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Abstract  

In nature, the combination of composition, structure, and shape determines the matter's 

functional performance to a large extent. Inspired by which, two electrospun Janus 

nanofiber formulations were created using side-by-side electrospinning in this work. 

Tamoxifen citrate (TAM) was used as a model drug and ethyl cellulose (EC) and 40 

polyvinylpyrrolidone K60 (PVP) as the polymer carrier matrices. The fibers have linear 

cylindrical morphologies and distinct Janus structures by scanning electron microscopy. 

One side of the fibers took a round shape, while the other was crescent-shaped. The drug 

was present in both polymer matrices in the form of amorphous solid dispersions, owing 

to strong intermolecular interactions between drug and polymer. In vitro dissolution tests 45 

demonstrated that both sets of fibers could provide biphasic drug release due to the 

difference in solubility of PVP and EC. The different shape of TAM-EC and TAM-PVP 

side of the Janus structure resulted in a considerable variation in the drug release profiles. 
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The Janus structure with crescent TAM-PVP side and round TAM-EC side gave a more 

rapid burst release in the first phase of release, and slower sustained release in the second 50 

phase. This work thus reports a new strategy for systematically developing advanced 

functional nanomaterials based on both shape- and structure-performance relationships.  
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Side-by-side electrospinning; Janus nanostructure; shape-performance relationship; side 

allocation; biphasic release 55 
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Introduction 

In addition to the components of a substance, its internal structure and outer shape 70 

are essential factors in determining its functional properties. Novel nanostructures 

introduced into the manufacturing of advanced materials enable new science and 

technology (Isaacoff and Brown, 2017; Chen, et al., 2019). During the past several 

decades, numerous efforts have been devoted to the creation of nanostructures for 

developing functional products. In comparison, minimal attention has been paid to the 75 

external shapes of nanomaterials, which plays a vital role in functional performance 

(Mitragotri and Lahann, 2009). Further, few works can be found on developing 

functional nanomaterials by controlling both inner structure and outer shape. However, 

Emerging Janus structures consist of two different regions that can be individually 

designed in terms of both chemical composition and functionality and linked together 80 

and behave as one entity (Han, et al., 2018; Song, et al., 2018). Two compartments of the 

Janus structure can directly interact with the exterior environment compared to other two-

part systems, which enables Janus-structured materials to show even more extraordinary 

function in various kinds of applications.  

Electrospinning is a simple and effective top-down, one-step method to produce 85 

polymer-based nanofibers (Nagy, et al., 2015), particularly polymer-based 

nanostructures (Wang, et al., 2020a; Jiang, et al., 2017; Liao, et al., 2017). While the 

majority of studies in the literature employ the simplest uni-axial setup (using one 

polymer solution to prepare monolithic fibers), it is popular and thrilling to process 
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multiple fluids simultaneously. In recent years, researchers have invested considerable 90 

time and effort in the generation of complex nanostructures using a macro-structured 

spinneret as a template to dispense multiple fluids in an organized manner (Zhu, et al., 

2019; Agarwal, et al., 2008) except the free-surface electrospinning (Bai, et al., 2021; 

Kang, et al., 2021). Besides, superior mechanical and thermal properties of fibers were 

invested by researchers (Jiang, et al., 2020; Yao, et al., 2019). It was even found that 95 

electrospinning can be used to provide superior structure-dependence of polymer fibers 

on uni-axial tensile properties overcoming great conflict between strength and toughness 

(Liao, et al., 2019). The multifluid electrospinning processes reported to date including 

coaxial electrospinning (Moghe and Gupta, 2008), tri-axial electrospinning (Hou, et al., 

2020; Wang, et al., 2020b), modified coaxial/triaxial electrospinning (Ding, et al., 2020), 100 

and side-by-side electrospinning (Zhao, et al., 2021). Using above-mentioned advanced 

processes, fiber diameter, composition, shape, morphology, structure, and 

dimensionality (form 1D to 2D and 3D) can be controlled by adjusting both the solution 

parameters (e.g., polymer molecular weight and concentration) and processing 

parameters (voltage, flow rate, and distance between the spinneret and collector) (Yoon, 105 

et al., 2018; Zhang, et al., 2019; Duan and Greiner, 2019).  

Nanomedicine is a rapidly evolving form of therapy that holds great promise in drug 

delivery and has been remarkably and widely explored in cancer treatments. Ever-

increasing efforts are being devoted to designing complex nanostructures for application 

in new drug delivery systems (DDSs) (Chang, et al., 2020; Labbaf, et al., 2014; Zheng, 110 
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et al., 2020; Ramzy, et al., 2017). Myriad drug-loaded functional nanomaterials that can 

provide precision and personalized therapies have been reported (Ibrahim, et al., 2020; 

