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Purpose: Typical hydrophobic amino acids (HAAs) are important motifs for self- 
assembling peptides (SAPs), but they lead to low water-solubility or compact packing of 
peptides, limiting their capacity for encapsulating hydrophobic drugs. As an alternative, we 
designed a peptide GQY based on atypical HAAs, which could encapsulate hydrophobic 
drugs more efficiently. Although hydrophobic general anesthetics (GAs) have been formu-
lated as lipid emulsions, their lipid-free formulations have been pursued because of some 
side effects inherent to lipids. Using GAs as targets, potential application of GQY as a carrier 
for hydrophobic drugs was evaluated.
Methods: Thioflavin-T (ThT) binding test, dynamic light scattering (DLS) and transmission 
electron microscopy (TEM) were used to examine the self-assembling ability of GQY. 
Pyrene and 8-Anilino-1-naphthalenesulfonic acid (ANS) were used to confirm formation of 
hydrophobic domain in GQY nanoparticles. Using pyrene as a model, GQY’s capacity to 
encapsulate hydrophobic drugs was evaluated. GAs including propofol, etomidate and ET26 
were encapsulated by GQY. Loss of righting reflex (LORR) test was conducted to assess the 
anesthetic efficacy of these lipid-free formulations. Paw-licking test was used to evaluate 
pain-on-injection of propofol-GQY (PROP-GQY) formulation. Hemolytic and cytotoxicity 
assay were used to evaluate biocompatibility of GQY.
Results: Stable nanoparticles containing plenty of hydrophobic cavities could be formed by 
GQY, which could encapsulate hydrophobic drugs at very high concentration and form stable 
suspensions. Propofol, etomidate and ET26 formulated by GQY showed anesthetic efficacy 
comparable to their currently available formulations. Unlike clinic lipid emulsion, PROP- 
GQY formulation did not cause pain-on-injection in rats. Neither obvious cytotoxicity nor 
hemolytic activity of GQY was observed.
Conclusion: GQY could encapsulate GAs to obtain stable and effective formulations. As 
a lipid-free carrier, GQY exhibited considerable biocompatibility and other side benefits such 
as reducing pain-on-injection. More SAPs based on atypical HAAs could be designed as 
promising carriers for hydrophobic drugs.
Keywords: self-assembling peptides, nanoparticles, hydrophobic drugs, lipid-free 
formulations, general anesthetics

Introduction
In the past two decades, various self-assembling peptides (SAPs) composed of 
natural amino acids have been developed as novel drug carriers, which have shown 
intriguing advantages including controllability in synthesis, biocompatibility and 
biodegradability in application, as well as modifiability for different purposes.1–3 
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However, despite the fact that many drugs in clinic or 
under investigation are hydrophobic molecules with poor 
water-solubility, the application of SAPs as carriers for 
hydrophobic drugs has not been well exploited yet. 
Although surfactant-like peptides (SLPs) forming nanove-
sicles or nanomicelles have been thought to be promising 
carriers for hydrophobic compounds, their drug-loading 
capacity was limited by a relatively small inner hydropho-
bic cavity.4,5 In this regard microfluidic technologies were 
usually needed to manipulate the size of SLPs vesicles to 
improve their drug-loading capacity.6 Mainly composed of 
highly hydrophobic amino acids (HAAs), SLPs also exhib-
ited low water-solubility on their own, which may further 
limit the concentration of hydrophobic drugs they could 
reach. On the other hand, ionic self-complementary pep-
tides such as RADA16 have also been used to encapsulate 
hydrophobic compounds.7,8 Although RADA16 showed 
much higher water-solubility, it is well-known to form 
nanofibers with their hydrophobic domain tightly packed 
inside, making their drug-loading behavior complicated 
and inefficient.

In many SAP systems such as the SLPs and ionic self- 
complementary peptides mentioned above, typical HAAs 
such as alanine, valine, leucine, isoleucine, and phenyla-
lanine have been believed to be very important motifs. 
These typical HAAs provide strong hydrophobic interac-
tion to support the self-assembling process, but also lead to 
compact packing between peptide monomers, leaving lim-
ited hydrophobic cavity for drug loading. In order to dis-
perse and stabilize hydrophobic drugs at high 
concentration, the balance between the overall hydropho-
bicity of SAPs and their drug-loading capacity should be 
pursued.

As well as typical HAAs, glycine and glutamine also 
commonly existed in many SAPs.9–11 In our previous 
study, we found that glutamine could provide considerable 
hydrophobic interaction by dimethanediyl group in its side 
chain, although it has been usually categorized as 
a hydrophilic amino acid in classic textbooks.11 

Similarly, although tyrosine has also been categorized as 
a hydrophilic amino acid, a hydrophobic benzene ring in 
its side chain also endows it with considerable hydropho-
bicity, making it an important component in some drug- 
loading systems.12–14 Based on these findings, we 
supposed glycine, glutamine and tyrosine could be 
regarded as atypical HAAs, which could be promising 
candidates for designing SAPs with well-balanced hydro-
phobicity and drug-loading capacity.

The intravenous general anesthetics (GAs) propofol 
and etomidate are highly hydrophobic drugs with very 
poor water-solubility, while they need to be administrated 
at relatively high concentration to induce and maintain 
anesthesia. Currently available clinical formulations of 
propofol and etomidate are emulsions using natural lipids 
as carriers. However, lipid emulsion has some innate 
drawbacks including microbial contamination,15,16 lipid 
metabolism abnormality,17,18 and pain-on-injection.19 

Propofol infusion syndrome, a rare but serious side effect 
that more commonly occurs in patients with long-term 
infusion of high-dose propofol and is characterized by 
unexplained metabolic acidosis, rhabdomyolysis, cardiac 
failure and renal failure, has also been believed to be 
related with lipid formulations.20 For these reasons, lipid- 
free formulations of these drugs have been widely 
exploited based on various strategies including 
prodrugs21,22 and alternative carrier materials.23–25 

Furthermore, our group has synthesized ET26, an analog 
of etomidate to minimize its suppression of adrenal corti-
cal function,26 and it is also a hydrophobic molecule in 
need of suitable carrier materials to develop its effective 
formulation.

