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a b s t r a c t

Biocompatible amphiphilic nanoparticles (NPs) with tunable particle morphology and surface property

are important for their applications as functional materials. However, previously developed methods

to prepare amphiphilic NPs generally involve several steps, especially an additional step for surface

modification, greatly hindering their largescale production and widespread applications. Here, a versatile

one-step strategy is developed to prepare biocompatible amphiphilic dimer NPs with tunable particle

morphology and surface property. The amphiphilic dimer NPs, which consist of a hydrophobic shellac

bulb and a hydrophilic poly(lactic acid) (PLA) bulb with PLA-poly(ethylene glycol) (PEG) on the bulb

surface, are prepared in a single step by controlled co-precipitation and self-assembly. Amphiphilic

PLA-PEG/shellac dimer NPs demonstrate excellent tunability in particle morphology, thus showing good

performances in controlling the interfacial curvature and emulsion type. In addition, temperature-

responsive PLA-poly(N-isopropyl acrylamide) (PNIPAM)/shellac dimer NPs are prepared following the

same method and emulsions stabilized by them show temperature-triggered response. The applications

of PLA-PEG-folic acid (FA)/shellac dimer NPs for drug delivery have also been demonstrated, which show

a very good performance. The strategy of preparing the dimer NPs is green, scalable, facile and versatile,

which provides a good platform for the design of dimer NPs with tunable particle morphology and

surface property for diverse applications.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the advances of science and technology, isotropic nanopar-

ticles (NPs) with symmetric structure and property could no longer

meet the growing demand [1,2]. Anisotropic NPs with asymmet-

ric structure and property are attracting more and more atten-

tion [3,4]. Among the anisotropic NPs, Janus NPs with two dis-

tinct bulbs or surfaces have demonstrated widespread applications

in color display [5,6], interfacial catalyst [7,8], emulsion stabiliza-

tion [9–11], bio sensing [12–14], and drug delivery [15,16]. For ex-

ample, the applications of amphiphilic Janus NPs with one bulb
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hydrophilic and the other hydrophobic have been extensively ex-

plored as colloidal surfactants [17,18], which could overcome the

coalescence and Oswald ripening of molecular surfactant-stabilized

emulsions, thus achieving long-term stability [19,20]. In addition,

Janus NPs could also perform as drug delivery vehicles, which have

been proven to improve drug stability and bioavailability, prolong

cycle time, increase accumulation and uptake at tumor sites, re-

duce drug toxicity and side effects, and overcome the shortcomings

of traditional therapies [21–23].

To prepare amphiphilic Janus NPs, various methods have

been developed, such as selective surface modification [24],

microfluidics-based template [25,26], molecular self-assembly [27],

polymerization-induced phase separation [28], and nucleus-aided

growth [29]. Despite of all the advances, each method has its
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advantages and disadvantages. For example, selective surface

modification is limited by its low yield [30]; amphiphilic Janus

NPs prepared using microfluidics-based templates are micron size

[31]; molecular self-assembly is limited to some specific molecules

[32]; polymerization-induced phase separation generally lacks bio-

compatibility [33]; nucleus-aided growth [34] is difficult to load

actives. Therefore, a facile green method to prepare biocompatible

amphiphilic Janus NPs is essential.

Co-precipitation upon rapid solvent exchange is a facile and

green method to prepare biocompatible NPs [35–37]. However,

NPs with an isotropic spherical shape are generally achieved upon

co-precipitation [38]. Recently, dimer NPs consisted of two dis-

tinct bulbs are prepared by controlled co-precipitation and phase

separation [9]. However, the selective surface modification of the

dimer NPs to achieve amphiphilicity generally requires an addi-

tional chemical or physical treatment step, which greatly compli-

cates the preparation process. Therefore, it is still a great challenge

to develop a facile green method to prepare biocompatible am-

phiphilic Janus NPs with tunable particle morphology and surface

property.

Here, a versatile strategy is developed to prepare biocompatible

amphiphilic dimer NPs with tunable particle morphology and sur-

face property in a single step based on controlled co-precipitation

and self-assembly. Upon rapid solvent exchange, shellac, poly(lactic

acid) (PLA) and PLA-poly(ethylene glycol) (PEG) co-precipitate and

self-assemble to form amphiphilic PLA-PEG/shellac dimer NPs. The

NP size could be tuned by the polymer concentration, while the

NP shape could be tailored by the polymer concentration ratio.

