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a b s t r a c t 

Nanomedicine has made great progress in the targeted therapy of cancer. Here, we 

established a novel drug-mate strategy by studying the formulation of nanodrugs at the 

molecular level. In the drug-mate combination, the drug is a hydrophobic drug that is 

poorly soluble in water, and the mate is an amphiphilic small molecule (SMA) that has 

both hydrophilic and lipophilic properties. We proposed that the hydrophobic drug could 

co-assemble with a suitable SMA on a nanoscale without additive agents. The proof-of- 

concept methodology and results were presented to support our hypothesis. We selected 

five hydrophobic drugs and more than ten amphiphilic small molecules to construct 

a library. Through molecular dynamic simulation and quantum chemistry computation, 

we speculated that the formation of nanoassemblies was related to the binding energy 

of the drug-mate, and the drug-mate interaction must overcome drug-drug interaction. 

Furthermore, the obtained SF/VECOONa nanoassemblieswas selected as a model, which 

had an ultra-high drug loading content (46%), improved pharmacokinetics, increased 

bioavailability, and enhanced therapeutic efficacy. In summary, the drug-mate strategy is 

an essential resource to design exact SMA for many hydrophobic drugs and provides a 

reference for the design of a carrier-free drug delivery system. 
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. Introduction 

anomedicine has been extensively explored for delivering 
ydrophobic drugs, which have the advantages of increased 

olubility, prolonged duration of exposure, selective delivery 
o the tumor, and an improved therapeutic index [ 1 ,2 ]. These 
elivery methods are undoubtedly effective, and several 
f them have been approved for clinical application [ 3 ,4 ].
owever, development of nanoformulations often requires 
omplex schemes involving novel material synthesis,
urification, and supramolecular self-assembly, which 

resent a variety of challenges, including low loading, drug 
elease, and higher barriers to clinical translation [ 5 ,6 ]. Finding 
 more efficient strategy is highly desirable. 

Carrier-free nanodrugs were developed in recent years.
ompared with traditional nanodrugs, carrier-free nanodrugs 
ossess many advantages: (1) self-assembly into stable 
anoparticles; (2) high drug loading; (3) avoidance of tedious 
teps for preparing additional carriers; and (4) no carrier- 
nduced toxicity and immunogenicity [7] . According to the 
ype of assembly mechanism, carrier-free nanodrugs are 
lassified as prodrug self-delivery and pure drug self-delivery.
rodrug self-delivery is usually synthesized by conjugating 
ctive drugs with other molecules via suitable chemical 
inkers, which can form a stable nanocompound to achieve 
rug self-delivery [8] . Our group has been committed to 
eveloping a prodrug delivery strategy [ 9 ,10 ]. In our previous 
ork, the platinum-based prodrug carboplatin–lauric acid was 
eveloped, which can self-assemble into a stable nanodrug,
nd it showed better antitumor activity than free drugs [10] .
heng et al. synthesized a library of conjugates, which turn 

ydrophobic drugs into stable nanodrugs [4] . Pure drug self- 
elivery is composed entirely of pharmacologically active 
olecules, which can be constructed by one drug alone 

r more than one drug, such as an amphiphilic drug–drug 
onjugate and disulfide-bond-based pure drug self-delivery 
ystem. For example, in yan group, the hydrophilic anticancer 
rug irinotecan (Ir) and the hydrophobic anticancer drug 
hlorambucil (Cb) were conjugated via a hydrolyzable ester 
inkage [11] . The amphiphilic Ir–Cb conjugate self-assembled 

nto nanoparticles and exhibited a longer blood retention 

alf-life compared with free drugs, which facilitated the 
ccumulation of drugs in tumor tissues and promoted their 
ellular uptake. By inserting a single disulfide bond into 
ydrophobic molecules, small-molecule drugs could form 

anodrugs [12] . For example, docetaxel (DTX) was conjugated 

ith d- α-tocopherol succinate (VE) via a disulfide bond,
hich could self-assemble into a stable nanodrug [13] . These 
rugs, with some chemical modification, could form stable 
anodrugs and achieve drug self-delivery. However, the above 
arrier-free nanodrug did not consider the proportion of drugs 
nd rationality of drug combinations. 