In this study, we explored the hydrophobic drug- 
loading capacity of GQQQQQY (abbreviated as GQY), 
a SAP composed of atypical HAAs. As shown in Figure 1, 
GQY contains five glutamine residues with dimethanediyl 
group and one tyrosine residue with benzene ring. 
Hydrophobic interaction among these groups could drive 
GQY to self-assemble into nanoparticles, which contain 
plenty of hydrophobic cavities for loading hydrophobic 
compounds. Using pyrene as a model molecule, the capa-
city of GQY to encapsulate hydrophobic drugs was eval-
uated. Using propofol, etomidate and ET26 as target 
drugs, their lipid-free formulations were prepared. 
Anesthetic effect and side benefits of these formulations 
were compared with current available formulations of 
these drugs. As a potential hydrophobic-drug carrier for 
clinical application, GQY’s biocompatibility was also 
evaluated.

Materials and Methods
Materials
Peptide GQY with purity over 98% was purchased from 
Shanghai Bootech BioScience & Technology Co. Ltd 
(Shanghai, China) as lyophilized powder. Pyrene crystal was 
purchased from Sigma-Aldrich Co. (St Louis, MO, USA). 
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Etomidate active pharmaceutical ingredient (API) was pur-
chased from Dalian Meilun Biotechnology Co., Ltd (Dalian, 
China). Etomidate lipid emulsion (FORRY) was purchased 
from Nhwa Pharma. Corporation (Xuzhou, China). Propofol 
(purity >99%) was provided by Zhongke Taidou Chemical 
Co., Ltd (Shandong, China). Propofol lipid emulsion 
(DIPRIVAN) was purchased from AstraZeneca UK 
(London, UK). ET26 (purity >99%) and its hydrochloride 
(ET26-HCl, purity >99%) were synthesized in our lab as 
previously reported.27

Formulation Preparation
GQY powder was dissolved in Milli-Q water to get 2.5 or 
5 mM GQY solution. The GQY solution was treated with 
ultrasound bath for 20 min after being rotated up and 
down, and incubated at room temperature (RT) for 24 
h before use. Pyrene crystal was added to 2.5 mM GQY 
solution, and etomidate or ET26 were added to 5 mM 
GQY solution and treated with ultrasound bath 

for 30 min to reach the final drug concentration of 5 mM 
for pyrene-GQY, 4 mg/mL for etomidate-GQY (ET-GQY 
for short) and 10 mg/mL for ET26-GQY. To fully disperse 
pyrene and etomidate in GQY solution, pyrene-GQY and 
ET-GQY was magnetically stirred for 40 min after 
ultrasound.

Alternatively, 5 mM GQY solution in 5% glucose 
injection (GI) was used to prepare propofol-GQY (PROP- 
GQY for short) formulation with propofol concentration of 
10 mg/mL. The procedure was the same as that for ET26- 
GQY.

Thioflavine (ThT)-Binding Test
ThT-binding fluorescence was used to monitor the self- 
assembling behavior and thermal stability of GQY. Briefly, 
GQY was dissolved in Milli-Q water to get 5 mM GQY 
solution, which was incubated at 25°C, 40°C, 60°C or 
80°C for 5 min before measurement. ThT stock solution 
with concentration of 1 mM was added into GQY solution 

Figure 1 Self-assembling and drug-loading model of GQY. (A) Chemical structure of GQY. (B) Chemical structure of pyrene and GAs including propofol, etomidate and 
ET26. (C) Schematic illustration of drug loading by GQY. Hydrophobic groups in the side chain of glutamine and tyrosine are shown in purple.
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at a volume ratio of 1:100. After incubation at RT for 2–5 
min, the mixture was pipetted in Quartz cuvette to be 
examined. The excitation wavelength was set to 450 nm 
and emission spectrum between 460 and 600 nm was 
recorded by spectrofluorophotometer (Horiba iHR320).

Transmission Electron Microscopy (TEM) 
Observation
TEM (Tecnai G2 F20, FEI, USA) was applied to observe 
the nanostructure of GQY and drug-GQY complexes. 
Briefly, 10 μL of properly diluted sample was set on the 
surface of a copper grid for about 3 min, after which 
excess solution was blotted with filter paper. Then the 
sample was negatively stained for 2 min using 10 μL of 
2% phosphotungstic acid, after which the staining solution 
was blotted with filter paper and the grid was air-dried for 
TEM observation.

Nanoparticle Size and Zeta Potential 
Measurement
The size distribution and zeta potential of different sam-
ples including GQY solution and drug-GQY complexes 
were measured by dynamic light scattering (DLS) using 
Zetasizer Nano ZS90 (Malvern Panalytical, Malvern, UK). 
Briefly, each sample was diluted 10–50 times to reach 
a proper count rate for DLS measurement. One milliliter 
of each diluted sample was pipetted into a disposable 
cuvette or a potential cell. For each sample, the size dis-
tribution plot and zeta potential plot were collected three 
times and averaged values were calculated.

