glycero-3-phos-

phoethanolamine-N-[methoxy(polyethylene glycol)-2000] 

(ammonium salt) (DSPE-PEG
2000

) and a mini-extrusion set 
were purchased from Avanti Polar Lipids (Alabama, USA). 
Uranyl acetate and temozolomide were purchased from 
Sigma-Aldrich (MA, USA). DAPI staining solution was 
purchased from Vectashield (MI, USA). All chemicals and 
reagents were purchased from Sigma Aldrich (MA, USA) 
unless stated otherwise.

Preparation of nanoparticles

As reported previously, we confirmed that two phospho-
lipids used for BC formation—a long-chain phospholipid 
with 14-carbon lipid tails (DMPC) and a short-chain phos-
pholipid with 6-carbon lipid tails (DHPC)—self-assembled 
to form typical bicellar disc shapes (Figure 1A). BCs were 
prepared by mixture of DMPC and DHPC dissolved in 
chloroform at a ratio of 3:1 to yield a 2 mg/mL solution; 
drying to obtain a lyophilized lipid mixture; and dissolving 
in 1 mL PBS solution. PEG was added to each formulation 
at the indicated molar percentage of the HCPMi. For exam-
ple, for a 30% PEGylated HCPMi, a 10 mg/mL HCPMi 
(8 μM) contained 3 mg of DMPE-PEG

2000
 (0.001 μM). 

Similarly, 40% and 50% PEGylated HCPMi were prepared 
by addition of 4 mg and 5 mg DMPE-PEG

2000
, respectively. 

The DSPE-PEG
2000

 was used as received. Similarly to 
HCPMi, DSPE-PEG

2000
 was first dissolved in chloroform at 

a 100 mg/mL concentration. Then 10 mg of DSPE-PEG
2000

 
from the stock vial was transferred to a glass vial. After 
freeze-drying (or open air-drying), a lipid film formed at 
the bottom of the glass vial. After addition of 1 mL of PBS, 
the DSPE-PEG

2000
 spontaneously formed with constant 

stirring. Rhodamine-labeled nanoparticles were prepared 
by addition of 0.5 wt % of rhodamine-DMPE. The fluores-
cence intensity of each group was assessed with a spectro-
photometer and normalized (Thermo).

Transmission electron microscopy 
(TEM) analysis
Nanoparticles (10 μL) were applied to TEM-grade car-
bon-only mesh copper grids for 5 min, and excess samples 
was blotted with filter paper. After being washed five times 
with distilled water, each grid was negatively stained with 
10 mL of 1% uranyl acetate for 2 min. The samples were 
washed three times with distilled water and dried. Then the 
samples were observed under a transmission electron micro-
scope (Philips) at 200 kV.

In vitro drug release tests

To determine the drug release profile of each PEGylated 
HCPMi and DSPE-PEG

2000
, we used cumulative addition of 

released rhodamine fluorescence as an indicator of release. 
First, 10 mg/mL of each formulation were added into a Float-
a-lyzer device (100 kDa). At specific time points (5, 15, 60 
min, 2, 4, 12, 24, 48 and 96 h), the fluorescence intensity 
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Figure 1  Graphic representation and morphology of the commercial DSPE, BCs and HCPMis. (A) The graphic shows the transformation of 
BC structure into spherical micelles with the addition of DMPE-PEG2000. (B–F) TEM analysis of the morphology of DSPE (100 wt % PEG), BC 
(0 wt % PEG) and 30–50 wt % PEGylated HCPMi. Scale bar, 2 μm.

from the outer buffer was determined and used to obtain the 
profile in Figure 3.

In vitro stability tests

A 900 μL volume of nanoparticle solution was placed in a 
transparent cuvette, and 100 μL of fetal bovine serum (Gibco) 
was added to make a 10% solution. The solution was sealed 
and placed on a shaker at 37°C. The sizes of nanoparticles 
were detected through dynamic light scattering (DLS; Malvern 
Panalytical) after 0 h, 1 h, 4 h, 24 h and 96 h incubation.