Differing from previous studies of nanodrugs, we 
stablished a novel drug-mate strategy by studying the 
o-assembly behavior of compounds at the molecular level.
or the drug-mate combination, the “drug” represents 
ydrophobic drugs that are poorly soluble in water. The 
mate” represents an amphiphilic small molecule that 
ossesses both hydrophilic and lipophilic properties. This 
ind of small amphiphilic molecule was named small 
olecular mate (SMA), a molecular chaperone that can 

ediate the assembly of polypeptides into correct proteins 
n the cell [14] . We proposed that the hydrophobic drug could 

o-assemble with a suitable SMA into a nanodrug without 
dditive agents. A library including five hydrophobic drugs 
nd more than ten SMAs was constructed to support our 
ypothesis. Through molecular dynamic (MD) simulation 

nd quantum chemistry computation, we speculated 

hat the formation of nanoassemblies was related to the 
ntermolecular interactions and the binding energy of 
ydrophobic drugs and the mate. 

In this study, the co-assembly mechanism and structure- 
ctivity relationship were studied via MD simulation and 

uantum chemistry computation to prove our hypothesis,
hat SMA can turn hydrophobic drugs into nanoassemblies.
his hypothesis has been explored in more than ten SMA 

nd tested with five chemotherapy drugs: sorafenib (SF), 10- 
ydroxy camptothecin (HCPT), docetaxel (DTX), ibrutinib (IBR),
nd lapatinib (LAP). Their structures, dynamic properties,
nd assembly mechanisms at the molecular level have been 

xplored. Based on the above study of structure and assembly 
ehavior, we found that the formation of nanoassemblies 
as related to the binding energy of hydrophobic drugs 

nd mates. Furthermore, the interaction between SMA and 

he hydrophobic drug should be stronger than that between 

he molecules of the hydrophobic drug itself, in forming 
anoassemblies that are highly dispersed in water. Then, the 
btained SF/VECOONa nanoassemblies (SF NS) was selected 

s a model for nanoassemblies. We believe that this drug-mate 
trategy could provide a reference for the design of a carrier- 
ree drug delivery system. 

. Materials and methods 

.1. Materials 

F was provided by Biochempartner Co., Ltd. (Shanghai,
hina). HCPT, DTX, IBR, LAP, glycyrrhizic acid (G), and 

escinate sodium (A) were purchased from Melone 
harmaceutical (Dalian, China). All other reagents of 
nalytical purity grade were obtained commercially.
ransmission electron microscopy (TEM) (HT7700, Japan) 
as used to evaluate the morphology of nanoassemblies.
etasizer Nano ZS90 was used to evaluate the particle 
ize and zeta potential of nanoassemblies. The content 
f SF in different formulations was analyzed by reverse- 
hase HPLC (Agilent 1200). A fluorescence spectrometer 

Hitachi F-7000) was used to measure the fluorescence. Near- 
nfrared fluorescence (NIRF) imaging was obtained using a 
IRF imaging system (IVIS Kinetic, USA). The fluorescence 

ntensity of major organs and tumors was analyzed by Living 
mage software 3.1 (Caliper Life Sciences). 

Human hepatocarcinoma cells (HepG2) were cultured in 

PMI-1640 (with 10% fetal bovine serum) at 37 °C with 5% 

O 2 . Mouse hepatocarcinoma cells (H22) were cultured in 

ice with ascites. Female Kunming mice were purchased 

rom the Experimental Animal Center of Shandong University 
Jinan, China). These experiments were performed according 
o the requirements of the Animal Management Rules of PRC 
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2.2. SMA screen and SAR study 

To screen suitable SMA for hydrophobic drugs and obtain
stable nanoassemblies, a library of small amphiphilic
stabilizers was used to evaluate the co-assembly ability
with hydrophobic drugs by the nanoprecipitation method. For
example, SF and VECOOH (molar ratio = 1:1) were dissolved
in dimethyl sulfoxide (DMSO), and 40 μl DMSO solution of
SF and VECOOH at a fixed molar ratio was added into 960
μl deionized water with stirring. The mixed solution was
dialyzed (MWCO = 3500) against ddH 2 O to remove DMSO and
obtain SF NS (SF: 1 mg/ml). Other nanoassemblies, including
HCPT/G, SF/G, DTX/G, HCPT/A, SF/A, DTX/A, IBR/A, LAP/A,
IBR/IBR, DTX/DTX, and LAP/LAP, were prepared by the same
method as SF NS, and the final concentration of hydrophobic
drugs was 0.5 mg/ml. 