The amphiphilic dimer NPs are excellent colloidal surfactants with

the hydrophobic shellac bulb preferring the oil phase and the

hydrophilic PLA-PEG bulb preferring the water phase, mimicking

nonionic molecular surfactants. The flexible tuning of NP shape

provides a good control of the interfacial curvature and emulsion

type that amphiphilic dimer NPs with the hydrophilic PLA-PEG

bulb larger than the hydrophobic shellac bulb could better fit the

interface of oil-in-water emulsions. The dependances of emulsion

size on homogenization strength and NP concentration are also in-

vestigated in detail. To demonstrate the versatility of the NP prepa-

ration method, temperature-responsive PLA-poly(N-isopropyl acry-

lamide) (PNIPAM)/shellac dimer NPs are prepared and emulsions

stabilized by them show temperature-triggered response. In addi-

tion, the flexible tuning of NP shape and property makes it easy to

enhance the cellular uptake to improve the drug delivery efficiency

of PLA-PEG-folic acid (FA) dimer NPs. The preparation strategy is

facile and the dimer NPs are tunable, which greatly facilitates their

largescale production and widespread applications.

To prepare amphiphilic PLA-PEG/shellac dimer NPs in a sin-

gle step, shellac, PLA and PLA-PEG, whose chemical structures

are shown in Fig. S1 (Supporting information), are co-dissolved

in tetrahydrofuran, and the solution is quickly injected into a wa-

ter reservoir through a tapered nozzle, as schematically shown in

Fig. 1a. Upon rapid solvent exchange, shellac, PLA and PLA-PEG

co-precipitate and phase-separate to form amphiphilic dimer NPs

with PLA-PEG preferentially decorating the PLA bulb surface, as

modeled in Fig. 1b. The NP formation involves both the nanoscale

self-assembly of PLA-shellac dimer NPs and the subsequent molec-

ular self-assembly of PLA-PEG on the PLA bulb surface. During the

self-assembly process, PLA-PEG, the amphiphilic bock-copolymer,

plays two important roles. First PLA-PEG has a hydrophobic block

of PLA and a hydrophilic block of PEG, which prefers to deposit

at the PLA/water interface and performs as a molecular surfactant

to tune the interfacial tension and thus the NP shape, as shown

in Fig. S2 (Supporting information). The presence of PLA-PEG will

decrease the PLA/water interfacial tension, favoring γ S/P < γ S/W

∼ γ P/W and thus a dimer structure. Otherwise, PLA and shellac

will form a more spherical shape. Second, PLA-PEG preferentially

Fig. 1. One-step preparation of biocompatible amphiphilic dimer NPs with tunable

particle morphology and surface property. (a) Schematic illustration showing the

formation of amphiphilic PLA-PEG/shellac dimer NPs upon rapid solvent exchange

and controlled co-precipitation. (b) Self-assembly of PLA-PEG/shellac dimer NPs. (c)

SEM images of PLA-PEG/shellac dimer NPs (left), crescent moon-like shellac bulbs

(middle) and aspherical PLA bulbs (right). (d) Fluorescent and overlay images of

PLA-PEG/shellac, PLA-PEG-FITC/shellac, PLA-PEG-biotin/shellac and PLA-PEG-biotin-

streptavidin-FITC/shellac dimer NPs. (e) Model of an NP-stabilized oil droplet. (f)

Photographs and optical microscope images of oil-in-water emulsions stabilized by

amphiphilic PLA-PEG/shellac dimer NPs. If not specified, dimer NPs are prepared

using 10mg/mL shellac and 10mg/mL PLA with 2.5% PLA-PEG. The volume ratio of

water to oil is 1 to 1.

decorates the PLA bulb surface and thus functionalizes the dimer

NPs. Both of shellac and PLA are relatively hydrophobic, show-

ing water contact angles of 76° and 73°, respectively, as shown

in Figs. S3a and b (Supporting information). In contrast, PLA-PEG

only has a small water contact angle of 15° (Fig. S3c in Support-

ing information) and the functionalization of PLA-PEG makes the

PLA-PEG/shellac dimer NPs amphiphilic.

The dimer structure of PLA-PEG/shellac NPs is confirmed by se-

lectively dissolving the shellac bulb or the PLA-PEG bulb, as shown

in Fig. 1c. For example, by selectively dissolving the PLA-PEG bulb

using ethyl acetate, only the crescent moon-like shellac bulb is left.