Detection of Hydrophobic Region in GQY
Pyrene fluorescence in GQY solution or in Milli-Q water was 
compared to detect the formation of hydrophobic region in 
GQY. Pyrene crystal dissolved in dimethyl sulphoxide was 
prepared as a stock solution with concentration of 2 mM. In 
each 499 μL of GQY solution (5 mM in Milli-Q water) or 
Milli-Q water, 1 μL of stock solution was added (the final 
concentration of pyrene was 4 μM). The mixture was incu-
bated at RT for 2–5 min before measurement. Fluorescence 
spectra ranging from 360–440 nm were measured with exci-
tation wavelength of 336 nm. Obtained spectra were normal-
ized to get a same value of the first peak (I1), and the value of 
the third peak (I3) was compared.

In addition, 8-Anilino-1-naphthalenesulfonic acid 
(ANS) fluorescence was measured to confirm the formation 
of hydrophobic region in GQY. ANS dissolved in PBS (pH 

7.4) with the concentration of 2 mM was added to 5 mM 
GQY or control (Milli-Q water) at a volume ratio of 1:100. 
After incubation at RT for 2–5 min, the fluorescence spectra 
ranged from 400–600 nm was measured by spectrofluoro-
photometer with excitation wavelength of 350 nm.

Pyrene-GQY Stability
The pyrene-GQY solution was kept in RT for a month to 
examine its stability and the first day of termination of 
stirring was regarded as day 0. At each time interval, an 
aliquot of pyrene-GQY solution was taken out and diluted 
50 times with Milli-Q water, and pyrene-fluorescence was 
measured with a spectrofluorophotometer (Horiba 
iHR320). We tested pyrene-GQY stability through com-
paring intensity of fluorescence of pyrene-GQY between 
360–600 nm with excitation wavelength of 336 nm. The 
particle size, zeta potential and TEM images of pyrene- 
GQY was also continuously collected for 30 days.

Drug-Loading Capacity and Encapsulation 
Efficiency
Centrifugation was performed to examine the drug-loading 
capacity and encapsulation efficiency for the three GQY- 
based GAs formulations. Briefly, 600 μL of PROP-GQY, 
ET-GQY or ET26-GQY was pipetted into an EP tube and 
centrifuged for 10 min at 20,000 rpm, 4°C. High perfor-
mance liquid chromatography (Shimadzu LC-20AD) was 
used to measure the concentration of free drugs in the 
supernatant with a detection wavelength at 254 nm. 
Swell ChromPlus C18 column (4.6 mm × 150 mm, 5 
μm) was applied to separate analytes and the column 
temperature was set at 40°C. The mobile phase A and 
B was 0.1% trifluoroacetic acid aqueous solution and 
acetonitrile respectively and the ratio of A to B for etomi-
date and ET26 was 70: 30, and 30: 70 for propofol. The 
flow rate was set at 1.0 mL/min and the injection volume 
was 5 μL. The percentage of drug-loading capacity and 
encapsulation efficiency of each formulation was calcu-
lated according to the following equations:

Drug� loading Capacityð%Þ ¼
WDrug� WFree

WDrug� WFreeþWGQY
�100% 

Encapsulation Efficiencyð%Þ ¼
WDrug� WFree

WDrug
�100% 

In the equations, WDrug was the total weight of GAs added 
into the formulation, WFree was the weight of free drug in 
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the supernatant, and WGQY was the weight of GQY 
nanoparticles.

Animals
All animal experiment procedures were approved by the 
Animal Ethical Committee of West China Hospital, 
Sichuan University (Ethical approval number, 
2020018A) and conducted in strict accordance with the 
Guide for the Care and Use of Laboratory Animals by 
the United States National Institutes of Health.28 Young 
male (8 weeks old) Sprague Dawley rats weighing 230– 
340 g and 18 male weaning rats weighing 101–114 g (2 
weeks old) were purchased from Dossy Biological 
Technology Co. Ltd (Chengdu, China). All rats were 
housed at 25 ± 1°C and 60% humidity in the Animal 
Experimental Center of Sichuan University (Chengdu, 
China) with a 12-hour light/dark cycle (lights on at 7:00 
a.m.) and had access to water and food ad libitum. The 
rats were habituated to the experimental environment 1 
week before testing.

Pharmacodynamic Study
Each rat was placed in a holder to expose its tail. 
Venipuncture of the lateral caudal vein was performed in 
the posterior third of the tail after it was sterilized with 
75% ethanol alcohol. Test drugs (PROP-GQY, 
DIPRIVAN, ET-GQY, FORRY, ET26-GQY, ET26-HCl, 
and GQY) were diluted with 0.9% normal saline (NS) to 
a fixed volume of 0.6 mL and singly injected into the rat at 
a rate of 0.1 mL/s. Each rat kept in the cage individually 
was observed carefully and assessed whether it was 
sedated according to the modified sedation score (Table 
S1).27 The rat was placed supine when it had ataxia. If the 
rats failed to right themselves, they had loss of righting 
reflex (LORR). The LORR duration no less than 30 s was 
defined as positive.29,30 The recording from positive to 
negative or negative to positive was defined as a cross. 
Once 5 crosses in the same direction were recorded, the 
test was terminated.27 The Dixon and Mood method31 was 
applied to calculate the median effective doses (ED50) 
values with 95% confidence intervals (CIs).

After establishing the ED50 of each formulation, phar-
macodynamic study was carried out by giving each for-
mulation at a dose of 2 ED50 to rats through lateral caudal 
vein. The onset time, LORR duration, recovery time and 
adverse effects were carefully observed and recorded.