2.3. Characterization of SF NS 

The size, polydispersity index (PDI), and zeta potential of
nanoassemblies were determined by dynamic light scattering
(DLS). The morphology of SF NS was observed by TEM.
The amount of loaded SF was measured at wavelength 265
nm by using the HPLC method with a C 18 chromatographic
column. The mobile phase was acetonitrile and 0.03% aqueous
triethylamine (63:37, v/v), the detection wavelength was 265
nm, and the flow rate was 1.0 ml/min. Drug loading efficiency
(DL%) of SF in SF NS was quantified according to the following
equation: 

DL % = 

Amount of SF in SF NS 
Amount of SF NS 

×100 

2.4. Stability evaluation 

The dilution stability, storage stability, and plasma stability
of obtained SF NS were evaluated. Dilution stability: SF NS
was diluted with water (2, 4, 8, 16, 32, 64, 128, 256 and 512
times), then the particle size and PDI of SF NS were measured
by DLS. Storage stability: SF NS was stored for 120 h at room
temperature, then the particle size and PDI of SF NS were
measured by DLS. Plasma stability: SF NS were mixed with 20%
mice plasma for 24 h, then the particle size and PDI of SF NS
were measured by DLS. 

2.5. Ultraviolet visible (UV) absorption 

UV absorption of SF, VECOONa, SF NS and SF/VECOONa
mixture with a concentration of 1 mg/ml SF or VECOONa
in water or methanol were determined. In addition, the
UV spectrum of SF, VECOONa, and SF/VECOONa mixture
with equal concentration of SF in H 2 O/CH 3 OH (3/1, v/v) was
measured with a UV-VIS spectrophotometer (TU-1810, Beijing
Puxi General Instrument Co., Ltd.). 

2.6. X-ray diffraction analysis 

The crystalline nature of lyophilized SF NS was analyzed
with an X-ray diffractometer (Advanced D8 X-ray Diffraction
Analyzer, Karlsruhe, Germany). Samples of lyophilized SF NS
without cryoprotectant, SF powder, and VECOOH powder were
measured. 

2.7. In vitro release of SF 

In vitro release of SF was carried out by adding 1 ml of different
formulations into a dialysis bag. Then, the dialysis bag was
immersed into 10 ml of pH 7.4 phosphate-buffered saline
(PBS) containing 1% (w/v) Tween 80 and kept at 37 °C in a
shaker at 100 rpm. At predetermined time points (0.5 h, 1 h,
2 h, 4 h, 6 h, 8 h, 12 h, 24 h and 48 h), the release medium
was withdrawn followed by addition of 10 ml of fresh PBS.
The amount of SF released from different formulations in the
release medium was measured by HPLC as described above.
The release experiment was performed in triplicate. 

2.8. Quantum chemistry computation 

Computation principle: The molecular dynamics method and
quantum chemistry method can be employed to calculate
both the coarse and accurate binding conformation. The
conformation of the individual hydrophilic drug agent
and the hydrophobic drug agent could be calculated by
the quantum chemistry method to obtain the accurate
individual conformation. The accurate binding conformation
and individual conformation could be further adopted to
calculate the free energy by the quantum chemistry method.
Based on the free energy, the interaction between the
hydrophilic drug molecule and hydrophobic drug molecule
is equal to the free energy between the hydrophilic drug
molecule and the hydrophobic drug molecule minus the
free energy of individual hydrophilic drug molecule and
the hydrophobic drug molecule; the interaction between the
hydrophobic drug molecules themselves is equal to the free
energy between the hydrophobic drug molecule itself minus
the free energy of individual hydrophobic drug: Interaction
Energy(A / B) = Free Energy (A / B)-Free Energy (A) – Free Energy
(B) 

Computation Method: 

1. Molecular Dynamic Simulation: 22 drug-drug complex
simulation models (DOX + /HCPT, IR + /SN-38, Ce63-/HCPT,
ICG-/EPI, DOX + /UA, Ce62-/DOX, HCPT/HCPT, SN-38/SN-
38, EPI/EPI, UA/UA, DOX/DOX, SF/SF, 1/SF, 2/SF, 3/SF,
4/SF, 5/SF, 6/SF, 7/SF, 8/SF, 9/SF, and 10/SF) were built
in the MOE (molecular operating environment) software
package. The initial position of the drug molecules in
each simulation mode was random. The prepared model
was solvated in a box and neutralized using the Amber
tool package [15] . Before the MD simulation, the force
field parameters were added onto the drug molecules and
water box. The TIP3P model and Amber99SB force field
were employed for the water molecules, and the force
field [16–18] parameters of drug molecules were generated
from the general Amber force field (GAFF) [19] . The force
field parameters lacking in GAFF were supplemented by
using the antechamber [20] procedure in Amber14. The MD
simulations were preceded by using the pmemd procedure
of the GPU-accelerated Amber14 package. First, the solvent
was relaxed while the drug molecules were constrained;
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Second, the heavy atoms of the drug molecules were 
constrained while relaxed the hydrogen atoms of the 
drug molecules and the water molecules were relaxed; 
Third, all the molecules were minimized without any 
restrictions. After three-step minimization, each model 
was gradually heated from 0 to 300 K over a period 