In contrast, by selectively dissolving the shellac bulb using alka-

line solution, the aspherical PLA-PEG bulb is observed. In situ EDX

spectra also suggest that the local chemical contents of the PLA-

PEG bulb are different from those of the shellac bulb, as shown

in Figs. S4a and b (Supporting information). In addition, the lo-

cal chemical contents of the PLA-PEG bulb are richer in oxygen

than those of the PLA bulb, suggesting the enrichment of PLA-

PEG on the PLA bulb surface. To further confirm that PLA-PEG se-

lectively decorates the PLA bulb surface, PLA-PEG-FITC/shellac and

PLA-PEG-biotin/shellac dimer NPs are prepared following the same

procedure as PLA-PEG/shellac dimer NPs, as shown in Fig. 1d. In

PLA-PEG/shellac dimer NPs, the shellac bulb has weak fluorescence

while the PLA-PEG bulb shows no fluorescence. When a fluores-
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Fig. 2. Amphiphilic PLA-PEG/shellac dimer NPs with tunable size and shape. (a)

SEM images of dimer NPs prepared with a same concentration of shellac and

PLA (Cshellac =CPLA), while the concentrations of shellac and PLA increase from

2.5mg/mL to 20mg/mL. (b) PLA bulb diameter (DP) and (c) dimer NP diameter

(D) as a function of shellac concentration. Shellac and PLA have a same concen-

tration. (d) SEM images of dimer NPs prepared with a same total concentration

of Cshellac +CPLA =20mg/mL, while the concentration ratio of Cshellac:CPLA increases

from 4:16 to 16:4. (e) Shellac bulb diameter, DS, and (f) PLA bulb diameter, DP, as

a function of shellac concentration. The total concentration of Cshellac +CPLA is kept

constant at 20mg/mL. Data are presented as mean ± standard deviation (SD) (n =
60).

cence group (FITC) is functionalized at the end of PLA-PEG, the

PLA-PEG-FITC bulb shows a clear fluorescence signal around the

bulb surface. In addition, the PLA-PEG-biotin bulb alone has no

fluorescence. When streptavidin-FITC selectively binds to PLA-PEG-

biotin through noncovalent biotin-streptavidin interaction, a clear

fluorescence signal is observed around the PLA bulb surface. These

results suggest that PLA-PEG has successfully and selectively dec-

orated the PLA bulb and different functionality could be imple-

mented on the PLA bulb through the end of PLA-PEG.

Amphiphilic PLA-PEG/shellac dimer NPs possess both a hy-

drophilic PLA-PEG bulb, which prefers the water phase, and a hy-

drophobic shellac bulb, which tends to submerge in the oil phase.

Therefore, the amphiphilic dimer NPs are excellent colloidal sur-

factants to stabilize both oil-in-water and water-in-oil emulsions,

as modeled in Fig. 1e. In contrast to molecule-stabilized emul-

sions, which are susceptible to coalescence and Oswald ripen-

ing, NP-stabilized emulsions possess a long-term stability, due to

the strong anchoring strength of amphiphilic dimer NPs at the

oil/water interface, as shown in Fig. 1f. The amphiphilic dimer NPs

tend to adsorb at the oil/water interface and could stabilize both

water-in-oil and oil-in-water emulsions, as shown in Fig. S5 (Sup-

porting information), where the amphiphilic dimer NPs uniformly

distributed at the interface are directly visualized by fluorescence

confocal microscope due to the weak fluorescence of the shellac

bulb.

The preparation method of amphiphilic PLA-PEG/shellac dimer

NPs is facile and versatile. The NP size and shape could be tailored

by simply tuning the polymer concentration and concentration ra-

tio, respectively, as shown in Figs. 2a and d. When the concentra-

tion ratio of Cshellac:CPLA is 1:1, the shellac bulb is slightly larger

Fig. 3. Amphiphilic PLA-PEG/shellac dimer NPs with tunable shape for controlled

interfacial curvature and emulsion type. (a) Schematics and (b) photographs of

NP-stabilized oil-in-water emulsions when the hydrophilic PLA-PEG bulb is larger

than the hydrophobic shellac bulb. The amphiphilic dimer NPs are prepared us-

ing 4mg/mL shellac and 16mg/mL PLA with 2.5% PLA-PEG. The volume ratio of

water to oil is 1 to 1. (c) Schematics and (d) photographs of NP-stabilized water-

in-oil emulsions when the hydrophobic shellac bulb is larger than the hydrophilic