Paw-Licking Test
Paw-licking test32,33 was performed to compare pain-on- 
injection between two propofol formulations. Eighteen 
weaning rats were randomly divided into 3 groups. Each 
rat was kept in the steel holder to expose its right hind 
limb. The footpad of right hind paw pre-cleaned with 75% 
alcohol was singly injected with 0.9% NS, DIPRIVAN or 
PROP-GQY. Licking or lifting frequently of the right hind 
paw was defined as occurrence of pain after injection. The 
onset and duration of paw-licking and times of lifting the 
right hind paw within 10 min after treatment was observed 
and recorded carefully.

Serum Corticosterone Measurement
Adult male SD rats were randomly divided into 3 groups 
including ET-GQY, ET26-GQY and GQY groups (n = 9). 
Lateral tail vein was cannulated with 24 G intravenous 
catheter as the pathway to give drugs and collect blood 
samples. To inhibit endogenous adrenocorticotropic hor-
mone (ACTH) production and baseline corticosterone pro-
duction, dexamethasone (DXM) at dose of 0.5 mg/kg was 
given to each rat after the blank blood was collected. Two 
hours after DXM administration, blood was collected as 
the baseline of corticosterone. Then, 2 ED50 dose of test 
drugs was singly injected following 0.2 mg/kg DXM 
administration. Then 15 min later, ACTH1–24 (Sigma- 
Aldrich Co., St Louis, MO) was given at dose of 25 μg/ 
kg to stimulate corticosterone production.34 Blood was 
collected at 15, 30, 60 and 90 min after ACTH treatment. 
Approximately 0.3 mL of blood was drawn for each blood 
collection and isovolumic 0.9% NS was given. Heparin 
(10 U/mL) was given to avoid blood clotting after drug or 
NS administration. All drugs were given at speed of 
0.1 mL/s.

Blood samples were kept at RT for up to 60 min to 
clot. After that, blood samples were centrifuged at 
3500 g for 5 min. The supernatant was transferred to 
a clean EP tube and centrifuged at 16,000 g for 5 min to 
further separate any cell or particles. The supernatant was 
transferred to a clean EP tube and stored at −80°C. Liquid 
chromatography-tandem mass spectrometry was employed 
to measure corticosterone concentration. After being 
thawed at RT, 50 μL of sample was added into a 1.5 mL 
EP tube with 150 μL of acetonitrile which contained 
corticosterone-d8 as internal standard. The mixture was 
fully vortexed and centrifuged at 20,000 rpm at 4°C for 
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10 min, and the supernatant was added into the vials to be 
measured.

Hemolytic Assay
Approximately 1.5 mL of whole blood was collected from 
a healthy adult volunteer who provided written informed 
consent to participate. Collection and use of the blood for 
the study were approved by the Clinical Ethical 
Committee of West China Hospital. About 200 μL of 
PBS was added to the whole blood to wash the erythro-
cytes. The tube filled with blood was inverted gently and 
then centrifuged at 1000 rpm, 4°C for 10 min. The super-
natant was removed with a pipette. The above steps were 
repeated 3–4 times until the supernatant was clear without 
red color. Finally, 1 mL of red blood cells was obtained 
and added into 24 mL of PBS to get red blood cell 
suspension, which was kept on ice before use. The ery-
throcytes suspension was incubated with GQY at different 
concentrations at 37°C for 1 h. After that, all samples were 
placed on ice to stop the interaction and then centrifuged at 
4°C, 1000 g for 10 min. The supernatant was transferred 
into a 96-well plate and examined at 541 nm using Eon 
microplate reader (Biotek Inc., USA). PBS and 1% Triton 
X-100 were used as the negative and positive control, 
respectively. The hemolytic percent ratio was calculated 
using the following equation:

Hemolytic rateð%Þ ¼
ODTest� ODPBS

ODTriton� ODPBS
�100% 

Cytotoxicity
Rat kidney fibroblast cell NRK-49F and mouse fibroblast 
cell L929 used for evaluating the biocompatibility of GQY 
were obtained from the Metabolomics Laboratory of West 
China Hospital. The use of these cell lines was approved 
by the Animal Ethical Committee of West China Hospital, 
Sichuan University. L929 cells were maintained in RPMI 
1640 medium and NRK-49F cells were maintained in 
Dulbecco’s modified Eagle’s medium, both of which 
were supplemented with 10% fetal bovine serum and 1% 
penicillin–streptomycin solution. A cell count kit (CCK-8, 
Saint-Bio, China) was used to quantitatively evaluate the 
cell viability, which indicated the cytotoxicity of GQY to 
each cell. GQY stock solutions with concentration of 10 
mM were prepared in Milli-Q water or GI. Cell culture 
medium containing GQY with different concentrations 
ranging from 0.01 to 2 mM was prepared by mixing 
GQY stock solutions (in Milli-Q water or in GI) with 

full medium properly. L929 and NRK-49F cells were 
seeded in 96-well plates at 7×103 and 4×103 per well, 
respectively. After overnight incubation, the original med-
ium was replaced by fresh complete medium or medium 
containing 0.01 mM, 0.1 mM, 0.5 mM, 1.0 mM, or 2.0 
mM of GQY. Each sample was set in quadruplicate. After 
24 hours of incubation, the original medium was removed 
and serum-free medium with 10% CCK-8 reagent was 
added to each well. The plate was then incubated at 
37 °C in 5% CO2 for 1 to 1.5 h. Non-treated cell was 
used as negative control, and medium without cell 
was used as blank control. The OD value at 490 nm was 
quantified using Eon microplate reader. The relative cell 
viability was calculated according to the following 
equation:

Survival rateð%Þ ¼
ODTest� ODMedium

ODControl� ODMedium
�100% 

Statistical Analysis
SPSS version 24.0 (IBM, Chicago, IL, USA) was applied 
to analyze all data. All measurement data were reported as 
mean ± standard deviation or median with interquartile 
range. LORR and sedation duration in pharmacodynamic 
study between two formulations were compared using 
student independent sample t-test or Kruskal–Wallis test. 
Continuous variable in corticosterone assay was assessed 
by repeated measures analysis of variance. All P values 
were two-tailed in this study and P < 0.05 was considered 
statistically significant.