of 50 ps. Afterward, approximately 50 ns of NVT MD 

simulation were performed for each model. Meanwhile,
the Berendsen method [21] , Beeman algorithm [22] , as 
well as the SHAKE algorithm [23] were used to regulate 
system temperature, analyze the Newtonian equation of 
motion, and constrain the hydrogen-containing bonds,
respectively. The 50 ns MD simulations could calculate the 
coarse binding conformation between the drug molecules 
in each model. 

2. Quantum Chemistry Computation: The Gaussian 09 
package was used to process the higher accuracy 
computation to obtain the more accurate binding 
conformation after the coarse binding conformation 

was obtained from the MD simulation. Firstly, the coarse 
binding conformation from the MD simulation was 
optimized and the simple harmonic frequency calculation 

processed at the B3LYP/6-31G 

∗ level to obtain the binding 
conformation of the local minimum point. Second, the 
binding conformation of the local minimum point was 
further processed by the single point energy and simple 
harmonic frequency calculation at the B3LYP/6-311 + G 

∗

level [24] in the polarimetric continuous medium (PCM) 
[25] solvent model. From the simple harmonic frequency 
calculation, the free energy of the binding conformation 

of each model could be obtained. Meanwhile, at the 
same optimization level (B3LYP/6-31G 

∗) and frequency 
calculation level (B3LYP/6-311 + G 

∗), each individual drug 
molecule was processed by conformation optimization 

and frequency calculation to obtain the free energy of 
individual drug molecules. Based on the free energy of 
binding conformations and individual drug molecule 
conformations (hydrophilic molecules and hydrophobic 
molecules), the interaction between the drug molecules 
could be calculated. 

The initial structures of SF/8 and SF/9 systems were then 

onstructed by the insert-molecules module. SF, compound 

, and compound 9 molecules were placed in a 6 × 6 × 6 nm 

ater box. The two systems were formed by 50 000 atoms. To 
un the MD simulations, the Gromacs 2018.4 package was used 

ith the Charmm36 force field. Long-range electrostatics were 
alculated. For van der Waals interactions, a cutoff value of 1.0 
m was used. All hydrogen-related bonds were constrained 

y the LINCS algorithm. The V-rescale method was used to 
ontrol the system temperature at 300 K, and the Parrinello–
ahman method was used to control the pressure at 1 bar.
he SF/8 and SF/9 configurations were energy minimized and 

ubjected to 100 ps NVT equilibration at 300 K. Then, the two 
ystems were run for 50 ns of NPT production. The time step 

f simulation was 2 fs. The trajectories were saved every 10 ps,
ielding a total of 5000 snapshots for production analysis. 
.9. Quantification of drug molecular interactions 

onformation search of drugs and different water-soluble 
olecules: Eleven different compound structures with 

olecular number ratios of 1:1 were constructed by Molclus.
wenty conformations were collected from each system,
nd MOPAC [26] was used for preliminary optimization of 
ach conformation and extraction of the lowest energy 
onformation. Optimization of complex structure and 

alculation of interaction energy: The complex structure 
btained by Molclus was optimized at the level of B3LYP/ 
-31g ∗ [27] , and the binding energy was calculated at the level 
f the 6-311 + G 

∗ base group [28] . The Basis Set Superposition
rror (BSSE) was added in the calculation [ 29 ,30 ]. The final
inding energy was calculated by the following formula: 

 interaction = E complex − E template − E monomer + E BSSE , 

here E complex is the energy of the complex, E template is the 
nergy of the template molecule, E monomer is the energy of the 
onomer molecule, and E BSSE is the corrective energy of BSSE.
It has been reported that urea and detergent sodium 

odecyl sulfate (SDS) can destroy hydrogen bonds and 

ydrophobic interaction [ 31 ,32 ]. Therefore, we further selected 

rea and SDS to destroy hydrogen bonds and hydrophobic 
nteraction at final levels of 5 mmol/l and 4 mol/l, respectively.
he size and morphology were studied via DLS and TEM. 