Encapsulation efficiency

TMZ was dissolved in methanol to generate a 1 mg/mL 
solution for encapsulation. TMZ solution was added to the 
solution for preparing nanoparticles, dried to remove sol-
vents and dissolved in PBS solution. Then the solution was 
filtered through a 0.2 μm polycarbonate membrane syringe 
filter to remove unencapsulated TMZ from the solution. The 
concentration of TMZ in the solution was determined, and 
the loading TMZ encapsulation efficiency was calculated as 
follows: encapsulation efficiency = (amount of TMZ after 
filtration)/(amount of TMZ before encapsulation).

In vitro cell uptake assays

The glioma cell lines U87MG and U251MG were cultured 
in DMEM containing 10% fetal bovine serum. Cells were 
treated with 100 μg/mL rhodamine-labeled nanoparticles 
and incubated at 37°C. After 1 h of incubation, the cells were 
fixed with 4% paraformaldehyde, and the nuclei were labeled 

with DAPI. Cells were imaged under 400× magnification 
with a confocal laser scanning microscope (Zeiss LSM 710).

Cell cytotoxicity assays

U87MG and U251MG cells were seeded in 96-well plates at 
3000 cells per well. After 12 h of culture, cells were treated 
with TMZ or TMZ-encapsulated nanoparticles for 12–48 h. 
The cells were then washed twice with PBS and cultured 
for 24 h. The cell viability of each group was detected with 
CCK8 (Apex BIO) assays.

Statistical analysis

The data were statistically analyzed in SPSS 25.0 software 
(SPSS Inc., Chicago, IL). The normal distribution of data from 
parametric results was confirmed through Kruskal Wallis anal-
ysis of variance of ranks followed by Tukey’s or Dunn’s test 
when the data were not normally distributed, or by Student’s 
t-test as appropriate. After confirmation, the results were ana-
lyzed with t-test or one-way analysis of variance followed by 
Tukey’s test. Data are displayed as mean ± standard deviation, 
and P < 0.05 was the threshold for statistical significance.

Results

Formation and morphology of BCs 
and HCPMis
We used DMPC and DHPC for BC formation, as reported 
previously. DMPC is a long-chain phospholipid with 
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14-carbon lipid tails, whereas DHPC is a short-chain 
phospholipid with 6-carbon lipid tails. The two phospho-
lipids self-assemble into typical bicellar disc shapes. In 
our previous study, 10 wt % DMPE-PEG

2000
 was added 

to the BC-forming formulation, and compact and spher-
ical HCPMis were synthesized (Figure 1A). Herein, we 
changed the percentage of PEGylation for further optimiz-
ing HCPMis, applying 30 wt %, 40 wt % or 50 wt % of 
DMPE-PEG

2000
 in the formulations, and successfully pro-

duced typical spherical micellar nanoparticles. TEM analy-
sis was performed to assess the morphology of DSPE, BCs 
and PEGylated HCPMis, and all PEGylated HCPMis were 
found to be spherical (Figure 1B–E).

Encapsulation efficiency of DSPE, 
BCs and HCPMis
TMZ loading efficiency was determined through filtration 
and UV spectrophotometry. The results indicated 98.7% 
loading in DSPE, 89.7% loading in BCs, 97.7% loading in 
30% PEGylated HCPMis, 90.6% loading in 40% PEGylated 
HCPMis and 88.8% loading in 50% PEGylated HCPMis. As 
expected, each nanoparticle had an optimal percentage of 
PEG. The encapsulation efficiency of PEGylated HCPMis 

decreased with increasing PEG, although the difference was 
not significant. Thus, 30% PEGylated HCPMi showed better 
(or at least not worse) efficiency than the higher PEGylated 
HCPMis, as well as the BCs. The commercial DSPE showed 
the highest encapsulation efficiency among all five particles, 
although the difference was not significant (Table 1).