Results and Discussion
Formation of Stable GQY Nanoparticles 
with Hydrophobic Domain
As shown in Figure 2A, GQY with concentration of 5 mM 
can be well dispersed in water and forms a translucent solu-
tion with pH of 4.0. TEM image showed that GQY formed 
nanoparticles with a relatively uniform diameter of less than 
100 nm. As shown in Figure 2B and C, adjusting the pH of 
water solution to 7.4 or dissolving the peptide in GI leads to 
the formation of nanoparticles with similar morphology and 
slightly smaller size, suggesting that the nanoparticles formed 
by GQY were relatively stable under physiological pH and 
compatible with different clinical solvents. DLS showed that 
the particle size of GQY in pure water with pH 4.0, pH 7.4 or 
in GI was (249.57 ± 3.40), (165.60 ± 11.93) and (254.30 ± 
3.30) nm (n = 3), respectively, with their presentative plots 
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shown in Figure 2D. The zeta potential of the above three 
GQY solutions was (18.87 ± 0.42), (−29.83 ± 1.02) and 
(19.60 ± 0.36) mV, respectively, with their representative 
plots shown in Figure 2E. The size of GQY particles mea-
sured by DLS was larger than that by TEM, which might be 
attributed to the aggregation of GQY particles. This is not 
surprising since zeta potential data showed all samples exhi-
bit weak surface charge. Nevertheless, the sample with pH 
7.4 showed relatively higher net surface charge (−29.83 ± 
1.02 mV), which led to the formation of smaller particles. 
These results suggested that pH change only slightly changed 
the size of GQY aggregates by changing their surface charge, 
while their morphology of nanoparticles was relatively 
stable. Furthermore, the self-assembling behavior of GQY 
also showed considerable thermostability. As shown in 
Figure 2F, compared with GQY solution at RT, ThT- 
binding fluorescence of the peptide only slightly decreased 
with the increase of temperature, and the peptide still retained 
its self-assembling ability when the temperature was 
increased up to 80°C. These results indicated that GQY 
could form stable nanoparticles with considerable resistance 
to the change of solvent parameter and temperature, ensuring 

its application in physiological conditions and stability in 
storage.

Using pyrene and ANS as fluorescent probes, we 
further confirmed the formation of hydrophobic domain 
in the GQY nanoparticles. We know the fluorescent spec-
trum of pyrene monomers shows five peaks in the range of 
360–440 nm. Compared with a hydrophilic environment, 
the ratio between fluorescence intensity of the 1st peak (I1) 
and the 3rd peak (I3) would decrease when pyrene was in 
a hydrophobic environment. As shown in Figure 3A, when 
the I1 peaks were normalized, I3 of pyrene in GQY was 
significantly higher than that in water (Figure 3A), which 
suggested that pyrene monomers were embedded in hydro-
phobic domains in the GQY nanoparticles. In addition, 
ANS-binding fluorescent spectrum of GQY showed sig-
nificant blue-shift and enhancement compared with ANS 
dissolved in water, which was also a characteristic of the 
existence of hydrophobic domain (Figure 3B). These 
results further confirmed that the self-assembly of GQY 
mainly relied on hydrophobic interaction, which also 
leads to the formation of plenty of hydrophobic domains 
for encapsulating hydrophobic drugs.

Figure 2 Formation of stable nanoparticles by GQY. (A–C) TEM images of GQY nanoparticles formed in H2O with pH 4.0 (A), in H2O with pH 7.4 (B) and in GI (C). 
Insertions show photographs of corresponding GQY solutions. (D) Representative particle size distribution of GQY in H2O with pH 4.0 and 7.4, and GQY in GI. (E) 
Representative Zeta potential plot of GQY in H2O with pH 4.0 and 7.4, and GQY in GI. (F) ThT-binding fluorescence spectra of GQY in H2O at different temperatures.
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Drug Loading Capacity of GQY
Pyrene composed of four benzene rings is a highly hydro-
phobic molecule with extremely low solubility in water 
(about 7×10−4 mM). Because of its special fluorescence, 
pyrene was usually used as a model molecule to evaluate 
the capacity of carrier materials to encapsulate hydrophobic 
drugs. In our previous study, we have used a SLP to 
encapsulate and disperse pyrene, which increased its con-
centration in aqueous solution to about 0.655 mM. 
However, due to the limited drug-loading capacity of SLP, 
the suspension obtained in that study contained many amor-
phous micro-scale particles and was very unstable.5 In the 
current study, 5 mM pyrene could be well dispersed in 2.5 
mM GQY solution and formed a thick-milky suspension 
(Figure 4A). As shown in the TEM images in Figure 4B, 
pyrene-GQY formed homogeneous nanoparticles with dia-
meter of less than 100 nm, and the morphology and size of 
the nanoparticles did not show obvious change within 30 
days. As shown in Figure 4C, DLS revealed that the aver-
age size of pyrene-GQY nanoparticles did not change sig-
nificantly within the first 14 days, but slightly increased 
from (370.91 ± 13.04) nm to (488.77 ± 19.38) nm after 
30 days. At the same time, zeta potential of the pyrene- 
GQY nanoparticles also slightly decreased from (26.51 ± 
1.53) mV to (22.10 ± 0.53) mV. These results indicated that 
the individual morphology of pyrene-GQY nanoparticles 
kept very stable and their overall size was also stable for 
at least 14 days. After storage for 30 days, they tended to 
undergo mild aggregation as their surface charge decreased. 
This situation might be caused by the natural degradation of 
GQY peptide, which could be improved by modifying the 
peptide with protecting groups such as N-terminal acetyl 
and C-terminal amide.