.10. In vitro cytotoxicity 

n vitro cytotoxicity of VECOOH, SF solution, and SF NS were 
valuated in HepG2. Briefly, HepG2 cells were seeded in a 96- 
ell plates (5000/well). After 12 h, these cells were treated with 

ECOOH, SF solution, and SF NS at different concentrations.
fter 48 h, 20 μl of MTT (5 mg/ml) was added. Then after 4
, 150 μl DMSO was added. The absorbance value was read at 
70 nm. Cell viability was calculated according to the following 
quation: 

ell viability ( % ) = 

Ab s sample − Ab s sample 

Ab s control − Ab s blank 
×100 % 

.11. Pharmacokinetic study 

or pharmacokinetic studies, female Kunming mice ( ∼20 g) 
ere randomly divided into three groups including SF solution 

iv), SF NS (iv) and SF suspension (po) at a dose of 10 mg/kg. The
lood samples were obtained from the retro-orbital plexus at 
reset times. Then, 400 μl plasma was obtained from whole 
lood and mixed with 800 μl protein precipitation solution 

acetonitrile: methanol = 2:1, v/v) followed by vortexing for 1 
in to precipitate plasma proteins and then centrifugation.

hen the supernatant was filtered and analyzed by HPLC. The 
ain pharmacokinetic parameters were analyzed using DAS 

.0 software. 

.12. In vivo antitumor efficacy 

he in vivo antitumor activity of SF NS was determined by 
 line of mice bearing H22 cells. When the tumor reached 
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Scheme 1 – Tailor-made small molecular mates 
co-assembled with the hydrophobic drugs to form stable 
nanoassemblies based on the drug-mate strategy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a certain volume ( ∼100 mm 

3 ), these mice were randomly
divided into three groups: control (normal saline), SF solution
(10 mg / kg), and SF NS (10 mg / kg). Various formulations were
injected on days 1, 4, 7, 10, 13, 16 and 19. Tumor length and
width and body weight were measured on days 1, 7, 13, 19
and 25. The volume of tumor was calculated according to the
following formula: 

Tumor volume 
(
m m 

3 
)

= 0 . 5 × length × widt h 

2 

Then these mice were euthanized, and the excised tumors
in the different groups were weighed and evaluated via Tunel
staining. 

2.13. In vivo safety 

The in vivo safety of SF NS on main organs was evaluated.
The main organs of the mice in the “in vivo antitumor
efficacy” group were dissected and stained with H&E for
histopathological examination. Blood samples of the mice in
the in vivo antitumor efficacy group were obtained. White
blood cells (WBC), red blood cells (RBC), hemoglobin (HGB),
and platelets (PLT) in whole blood were measured to evaluate
myelosuppression. The levels of glutamic transaminase (ALT),
aspartate transaminase (AST), creatinine (CRE), and blood
urea nitrogen (BUN) in the serum samples were analyzed to
assess the toxicity in liver and kidney. 

2.14. Statistical Analysis 

Statistical differences between t groups were evaluated by the
t -test, one-way or two-way ANOVA. When P < 0.05, differences
were considered to be statistically significant. 

3. Results and discussion 

3.1. Preliminary co-assembly behavior evaluation of SF 
with SMA 

We initially built a library to verify our hypothesis that a
hydrophobic drug could co-assemble with suitable SMA
into nanodrugs without additive agents. SF was chosen
as a model drug because its clinical application has been
significantly restricted by its water-insoluble property. More
importantly, it is difficult to chemically modify SF, and most
nanoformulations of SF have been prepared through physical
encapsulation using large quantities of pharmaceutical
excipients [33–39] . Ten biocompatible small molecules
( Fig. 1 A ) were designed as candidate SMAs. Through
screening, when 8 (D- α-Tocopherol succinate, VECOONa)
( Fig. 1 A ) and SF in equal molar ratios were dissolved in
DMSO together and then water was added, a stable colloidal
solution was formed ( Fig. 1 B ) without any precipitation even
after removing DMSO by dialysis (SF, 1 mg/ml). The resulting
SF nanoassemblies (SF NS) exhibited spherical morphology
( Fig. 1 B ). 