PLA-PEG bulb. The amphiphilic dimer NPs are prepared using 14mg/mL shellac and

6mg/mL PLA with 2.5% PLA-PEG. The volume ratio of water to oil is 1 to 1. Phase

inversion of (e) NP-stabilized oil-in-water emulsions into (f) water-in-oil emulsions

when Vwater: Voil changes from 1:1 to 1:2. The amphiphilic dimer NPs are prepared

using 10mg/mL shellac and 10mg/mL PLA with 2.5% PLA-PEG.

than the PLA bulb. This is because the crescent moon-like shellac

bulb appears as a cap on the aspherical PLA bulb in each dimer NP.

As the concentrations of shellac and PLA increase from 2.5mg/mL

to 20mg/mL, the PLA bulb diameter, DP, increases from 108nm to

509nm, while the dimer NP diameter, D, increases from 147nm

to 721nm, as summarized in Figs. 2b and c. When the total con-

centration of Cshellac +CPLA is kept constant at 20mg/mL, the shel-

lac bulb diameter (DS) increases from 310nm to 415nm, while the

PLA bulb diameter (DP) decreases from 404nm to 233nm, as the

concentration ratio of Cshellac:CPLA increases from 4:16 to 16:4, as

summarized in Figs. 2e and f.

Inspired by nonionic molecular surfactants, which prefer oil-

in-water/water-in-oil emulsions when their hydrophilic block is

larger/smaller than their hydrophobic block, amphiphilic PLA-

PEG/shellac dimer NPs with tunable shape are also able to control

the interfacial curvature and thus the emulsion type. For example,

when the hydrophilic PLA-PEG bulb is larger than the hydrophobic

shellac bulb, amphiphilic dimer NPs could better fit the oil-in-

water interfacial curvature, thus favoring oil-in-water emulsions,

as modeled in Fig. 3a. In contrast, when the hydrophobic shellac

bulb is larger than the hydrophilic PLA-PEG bulb, water-in-oil

emulsions are better stabilized, as modeled in Fig. 3c. This is

directly proved by the experimental results that when amphiphilic

dimer NPs prepared using 4mg/mL shellac and 16mg/mL PLA with

2.5% PLA-PEG, oil-in-water emulsions are stabilized, as shown in

Fig. 3b. In contrast, when amphiphilic dimer NPs prepared using

14mg/mL shellac and 6mg/mL PLA with 2.5% PLA-PEG, water-

in-oil emulsions are obtained, as shown in Fig. 3d. When the

amphiphilic dimer NPs are prepared using 10mg/mL shellac and

10mg/mL PLA with 2.5% PLA-PEG, the hydrophobic shellac bulb

has a comparable size as the hydrophilic PLA-PEG bulb, and

oil-in-water emulsions are achieved, since the colloidal surfactants

are previously dispersed in the water phase, as shown in Fig. 3e.

Phase inversion of the NP-stabilized oil-in-water emulsions into

water-in-oil emulsions occurs when Vwater:Voil changes from 1:1 to
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Fig. 4. Dependances of emulsion size on homogenization strength and particle con-

centration. (a) Schematics showing the emulsification of oil-in-water emulsions in

the presence of excess colloidal surfactants. The emulsion size decreases as the

homogenization strength increases. (b) Optical microscope images and (c) diam-

eters of NP-stabilized oil-in-water emulsions prepared by different homogeniza-

tion strengths. The concentration of amphiphilic dimer NPs is kept constant at

160mg/mL. (d) Schematics showing the emulsification of oil-in-water emulsions

in the presence of insufficient colloidal surfactants. The emulsion size decreases as

the NP concentration increases. (e) Optical microscope images and (f) diameters of

NP-stabilized oil-in-water emulsions prepared with different NP concentrations. The

homogenization strength is kept constant at 2000 rpm. Data are presented as mean

± standard deviation (SD) (n = 60).

1:2, which is attributed to the catastrophic effect that the volume

of the oil phase is dominant, as shown in Fig. 3f.