Even at its current version, this mild aggregation ten-
dency did not affect the overall stability of pyrene-GQY 
formulation. As shown in Figure 4D, pyrene-GQY suspen-
sion exhibited a fluorescence peak between 440 and 500 
nm, which was defined as the excimer peak representing 
the existence of pyrene nanoparticles in solution. The 
pyrene excimer peak did not change significantly within 
30 days, suggesting a homogeneous and stable distribution 
of encapsulated pyrene nanoparticles in the suspension. 
These results indicated that GQY has a very high drug- 
loading ability, and the suspension containing pyrene 
encapsulated in GQY was relatively stable for at least 
a month, implicating GQY’s potential as an efficient car-
rier for hydrophobic drugs.

Characterization of GQY-Based GAs 
Formulations
Propofol and etomidate are hydrophobic GAs commonly 
used in clinic. Currently, the two drugs are formulated 
with natural lipids to reach a high drug concentration in 
the emulsions, i.e., 10 mg/mL for propofol and 2 mg/mL 
for etomidate. Due to potential side effects caused by 
natural lipids, lipid-free carrier systems for these GAs 
have been pursued for many years. On the other hand, 
our group has previously synthesized ET26 (an analog of 
etomidate) as a potential GA, which is also in need of 
hydrophobic drug carriers. In this study, GQY was used to 
encapsulate propofol, etomidate and ET26. As shown in 
Figure 5A–C, 10 mg/mL propofol, 4 mg/mL etomidate 
and 10 mg/mL ET26 were well dispersed in 5 mM GQY 
solution, forming milky suspensions. TEM images showed 
that PROP-GQY, ET-GQY and ET26-GQY formed nano-
particles with diameter of about 100 nm, which was 

Figure 3 Formation of hydrophobic domain. (A) Fluorescence spectra of pyrene monomer in 5 mM GQY solution or H2O. (B) ANS-binding fluorescence spectra of 5 mM 
GQY or H2O.
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slightly bigger than empty nanoparticles formed by GQY. 
As shown in Figure 5D, DLS revealed that the particle size 
of PROP-GQY, ET-GQY and ET26-GQY was (293.47 ± 
23.60), (306.87 ± 22.25) and (367.73 ± 23.60) nm, respec-
tively (n = 3). Like pure GQY solution, the size measured 
by DLS was larger than that under TEM, which could be 
explained as the aggregation of nanoparticles. As shown in 
Figure 5D, zeta potential of the above drug-GQY complex 
was (22.67 ± 0.74) mV for PROP-GQY, (−8.22 ± 0.35) 
mV for ET-GQY and (−13.30 ± 0.20) mV for ET26-GQY, 
respectively (n = 3). The weak surface charge also sug-
gested that nanoparticles of the system tend to aggregate.

Although GQY nanoparticles with similar original pH 
value and zeta potential were used to encapsulate different 
GAs, the obtained formulations showed different zeta 
potential as shown in Figure 5D. This difference was 
caused by the different chemical property of drugs encap-
sulated, which led to different pH of the formulations as 
shown in Table 1. When etomidate or ET26 was added in 
the GQY solution, their imidazole groups could absorb 
free protons disassociated from the -COOH group of the 

peptide. On one hand, this will decrease the concentration 
of free protons in the solution, so that the pH value would 
increase. On the other hand, this would promote the dis-
association of -COOH groups on peptides, exposing more 
-COO− groups, so that the nanoparticles would become 
negatively charged. But this reaction did not occur in the 
PROP-GQY system since there are no proton-absorbing 
groups in propofol. Thus, PROP-GQY showed positive 
surface charge similar to the empty GQY nanoparticles 
while ET-GQY and ET26-GQY showed negative charges.

The drug-loading capacity and encapsulation efficiency 
of the three GQY-based GAs is shown in Table 1. It should 
be noted that PROP-GQY showed much higher drug-loading 
capacity and encapsulation efficacy than ET-GQY and ET26- 
GQY. It is likely that protonated imidazole groups could 
make a portion of etomidate or ET26 become soluble, so 
that the amount of their insoluble form encapsulated in GQY 
nanoparticles was decreased. However, compared with pre-
viously reported nanocarriers for propofol or etomidate, 
GQY showed an excellent drug-loading capacity.25,35 These 
results indicated that GQY could be an efficient carrier for 

Figure 4 Pyrene-GQY nanoparticles and stability. (A) Photograph of pyrene-GQY suspension with 5 mM pyrene dispersed in 2.5 mM GQY solution. (B) TEM images of 
pyrene-GQY nanoparticles collected at different time from 0–30 days. (C) Size distribution and zeta potential of pyrene-GQY nanoparticles within 30 days. (D) Fluorescence 
spectra of pyrene-GQY within 30 days.
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loading these GAs to a concentration as high as, or even 
higher than their currently available formulations, which 
would ensure the dosages needed for general anesthesia.