To understand how the molecules interact with each other
in aqueous solution, MD simulations were carried out. 8
and 9 possessed the same hydrophobic moiety and various
hydrophilic groups were chosen, and their MD simulation for
8/SF and 9/SF were extracted. After 50 ns, 8 co-assembled
with SF into nanoassemblies, showing a large number of
hydrophilic groups (red) of 8 on the surface ( Fig. 1 C ). 9 with
SF did not completely form into complex. The hydrogen bond
is a common strong force in the assembly of nanoassemblies.
In order to study the driving forces of assembly of 8/SF and
9/SF, the number of hydrogen bonds between nanoassemblies
and solvent and within nanoassemblies during MD simulation
was analyzed. As shown in Fig. 1 D- 1 E , the number of hydrogen
bonds between 9/SF and water molecules was approximately
50% of 8/SF. The hydrogen bond number within 8/SF was
obviously more than that of 9/SF, indicating that the binding
force between SF and 9 was relatively weak. Moreover, the
density ( Fig. 1 F ) of 8/SF ( > 300 kg/m 

3 ) in the center of the box
was significantly higher than that of 9/SF ( < 150 kg/m 

3 ), which
indicated 9/SF was more dispersed in the assembly process.
With the assembly of nanoassemblies, the area exposed
to the solvent environment will gradually decrease, so the
solvent- accessible surface area (SASA) can be used to evaluate
the compactness of nanoassemblies. It can be seen from
Fig. 1 G that SASA values of both systems decreased
significantly during the MD process. Specifically, the SASA
value of the 8/SF system decreased more than that of
9/SF, indicating that the former formed more compact
nanoassemblies. All these results were consistent with our
experimental data and strongly supported the hypothesis that
SF and 8 molecules co-assembled into stable nanoassemblies.

In addition to hydrogen bonding, hydrophobic interaction
also plays an important role in nanoassemblies. To study the
co-assembly behavior more accurately, quantum chemistry
computation was used to calculate the molecular interaction
forces. The computation results are listed in Fig. 1 H. Some
molecules could form stronger interactions with SF, i.e., 8/SF
> 5/SF > 2/SF > SF/SF ≈ 6/SF, and the binding energy of
8/SF was below -20 Kcal/mol; however, some formed weaker
interactions with SF. Structurally ( Fig. S1 ), molecules 2, 5,
and 6 had more 1 ∼3 double bonds than molecules 1 and
7. Because of the double bond, molecules 2, 5, and 6 could
fold and wrap the hydrophobic drug molecule SF to form
more CH- π stacking from multiple directions. Some studies
[40–45] have reported that an amphiphilic anticancer agent
could co-assemble with a hydrophobic anticancer agent. Their
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Fig. 1 – Preliminary co-assembly behavior evaluation of SF with SMA. (A) The library of SMA used for evaluation to 

co-assemble with SF. (B) Appearance and TEM image of SF NS. (C) MD simulations of the co-assembly of 8/SF and 9/SF 
molecules in water after 50 ns, respectively. (D) The number of hydrogen bonds in the co-assembly process between 

nanoparticles with water. (E) The number of hydrogen bonds between SF with 8 or 9. (F) Density distribution of the 
co-assembly system. (G) Variation of solvent-accessible surface area of the co-assembly system with time. (H) Interactions 
between hydrophobic and amphiphilic molecules: SF with different amphiphilic molecules. (I) The co-assembly 

conformations of HCPT/G, SF/G, DTX/G, HCPT/A, SF/A, DTX/A, IBR/A, LAP/A, IBR/IBR, DTX/DTX, and LAP/LAP. (J) Calculation 

of intermolecular interaction forces. (K) TEM images of the formed nanoassemblies. 
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nteraction forces were also calculated and are shown in Fig.
1-S2 , i.e., DOX 

+ /HCPT > HCPT/HCPT, IR 

+ /SN-38 > SN-38/SN- 
8, Ce6 3 −/HCPT > HCPT/HCPT, ICG 

−/EPI > EPI/EPI, DOX 

+ /UA 

 UA/UA, and Ce6 2 −/DOX > DOX/DOX. Their experimental 
esults were in agreement with our calculated results. These 
esults demonstrated that when binding energy is below -20 
cal/mol, an amphiphilic SMA with an equal molar ratio can 

o-assemble with a hydrophobic drug via strong interaction,
vercome the interaction of the hydrophobic drug with itself,
nd eventually form nanoassemblies that are highly dispersed 

n water. We named the phenomenon the drug-mate strategy.
his finding using SMA to turn hydrophobic drugs into 

anoassemblies showed great potential for drug delivery,
hich encouraged us to further verify the drug-mate strategy 

nd explore more useful SMAs. We further constructed a 
ibrary, in which two natural drugs glycyrrhizic acid (G) and 

escinate sodium (A) were chosen to carry hydrophobic drugs,
uch as SF, HCPT, DTX, IBR, and LAP. Almost all of them showed 