Stability and size of BCs and 
PEGylated HCPMis
The feasibility of HCPMi as a drug-delivery carrier was fur-
ther investigated. Among the various features, nanoparticles 
stability in solution is crucial for drug delivery. To determine 
whether the PEG component affected HCPMi stability, we 
added 10% fetal bovine serum to the solutions of BCs and 
optimized HCPMis, then observed the changes and particle 
sizes in the solutions via DLS. The BC solution became tur-
bid after the addition of serum, and precipitates were visible 
96 h later, whereas the other three PEGylated HCPMi solu-
tions remained stable and clear (Figure 2A). DLS analysis 
indicated that the radius of BC was 60 nm, and the radii of the 
three PEGylated HCPMis (30 wt % PEG, 40 wt % PEG and 
50 wt % PEG) were 12 nm, 11 nm and 14 nm, respectively. 
The PEGylated HCPMi solutions maintained a particle size 

Table 1  Encapsulation Efficiency of DSPE, BCs and PEGylated HCPMis

 Input (A.U.)  DSPE (A.U.)  BC (A.U.)  30% HCPMia (A.U.) 40% HCPMia (A.U.)  50% HCPMia (A.U.)
Repeat 1   2392   2830   2096   2761 2757   2975
Repeat 2   3002   2971   2643   2792 2659   2595
Repeat 3   2674   2654   2579   2791 2827   2737
Repeat 4   2929   2846   2721   2744 2572   2314
Repeat 5   3405   2917   2885   2985 2231   2168
Average   2880.4   2843.6   2584.8   2814.6 2609.2   2557.8
Encapsulation efficiency (%)   100   98.7   89.7   97.7 90.6   88.8

a 30 wt %, 40 wt % and 50 wt % PEGylated HCPMis are displayed as 30%, 40% and 50% HCPMi, respectively.
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Figure 2  Stability analysis of BCs and PEGylated HCPMis. (A) The stability of HCPMis compared with BCs at ambient temperature. The 
image was taken after 96 hours of incubation of each formulation in FBS solution. BCs showed aggregates at the bottom of the microcen-
trifuge  tube,  thus suggesting  instability. The HCPMi solution remained clear  in  the colloidal state,  thereby  indicating high stability  in FBS 
solution. (B) DLS detection of the radii of BCs and HCPMis in solutions containing 10% serum. The PEGylated HCPMis were stable in size, 
whereas the BC particles gradually increased in size and finally aggregated, thus indicating that BCs are too unstable to serve as a drug car-
rier. The 30 wt %, 40 wt % and 50 wt % PEGylated HCPMis are displayed as 30%, 40% and 50% HCPMi, respectively. ***P < 0.001 compared 
with the control. Bars correspond to mean ± S.D.
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below 20 nm, thus suggesting that these nanoparticles sta-
bly maintained a monomeric state in the colloidal solution 
(Figure 2B). These results indicated that optimization of the 
addition of PEG to the BC formulation decreased the size 
and increased the stability of nanoparticles in colloidal solu-
tions, with no adsorption or aggregation.

TMZ release profile in DSPE and 
PEGylated HCPMis
BCs were unstable in solution and thus were an unsuitable 
intravenous drug carrier. To evaluate the stability of nano-
particles loaded with TMZ, we tested the release profiles of 
DSPE and the three PEGylated HCPMis. We determined the 
concentrations of residual TMZ in nanoparticles at different 
time points (5, 15, 60 min, 2, 4, 12, 24, 48 and 96 h) through 
HPLC analysis and calculated the TMZ release amounts at 
different times. The release profiles of the three PEGylated 
HCPMis were similar to those of commercial DSPE, thus 
indicating that the PEGylated HCPMis could be stably 
loaded with TMZ for at least 48 h (Figure 3).

In vitro cellular uptake and 
cytotoxicity of DSPE and PEGylated 
HCPMis in the U87MG and U251MG 
cell lines

We continued to explore whether different PEGylation per-
centages affected cellular HCPMi uptake. Our previous study 
has indicated that in SSC-7oral squamous cell carcinoma and 
BxPC3pancreatic cancer cells, an increase in PEGylation 
increases the cellular HCPMi uptake within the range of 4 wt 
% to 10 wt % [17]. Therefore, we wondered whether this phe-
nomenon could be observed in MG cells, and whether higher 
levels of PEGylation might influence cellular HCPMi uptake. 
For this purpose, we added rhodamine-labeled HCPMis with 
30%, 40% or 50% PEGylation to the in vitro cultured human 