Pharmaceutic Efficacy of GQY-Based GA 
Formulations
As shown in Table 2, PROP-GQY and ET-GQY formula-
tions exhibited anesthetic efficacy similar to their clinical 
formulations, i.e., DIPRIVAN and FORRY, respectively. 
The ED50 with 95% CI of PROP-GQY was 4.90 (4.72– 

5.08), which was the same as that of DIPRIVAN. 
Similarly, the ED50 of ET-GQY was close to FORRY 
([0.70 (0.66–0.75)] vs [0.65 (0.61–0.69)]). Both PROP- 
GQY and ET-GQY took effect immediately after intrave-
nously administering the drugs at a dose of 2 ED50, 
although the onset time of PROP-GQY was slightly slower 
than that of DIPRIVAN. Considering the duration of 
LORR and sedation under a dose of 2 ED50, both PROP- 
GQY and ET-GQY showed efficacy similar to DIPRIVAN 
and FORRY, respectively. Additionally, no obvious 
adverse reaction was observed in rats that received two 
propofol formulations. Two out of eight rats in etomidate 
group and four in ET-GQY group developed myoclonus, 
which might be induced by etomidate. These results 
demonstrated that GQY was not only as efficient as lipids 
in drug loading, but also achieved anesthetic efficacy 
equivalent to lipid-based formulations. Furthermore, lyo-
philized ET-GQY formulation also showed considerable 
anesthetic efficacy after resuspension (Table S2), 

Figure 5 Formation of drug-GQY nanoparticles. (A–C) TEM images of nanoparticles in PROP-GQY (A), ET-GQY (B) and ET26-GQY (C) formulations. Insertions show 
photographs of corresponding formulation. (D) Particle size and zeta potential of different formulations.

Table 1 Drug-Loading Capacity and Encapsulation Efficiency of 
GQY for GAs

Variables PROP- 
GQY

ET-GQY ET26- 
GQY

pH 2.92 4.23 6.01

Drug-loading capacity (%) 68.73 ± 0.19 41.76 ± 0.08 57.87 ± 0.10

Encapsulation efficiency (%) 96.59 ± 0.87 78.78 ± 0.28 60.35 ± 0.25
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indicating a promising way to prepare powder-form GA 
formulations which might be more stable, easy to store and 
transport.

ET26 as an analog of etomidate was also 
a hydrophobic drug. Previously, 35% propylene glycol 
was used as a solvent for ET26-HCl in our lab. However, 
propylene glycol as an organic solvent had some draw-
backs such as hemolysis and pain-on-injection.36,37 In 
this study, GQY was also tested as a potential carrier 
for ET26. As shown in Table 2, the ED50 of ET26-GQY 
was comparable with that of ET26-HCl ([2.43 (2.26– 
2.61) mg/kg] vs [1.87 (1.74–2.00) mg/kg]). 
Pharmacodynamic study showed that at a dose of 2 
ED50, the LORR duration of ET26-GQY (3.10 ± 0.71) 
was similar to that of ET26-HCl (3.92 ± 1.41, P = 0.20). 
The duration of sedation in ET26-GQY group (8.98 ± 
0.74) was slightly shorter than that in ET26-HCl group 
(11.66 ± 1.67, P = 0.001), which suggested that ET26- 
GQY may show an advantage in rapid recovery. 
Furthermore, it should be noted that severe hematuria 
was observed in all rats injected with 2 ED50 dose of 
ET26-HCl, which was mainly caused by 35% propylene 
glycol as solvent in that group.36,37 On the contrary, no 
hematuria was observed in the ET26-GQY group. 
Additionally, myoclonus occurred in four rats in both 
two groups but no another serious events such as respira-
tory depression were observed.

Corticosterone Level After 
Administrating ET26-GQY
We further studied the adrenocortical function of rats 
injected with GQY, ET-GQY or ET26-GQY. After ACTH 
administration, the serum corticosterone concentrations of 
rats in GQY and ET26-GQY groups were significantly 

higher than that in the ET-GQY group, suggesting that 
adrenocortical function was suppressed by etomidate but 
not by ET26 or GQY as carrier (Figure 6). This tendency 
was similar to the results in our previous study,27 indicat-
ing that GQY as delivery carrier did not affect the advan-
tage of ET26 in maintaining the adrenocortical function 
during general anesthesia.

Relieved Pain-on-Injection by PROP-GQY 
Formulations
Pain-on-injection as a commonly reported side effect has 
long been a flaw of DIPRIVAN, a lipid emulsion of pro-
pofol currently used in clinic. Although the mechanism of 
pain-on-injection induced by propofol is still unclear, 
a previous study has proposed that lipid might contribute 
to this symptom by activating the kallikrein-kinin system 
and subsequently increasing the bradykinin production, 
which increased the contact between the aqueous free 
propofol and free nerve endings at the injected vein and 
finally caused pain.38 Currently, administering propofol 
mixed with lidocaine were commonly used in clinic to 
reduce pain-on-injection,39,40 but it has been found that 
the particle size of formulation would increase after lido-
caine was added into DIPRIVAN,41 which made the for-
mulation unstable and might lead to some adverse events. 
For these reasons, lipid-free formulation of propofol may 
have innate advantage in reducing pain-on-injection.