ydrogen bonds with drug molecules ( Fig. 1 I ) and binding 
nergy was below -20 Kcal/mol ( Fig. 1 J ). SF/G, SF/A, HCPT/G,
CPT/A, DTX/A, DTX/G, IBR/A, and LAP/A all co-assembled 

nto nanostructures ( Fig. 1 K ). These results supported the 
rug-mate strategy, that SMA could transform hydrophobic 
rugs into nanoassemblies efficiently, with high drug loading.
.2 . Characterization of SF NS 

he obtained SF NS was selected as model to evaluate its 
hysicochemical properties. The resulting SF NS exhibited 

niform size (91.55 ± 1.87 nm, PDI 0.102 ± 0.007), and zeta 
otential of -33 mV in water ( Fig. 2 A ). More importantly,

t had an ultra-high drug load of 46%, compared with the 
ipid-based SF nano suspensions (11%) and SF liposomes 
4%) prepared by our group. The formation of SF NS should 

e ascribed to the strong interaction force between SF 
nd VECOONa. The ultraviolet-visible (UV) absorption of SF,
ECOONa, SF NS, and the SF/VECOONa mixture was shown 

n Fig. 2 B. SF and the SF/VECOONa mixture in CH 3 OH had
he same maximum absorption at 265 nm, while VECOONa 
ad very little absorption. When SF and VECOONa co- 
ssembled together, the maximum absorption wavelength 

ed-shifted to 269 nm. In addition, the UV spectrums of SF,
ECOONa, and SF/VECOONa mixture (in H 2 O/CH 3 OH = 3/1, v/v) 
re shown in Fig. 2 C , indicating that the solvent water in
F NS made no contribution to the red shift. This verified 

ur conclusion that SF NS was formed from the interaction 

etween heterogeneous molecules. 
The strong interaction force between SF and VECOONa 

lso contributed to the stability of SF NS. As shown in 
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Fig. 2 – The obtained SF NS was selected as a model to evaluate its physicochemical properties . (A) Zeta potential of SF NS. 
(B) The UV spectrum of SF, VECOONa, SF NS, and the SF/VECOONa mixture. (C) The UV spectrum of SF, VECOONa, and the 
SF/VECOONa mixture in H 2 O/CH 3 OH (3/1, v/v). (D) Stability of SF NS after storage for 72 h at room temperature (n = 3). (E) 
Changes in particle sizes and PDI of SF NS diluted in water (n = 3). (F) Size distribution of SF NS with 20% plasma for 24 h at 
37 °C. (G) X-RD diagrams of SF NS, SF, and VECOOH. (H) In vitro release profile of SF from SF NS, SF suspension, and SF 
solution in PBS (pH = 7.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 D , SF NS remained well dispersed at 72 h at room
temperature. When it was diluted into 2 μg/mL, the particle
size remained almost unchanged ( Fig. 2 E ). Because the SF NS
is intended to be administered intravenously, its stability in
20% mouse plasma was further evaluated. As shown in Fig.
2 F , the size of SF NS remained stable for 24 h, suggesting
tolerance of SF NS in the bloodstream. In addition, as shown in
Fig. 2 G , the strong Bragg peaks in the diffraction patterns of
SF (a, 11.36 °; b, 18.56 °; c, 22.48 °; d, 22.96 °; e, 24.80 °; f, 25.20 °)
indicated its strong crystallization. In contrast, for the SF
NS, these typical peaks disappeared, which implied that SF
molecules randomly mixed with VECOONa molecules and
were distributed in an amorphous state. According to the in
vitro release profile of SF ( Fig. 2 H ), the rapid release behavior
of SF NS was observed, which is similar to that of SF solution
(Cremophor EL:ethanol = 1:1, v/v), while approximately 100%
SF was released from SF NS, compared to about 20% from SF
suspension. 

These findings further verified our conclusion, that such
an amorphous state might be advantageous in improving
the dissolution rate and bioavailability of SF. In addition, we
added a specific interaction inhibitory agent to demonstrate
the existence of hydrogen bonds and hydrophobic interaction.
The uniform size of SF NS disappeared with addition of a
specific interaction inhibitory agent (urea or SDS). Moreover,
the results of TEM showed the disassembly of SF NS with
addition of urea or SDS ( Fig. S3 ). These results further
confirmed the existence of hydrogen bonds and hydrophobic
interaction between hydrophobic drugs and SMA. 