The dependences of emulsion size on homogenization strength

and particle concentration are investigated in detail. In the pres-

ence of excess colloidal surfactants, oil-in-water emulsions are

simply sheared into smaller ones as the homogenization strength

increases, as modeled in Fig. 4a. This model is consistent with the

experimental results of the optical microscope images in Fig. 4b

and the measured diameters of NP-stabilized emulsions prepared

by different homogenization strengths in Fig. 4c. Similar results

are also observed when the emulsions are prepared by different

stirring strengths, as shown in Fig. S6 (Supporting information).

When the colloidal surfactants are insufficient and the homoge-

nization strength is strong (e.g., 2000 rpm), the emulsion size de-

creases as the concentration of amphiphilic dimer NPs increases,

as modeled in Fig. 4d. This is because the total interfacial area that

could be covered and stabilized by colloidal surfactants is deter-

mined by the NP concentration. Even though emulsions could be

sheared into smaller ones by strong homogenization strength, they

are not fully covered by colloidal surfactants and will coalesce into

large ones until their surfaces are fully covered. Therefore, the size

of NP-stabilized emulsions is limited by the NP concentration and

Fig. 5. Emulsification and de-emulsification of emulsions stabilized by

temperature-responsive PLA-PNIPAM/shellac dimer NPs. (a) Schematics showing

the reversible change between amphiphilic and hydrophobic PLA-PNIPAM/shellac

NPs upon heating and cooling. (b) Photographs and optical microscope images of

NP-stabilized oil-in-water emulsions emulsified at 25 °C (left), de-emulsified at 42

°C by gentle shaking (middle) and re-emulsified into water-in-oil emulsifications

at 42 °C by vortexing (right). (c) Photographs and optical microscope images of

NP-stabilized water-in-oil emulsions directly emulsified at 42 °C.

they could be sheared into smaller ones when the NP concentra-

tion increases, as shown in Figs. 4e and f.

Amphiphilic PLA-PEG/shellac dimer NPs are excellent colloidal

surfactants. They could stabilize various oil droplets in water

for a long period of time. For example, silicone oil-in-water

emulsions, hexadecane-in-water emulsions and perfluorohexane-

in-water emulsions could all be stabilized by the amphiphilic

dimer NPs. After half year, the emulsions are still stable, as shown

in Fig. S7 (Supporting information).

The strategy of preparing amphiphilic dimer NPs is versatile.

For example, PLA-PNIPAM, which is synthesized following the syn-

thetic route in Fig. S8 (Supporting information) and characterized

by the NMR results in Fig. S9 (Supporting information), is used

to replace PLA-PEG to implement the amphiphilic dimer NPs with

temperature-triggered response. PLA-PNIPAM/shellac NPs are thus

prepared following the same procedure as PLA-PEG/shellac NPs,

and the successful decoration of PLA-PNIPAM on the PLA bulb is

confirmed by the EDX result, as shown in Fig. S4c (Supporting

information). Generally, PNIPAM could reversibly change between

hydrophilic and hydrophobic states upon heating and cooling, as

modeled in Fig. 5a. At room temperature, PNIPAM is hydrophilic,

as suggested by the small water contact angle of 11° (Fig. S3d

in Supporting information), and PLA-PNIPAM/shellac NPs are am-

phiphilic, which is proved by the successful emulsification of oil-

in-water emulsions in the presence of the NPs (left image in Fig.

5b). However, when the temperature increases to 42 °C, which is

above the lower critical solution temperature of PNIPAM, PNIPAM

becomes hydrophobic, as suggested by the increased water con-

tact angle of 52° (Fig. S3e in Supporting information), and PLA-

PNIPAM/shellac NPs become relatively hydrophobic, leading to the

temperature-triggered destabilization of oil-in-water emulsions by

gentle shaking (middle image in Fig. 5b). Since PLA-PNIPAM/shellac

NPs are relatively hydrophobic at 42 °C and prefer to wet the oil

phase, the de-emulsified system could be re-emulsified into water-

in-oil emulsions at 42 °C by vortexing (right image in Fig. 5b). Al-

ternatively, the system could directly be emulsified into water-in-

oil emulsions when initially emulsified at 42 °C (Fig. 5c). Therefore,

the type of emulsions stabilized by PLA-PNIPAM/shellac dimer NPs

strongly depends on the temperature.