glioma cell lines U87MG and U251MG. DSPE was used as a 
control. After 1 h of incubation, the cellular uptake of nanopar-
ticles was observed through confocal microscopy. The cells 
in the DSPE group showed almost no fluorescence signal, 
whereas the intracellular fluorescence intensity significantly 
accumulated in all three PEGylated HCPMi, thus indicating 
that the cellular uptake properties of optimized HCPMis were 
much better than those of DSPE; therefore these systems 
served as competent drug carriers (Figure 4A,B). We further 
analyzed the ability of PEGylated HCPMi to deliver TMZ 
for the treatment of MG. We compared the cytotoxicity of 
the optimized HCPMi with DSPE on U87MG and U251MG 
cells in vitro. The cytotoxicity of all three PEGylated HCPMis 
was significantly stronger than that of DSPE and increased 
with the TMZ concentration (from 0.3125 μM to 1.25 μM). 
Interestingly, when the concentration of TMZ reached 1.25 
μM, the cytotoxicity of the HCPMi plateaued, thus indicating 
that as a drug carrier, the highest TMZ content that HCPMi 
can deliver is determined, which is not vary with the different 
PEG content (Figure 4C,D).

In vitro cytotoxicity of TMZ 
encapsulated in BCs, DSPE 
and 30% PEGylated HCPMis, as 
compared with the parent drug

Because 30% PEGylated HCPMi showed almost the same 
stability, cellular uptake and cytotoxicity as the 40% and 
50% PEGylated HCPMis, considering the balance of effects 
and cost, we chose 30% PEGylated HCPMi as the optimized 
carrier for further validation. We analyzed the ability of 
PEGylated HCPMi to deliver TMZ for the treatment of MG. 
We compared the cytotoxicity of four forms of TMZ—parent 
drug, BC, DSPE and 30% PEGylated HCPMi-encapsulated 
TMZ—in U87MG cells in vitro by assaying cell viability. 
The 30% PEGylated HCPMi-encapsulated TMZ showed the 
best cytotoxic effects against MG when the TMZ concentra-
tion reached 1.25 μM (Figure 5).

Discussion

In this study, we aimed to develop a robust and optimized 
HCPMi nanoplatform, based on our previous forma-
tion of HCPMi, for TMZ delivery [17]. We used a sim-
ple PEGylation increment system (30 wt % PEG, 40 wt 
% PEG and 50 wt % PEG) and non-PEGylated BCs and 
commercially available DSPE as controls. All optimized 
HCPMi had smaller radii and were significantly more sta-
ble than BCs. Moreover, all PEGylated HCPMis showed 
better cellular uptake and higher cytotoxicity than DSPE, 
thus indicating that PEGylated HCPMis are ideal nano-
carriers for delivering TMZ for MG treatment. PEG forms 
a flexible layer on the nanoparticle surface and is widely 
used to increase the stability of nanoparticles and prevent 
their engulfment by immune cells [13]. Every nanoparticle 
system has an optimal formulation: although higher PEG 
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content may improve the stability of nanoparticles, it also 
may decrease the cellular uptake rate [21]. Our previous 
study has indicated similar cellular HCPMi uptake in the 
range of 4–10 wt % PEG in both BxPC3 and SCC-7 cell 
lines, but a significantly lower cellular uptake with a PEG 
content exceeding 10 wt % [17]. These findings are mainly 
because the exclusion among PEG chains increases with 
the PEG content and may alter the structure of the nano-
particles and thus affect cellular uptake rates [21]. Herein, 
we observed similar stability and MG cellular uptake with 
the 30–50 wt % PEGylation increment system, whereas 
30% PEGylated HCPMi showed the highest encapsula-
tion, although the difference was insignificant. To balance 
cost and effects, we chose the 30% PEGylated HCPMi for 
further research. We then compared the cytotoxicity of 
TMZ encapsulated in 30% PEGylated HCPMis, BCs or 
DPSE with the parent TMZ. Among these treatments, TMZ 
encapsulated in 30% PEGylated HCPMi had the highest 

cytotoxicity toward U87MG cells at a very low concentra-
tion of 1.25 μM.