3.3 . In vitro and in vivo antitumor activity of SF NS 

The proliferation inhibition ( Fig. 3 A ) of SF NS was evaluated
in a HepG2 cell line. The IC 50 of SF NS was 3.44 ± 0.15 μg/ml,
which was close to that of free SF (4.44 ± 0.24 μg/ml). The
pharmacokinetics of SF NS, SF solution (iv) and SF suspension
(po) are listed at a dose of 10 mg/kg in Fig. 3 B and summarized
in Table S1 . SF is almost insoluble in water, and the oral
bioavailability of SF suspension is extremely low. The plasma
concentrations of SF in SF NS (iv) were higher than that of
SF solution (iv) and SF suspension. The resulting AUC value
of SF NS (90.1 μg • h/ml) was 2 times than that of SF solution
(41.0 μg • h/ml), and was 20 times that of SF suspension (4.4
μg • h/ml). The improved bioavailability of SF NS is mainly due
to increased solubility and dissolution. The in vivo anti-tumor
activity ( Fig. 3 C ) of SF NS was evaluated. Seven treatments
of mice with SF solution at a dose of 10 mg/kg (eq. SF) every
3 d led to the highest inhibition of tumor growth compared
with control ( P < 0.01). SF solution at the same dose showed
only a modest inhibition efficacy. The tumor weight ( Fig. 3 D ,
Fig. 3 E ) in mice after treatment with SF NS was significantly
lower than after SF solution ( P < 0.05). Moreover, the validity
of SF NS was assessed by TUNEL ( Fig. 3 F ) staining of these
tumors. 
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Fig. 3 – The model nanoassemblies SF NS showed good antitumor efficacy (A) In vitro cytotoxicity of VECOOH, SF solution, 
and SF NS in HepG2 cells at 48 h ( n = 3). (B) The curves of SF concentration in plasma vs. time after SF NS (iv), SF solution (iv), 
or SF suspension (po) were administrated to mice (SF, 10 mg/kg, n = 3). In vivo antitumor efficacy study (C) tumor volume ( ∗∗P 
< 0.01, SF NS vs. control, SF solution; ∗P < 0.05, SF solution vs. control). (D) Photo of isolated tumors. (E) Average tumor 
mass isolated from the mice of each experimental group. Data are mean ± SD (n = 6) ∗∗P < 0.01, ∗P < 0.05. (F) Representative 
photographs of TUNEL-stained H22 tumor sections (below) and whole tumor slice scan (above). Positive apoptosis cells are 
green and nuclei stained with DAPI are blue. (G) H&E staining showing histopathological changes in major visceral organs. 
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Tumors from the SF NS treated group exhibited more 
dvanced cell apoptosis compared with the groups treated 

ith physiological saline and SF solution. H&E ( Fig. S4 ) 
taining of these tumors also showed the same results. The 
rgans of the mice were harvested, sliced, and stained with 

&E ( Fig. 3 G ) to monitor the systemic toxicity of SF NS, which
as compatible with the body weight changes in the mice 

 Fig. S5 ). A peripheral blood hemogram and liver and kidney 
oxicity were further evaluated to assess in vivo biosafety.
he amount of WB, RBC, HGB and PLT showed no significant 
hange in SF NS group compared with NS group ( P > 0.05),
hich demonstrated the in vivo safety of SF NS with respect 

o the peripheral blood hemogram ( Table S2 ). The level of liver 
nzymes and renal lesion indicators is shown in Table S3 .
he concentrations of ALT, AST, BUN and CRE in SF NS group 

howed no significant changes compared with in NS group.
hese results suggested that SF NS may be safe for liver and 

idney in vivo . 

. Conclusion 

n summary, we established a novel nanoassembly system 

t the molecular level, called drug-mate strategy. The co- 
ssembly mechanism and structure-activity relationship 

ere studied via MD simulation and quantum chemistry 
omputation to prove our hypothesis that amphiphilic small 
olecules can turn hydrophobic drugs into nanoassemblies.
e found that when binding energy was below -20 Kcal/mol,

n amphiphilic small molecule with equal molar ratio can 

o-assemble with a hydrophobic drug via strong interaction,
vercoming the interaction of the hydrophobic drug itself,
nd eventually form nanoassemblies that are highly dispersed 

n water. We presented a proof-of-concept methodology 
nd results to support our hypothesis. This hypothesis has 
een explored through three SMAs and tested with five 
hemotherapy drugs. The obtained SF NS was selected as 
 model, which had an ultra-high drug loading content,
mproved pharmacokinetics, increased bioavailability, and 

nhanced therapeutic efficacy. Overall, the drug-mate strategy 
an be an essential resource to design exact SMA for some 
ydrophobic drugs and provide a reference for the design of a 
arrier-free drug delivery system. ( Scheme 1 ) 
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