PLA-PEG/shellac dimer NPs are biocompatible, since both PLA

and shellac are FDA-approved, and their dispersions in water are

stable over time, as shown in Fig. S10 (Supporting information). To

further demonstrate the biocompatibility of PLA-PEG/shellac dimer

NPs, KPC and HPDE cells are co-cultured with PLA-PEG/shellac

dimer NPs of different concentrations, as shown in Fig. 6a. After 24

h’ co-culture, no significant differences are observed in their cell

viability even when the concentration of PLA-PEG/shellac dimer
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Fig. 6. Biocompatibility and drug delivery performances of PLA-PEG/shellac and

PLA-PEG-FA/shellac dimer NPs. (a) Co-culture of PLA-PEG/shellac dimer NPs with

KPC and HPDE cells, showing good biocompatibility. (b) Mean fluorescent intensity

of KPC cells after 24 h’ co-culture with PLA-PEG/shellac and PLA-PEG-FA/shellac

dimer NPs measured by flow cytometry. (c) Fluorescent confocal microscope images

of KPC cells after 24 h’ co-culture with PLA-PEG/shellac and PLA-PEG-FA/shellac

dimer NPs. The concentrations of PLA-PEG/shellac and PLA-PEG-FA/shellac dimer

NPs are the same of 5 μg/mL. The red signal represents NPs loaded with Nile Red,

while the blue signal represents nuclei stained by DAPI. PLA-PEG/shellac dimer NPs

are prepared using 10mg/mL shellac and 10mg/mL PLA with 2.5% PLA-PEG, while

PLA-PEG-FA/shellac dimer NPs are prepared using 10mg/mL shellac and 10mg/mL

PLA with 2.5% PLA-PEG-FA. ns, not significant. ∗∗∗P < 0.001. Data are presented as

mean ± standard deviation (SD) (n = 3).

NPs is up to 10μg/mL, suggesting a good biocompatibility of the

dimer NPs.

To investigate the performances of the dimer NPs as drug deliv-

ery vehicles, PLA-PEG-FA/shellac dimer NPs are easily prepared fol-

lowing the same procedure as PLA-PEG/shellac NPs, which benefit

from the versatility of the NP preparation method. To character-

ize their cellular uptakes, PLA-PEG/shellac and PLA-PEG-FA/shellac

dimer NPs are labeled by a fluorescent dye, Nile Red, and char-

acterized by flow cytometry and fluorescent confocal microscopy.

Since the FA group at the end of PLA-PEG supplements PLA-PEG-

FA/shellac dimer NPs with a tumor-targeting function, the mean

fluorescent intensity results confirm that PLA-PEG-FA/shellac dimer

NPs have a better drug delivery performance than PLA-PEG/shellac

dimer NPs, as shown in Fig. 6b. In addition, more fluorescent sig-

nals are directly observed under a fluorescent confocal microscope

in KPC cells after 24 h’ co-cultured with PLA-PEG-FA/shellac dimer

NPs, as shown in Fig. 6c.

The strategy of preparing amphiphilic dimer NPs is unique

and has several advantages: (i) The strategy is a green and scal-

able method simply based on one-step co-precipitation and self-

assembly; (ii) NP size and shape could flexibly be tuned by chang-

ing the polymer concentration and concentration ratio, respec-

tively; (iii) Surface functionality could simply be implemented to

the NPs through the end of PLA-PEG; (iv) The method avoids any

additional surface modification; (v) The strategy is versatile and

applicable to different NPs. The developed PLA-PEG/shellac dimer

NPs are biocompatible and amphiphilic and proved to be excellent

colloidal surfactants and drug delivery vehicles.

Biocompatible amphiphilic PLA-PEG/shellac dimer NPs with

tunable particle morphology and surface property are designed

and prepared in a single step based on controlled co-precipitation

and self-assembly. The performances of the amphiphilic dimer NPs

as colloidal surfactants are investigated in detail. The amphiphilic

dimer NPs, mimicking nonionic molecular surfactants, demonstrate

excellent performances in stabilizing oil-in-water and water-in-

oil emulsions. The flexible tuning of NP shape makes it facile to

control the interfacial curvature and emulsion type. To demon-

strate the versatility of the NP preparation method, temperature-

responsive PLA-PNIPAM/shellac dimer NPs are prepared and emul-

sions stabilized by them show temperature-triggered response. In

addition, the flexible tuning of NP shape and property makes it

easy to enhance the cellular uptake to improve the drug delivery

efficiency of PLA-PEG-FA dimer NPs. The developed strategy is thus

green, scalable, facile and versatile, which provides a good platform

for the design of dimer NPs with desired functionality and greatly

facilitates their largescale production and widespread applications.
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