MG is a malignant tumor that affects the central nervous 
system and results in a high incidence of mortality and dis-
ability due to neurological injury. In surgical treatment, MG 
is difficult to remove cleanly, and local recurrence usually 
occurs. Moreover, chemotherapeutics, such as the first-line 
drug, TMZ, are hindered by the BBB, thus resulting in insuf-
ficient local drug concentration and poor patient prognosis 
[4–6]. The development of nanoparticle delivery systems in 
recent years has provided new prospects for drug treatment 
of MG. The use of small nanoparticle encapsulated drugs 
can improve the stability of drugs in vivo, increase the blood 
concentration, and promote drug penetration of the BBB 
[7–9]. In addition, the use of PEGylated nanoparticles can 
make the nanoparticles more stable. We prepared HCPMi 
nanoparticles PEGylated with a high percentage of PEG to 
prolong their retention in the blood circulation, and enhance 

A

B

C D

Figure 4  In vitro cellular uptake and cytotoxicity of DSPE and PEGylated HCPMis in the U87MG and U251MG cell lines. (A) Rhodamine 
intracellular fluorescence intensity in U87MG cells; scale bar, 20 μm. (B) Rhodamine intracellular fluorescence intensity in U251MG cells; 
scale bar, 20 μm. (C) Cytotoxicity of DSPE and optimized HCPMi in U87MG cells. (D) Cytotoxicity of DSPE and optimized HCPMi in U251MG 
cells. The 30 wt %, 40 wt % and 50 wt % PEGylated HCPMis are displayed as 30%, 40% and 50% HCPMi, respectively. *P < 0.05, **P < 0.01 
and ***P < 0.001 compared with the control. Bars correspond to mean ± S.D.
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their penetration of the BBB. When nanocarriers are used to 
encapsulate TMZ, they can increase the local drug concen-
tration in tumors and promote cytotoxicity. However, every 
HCPMi has an optimized amount of PEGylation. In this 
study, HCPMi nanoparticles less than 15 nm were formed 
with application of 30%, 40% or 50% PEGylated phospho-
lipids, none of which significantly affected nanoparticle size 
and stability. Because 30%, 40% and 50% PEGylation of 
HCPMis showed no significant differences according to 
size, stability, cellular uptake and cytotoxicity, to balance the 
effects and costs, we chose the optimal HCPMis with 30% 
PEGylation for further research.

Our previous results have shown that PEGylated HCPMi 
has a small radius, stable properties, and a long half-life in 

the blood stream [17]. Therefore, it might serve as a carrier 
for drug delivery in the treatment of neurological diseases 
such as epilepsy, stroke and Parkinson’s disease, as well as 
MG. Moreover, PEGylated HCPMi could also be applied 
for the delivery of nucleic acid drugs. Its stability in vivo 
could protect siRNAs, ASOs, lncRNAs and other nucleic 
acids from degradation, and prolong the half-life of nucleic 
acid drugs in vivo. The ultra-small size confers PEGylation 
optimized HCPMis with high permeability and long reten-
tion times in tumors, thus potentially improving the effi-
ciency of delivery of nucleic acid drugs to tumors. The 
PEGylation percentage of HCPMi could be optimized in 
additional cells in future studies. The combination of opti-
mized HCPMis and nucleic acid drugs may provide new 
targeted therapeutic options for various refractory diseases 
and tumors.

However, this study has several limitations. First, the gra-
dient of PEGylation was relatively small, although 30 wt % 
PEG added to HCPMi was sufficient to achieve excellent 
drug carrier properties. We plan to test more PEGylation gra-
dients between 20 wt % and 40 wt % to analyze the radius, 
stability and uptake ability of the optimized HCPMis by MG 
cells to identify the most optimal PEGylation conditions. 
Second, we did not perform in vivo analysis of the effects 
of HCPMis on MG after TMZ encapsulation. Therefore, 
we will further establish an in vivo model of MG to eval-
uate the efficacy of optimized HCPMi-encapsulated TMZ 
for the treatment of MG, to provide additional evidence of 
PEGylated HCPMi as a potentially feasible carrier for brain 
malignancy.

Conclusions

Our results indicated that 30% PEGylation showed the best 
TMZ encapsulation and cellular uptake, although in vitro 
cytotoxicity assays revealed that all optimized HCPMi-
encapsulated TMZ showed greater anti-cancer properties 
than the parent drug TMZ and TMZ encapsulated DSPE. 
This ultra-small nanoplatform may be used for the deliv-
ery of other drugs across the BBB for the treatment of brain 
malignancies.
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