In this study, paw-licking test was used to compare pain- 
on-injection between different propofol formulations based 
on lipid or GQY. As shown in Table 3, none of the rats that 
received NS or PROP-GQY displayed paw-licking behavior, 
while 4 of 6 rats in DIPRIVAN group showed paw-licking 
behavior with a median duration of 5.99 (0, 47.41) seconds. 
Except for paw-licking, the behavior of paw-lifting also 

Table 2 Pharmacodynamics Data of Different Formulations

Drugs ED50 (mg/kg) Onset Time (min) P LORR Duration (min) P Sedation Duration (min) P

Propofol
PROP-GQY 4.90 (4.72–5.08) 0.20 ± 0.09 0.001 8.33 ± 1.86 0.51 13.60 ± 2.34 0.30
DIPRIVAN 4.90 (4.72–5.08) 0.14 ± 0.01 9.16 ± 1.20 12.60 ± 1.14

Etomidate
ET-GQY 0.70 (0.66–0.75) 0.11 ± 0.02 0.57 6.50 ± 1.33 0.82 12.36 ± 2.63 0.60
FORRY 0.65 (0.61–0.69) 0.12 ± 0.01 6.21 ± 1.49 13.15 ± 3.28

ET26
ET26-GQY 2.43 (2.26–2.61) 0.11 ± 0.02 0.001 3.10 ± 0.71 0.20 8.98 ± 0.74 0.001
ET26-HCl 1.87 (1.74–2.00) 0.18 ± 0.01 3.92 ± 1.41 11.66 ± 1.67
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demonstrated pain induced by injection of formulations. As 
shown in Table 3, all rats treated with DIPRIVAN showed 
paw-lifting behavior with a median frequency of 15.5 (8.5, 
23.5) times, while only 2 of 6 rats injected with PROP-GQY 
displayed paw-lifting behavior with median frequency of 0 
(0, 3) times. These data indicated that unlike lipid emulsion 
of propofol, the GQY formulation showed little irritating 
effect on injection, suggesting its potential application as 
a pain-free propofol formulation. Furthermore, GQY formu-
lation did not support the growth of Staphylococcus aureus 
compared with the formulation based on lipid emulsion 
(Figure S1).

Biocompatibility and Safety of GQY
NRK-49F and L929 cells were used to assess potential 
cytotoxicity of GQY. As shown in Figure 7A, at 

concentration no higher than 1 mM, GQY in Milli-Q or 
in GI showed little effect on the viability of rat NRK-49F 
cells. Although the medium containing 2 mM GQY 
slightly decreased the cell viability, this effect might be 
caused by the fact that the medium contained only 80% 
full medium so that less nutrient was actually provided. 
Similarly, GQY in Milli-Q or in GI did not show obvious 
cytotoxicity against mouse L929 cells at concentrations up 
to 2 mM (Figure 7B), indicating biocompatibility of the 
peptide.

In addition, in vitro hemolytic activity of GQY was 
assayed to evaluate its safety for intravenous injection. As 
shown in Figure 7C, as the concentration of GQY rose, the 
hemolysis percent ratio tended to increase slightly. 
However, even when the concentration of GQY increased 
to 1 mM, the hemolysis ratio kept below 6%, which was 
within an acceptable range.42 It should also be noted that 
at this concentration, GQY in Milli-Q water showed higher 
hemolytic ratio than that in GI, suggesting that the hemo-
lytic activity might be caused by osmotic pressure rather 
than the peptide itself. Furthermore, since all GQY-based 
formulations will be diluted before intravenous injection, 
the low hemolytic activity observed in this study 
was actually negligible. As shown by the results of hemo-
lytic assay and cytotoxicity assay, GQY showed excellent 
biocompatibility similar to other peptide-based 
biomaterials.43 Combining the well-evaluated safety of 
propofol, etomidate and ET26, the GQY-based formula-
tions investigated in our current study are promising can-
didates for clinical application.

Table 3 Pain-on-Injection of Different Formulations

Events 0.9% 
NS

DIPRIVAN PROP- 
GQY

P

Paw-licking
Number of animals 0/6 4/6 0/6 0.015
Median duration† 

(seconds)

0 5.99 (0, 47.41) 0 0.009

Paw-lifting
Number of animals 0 6/6 2/6 0.002

Median frequency† 

(times)
0 15.5 (8.5, 23.5) 0 (0, 3) 0.001

Note: †Values are presented as median (interquartile range).

Figure 6 Serum corticosterone level. (A) Flow chart of blood collection for serum corticosterone determination, a–f: time for blood collection, which was counterpart of 
the x axis labels in Figure 6B. (B) The serum corticosterone level after ACTH stimulation and intravenous injection of 2 ED50 GQY, ET-GQY or ET26-GQY (n = 9). #P < 
0.05, ET-GQY versus GQY. *P < 0.05, ET-GQY versus ET26-GQY. “1st DXM 2h” defined the timepoint that was 2 hours after 1st DXM was given, “ACTH 15min/30min/ 
60min/90min” are the timepoints that were 15, 30, 60 or 90 minutes after ACTH was administered.
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Conclusions
In conclusion, in this study we evaluated GQY for its 
potential application as a hydrophobic-drug carrier. GQY 
in aqueous solution could self-assemble to form nanopar-
ticles, which could efficiently encapsulate a high dose of 
hydrophobic GAs including propofol, etomidate and 
ET26. All GQY-based formulations exhibited anesthetic 
efficacy comparable with currently available formulations 
based on lipid emulsion or propylene glycol. Additionally, 
PROP-GQY formulation did not cause obvious pain-on- 
injection as lipid emulsion of propofol did. With the 
absence of lipid that could boost the growth of bacteria, 
GQY-based formulations were also more resistant to 
microbial contamination. Furthermore, GQY as a peptide 
composed of natural amino acids also showed excellent 
biocompatibility and safety. These results suggested that 
GQY could be used as a high-loading carrier material, 
which would have great potential in exploiting stable lipid- 
free formulations of hydrophobic drugs.

On the other hand, as we know GQY is the first SAP 
carrier material completely composed of atypical HAAs. 
Our study suggested that using atypical HAAs to design 
SAP might be a promising strategy to obtain carrier mate-
rials with well-balanced hydrophobicity and drug-loading 
capacity. Using GQY as a blueprint, more SAPs based on 
atypical HAAs could be designed and their potential for 
encapsulating hydrophobic drugs could be further 
exploited.
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