Santos, et al., 2018). Thus, nanostructured medicines are gaining more and more clinical 

attention, which is because the nanostructure of the carrier provides new properties and 

can be more potent for targeted therapy of tumors (Kim, et al., 2010). The controlled 115 

release of anti-cancer drugs using nanostructures is expected to provide further clinical 

developments when components, inner structure, and outer shape of the nanomedicine 

are systematically considered. The physicochemical properties of excipients or carrier 

materials (such as lipids and polymers) are frequently exploited to control the drug 

release profile (Chen, et al., 2018; Viviane, et al., 2017; Yu, 2021). For example, water-120 

soluble polymers such as polyvinylpyrrolidone (PVP) can be used to develop immediate 

drug delivery systems. In contrast, water-insoluble polymers such as cellulose acetate 

(CA), can provide sustained release (Aidana et al., 2021). Such work has increasingly 

been performed at the nanoscale to generate new advanced DDSs (Démuth, et al., 2015; 

Grossen, et al., 2017; Li, et al., 2020). However, the influence of the outer shape of 125 

nanostructure is carelessly overlooked，in part because few techniques can be employed 

to manipulate the outer shape at the nanoscale, and fewer can systematically tailor the 

composition, internal structure, and outer shape. The pharmaceutical properties of Janus 

fibers from electrospinning have not been widely explored to date, although their 

potential is prominent. Recently, a hydrophilic Janus nanocomposite DDS for the fast 130 

release of orally administered water-insoluble drugs have proven the very potential 

(Wang, et al., 2018). Still, exploiting Janus structures to prepare complex nanomaterials 
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and accomplish improved functional performance still holds new promises for applied 

and functional materials.  

In this work, a new strategy for developing next-generation functional nanomaterials 135 

using side-by-side electrospinning for which two fluids are ejected from adjacent parallel 

nozzles is reported, systematically considering composition, structure, and shape. 

Tamoxifen (TAM), an adjuvant chemotherapeutic drug used in the treatment of breast 

cancer (Stearns, 2018; Burstein, et al., 2016; Jordan, 2017), was selected as a model drug. 

Precision medicine is highly desired for TAM, to ensure that it quickly reaches a 140 

therapeutic systemic concentration, which is later to maintain for a relatively long period 

(Webster, 2006). Two sets of Janus fibers were prepared with different composition 

allocations in Janus structure. The first consisted of a round TAM-EC side and a crescent 

TAM-PVP side, while the second comprised a round TAM-PVP side and a crescent 

TAM-EC side. The fibers were characterized in detail, and the difference in drug release 145 

profiles were measured to disclose the combination effect of structure-performance and 

shape-performance relationships.  

2. Experimental section 

2.1 Materials  

Tamoxifen citrate was purchased from Sunary Pharmaceutical Corp. (Suzhou, 150 

China). Polyvinylpyrrolidone K60 (PVP K60, Mw=360,000) and ethyl cellulose (EC) 

were obtained from Sigma-Aldrich Corp. (Shanghai, China) and the Aladdin Chemistry 

Co., Ltd. (Shanghai, China), respectively. Analytical grade dichloromethane (DCM) and 
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anhydrous ethanol were bought from the Sinopharm Chemical Reagent Co., Ltd. 

(Shanghai, China). All other chemicals were analytical grade, and water was double 155 

distilled before use. 

2.2 Electrospinning 

Two solutions were prepared for electrospinning. The TAM-PVP solution consisted 

of 8% (w/v) PVP K60 and 2% (w/v) TAM in a mixture of ethanol and DCM with a 

volume ratio of 1:1. The TAM-EC solution comprised 28% (w/v) EC and 3% (w/v) TAM 160 

in a mixture of ethanol and DCM at 1:1 (v/v). For optimizing the experimental conditions, 

two dyes, basic fuchsin and methylene blue, were added into the PVP-TAM side and EC-

TAM side, respectively, at a concentration of 1×10-3 mg/mL.   

Building on progress reported in previous studies (Wang, et al., 2018; Wang, et al., 

2020c), a homemade eccentric spinneret was developed for implementing side-by-side 165 

electrospinning. Two syringe pumps (KDS100 and KDS200, Cole-Parmer, Vernon Hills, 

1L, USA) were employed to drive the working fluids. A power supply (ZGF 60KVZ, 

Sute Corp., Shanghai, China) provided an electric field. A digital camera (PowerShot 

A490, Canon, Tokyo, Japan) was used to capture the working processes. Four kinds of 

fibers were electrospun. The monolithic F1 and F2 formulations were collected at a flow 170 

rate of 1.0 mL/h, while the Janus fibers F3 and F4 were fabricated with a flow rate of 1.0 

mL/h for both sides. The voltages lay between 12 to 15 kV. 

2.3 Morphology 
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Scanning electron microscopy (SEM; Quanta 450 FEG instrument, FEI, Hillsboro, 

OR, USA) was used for evaluating the nanofibers’ morphology. Before SEM study, the 175 

samples were coated with a gold sputter. Transmission electron microscopy (TEM; 

Hitachi H-800 instrument, Tokyo, Japan) was used to probe the internal structure of F3 

and F4. 

2.4 Physical Status 

X-ray diffraction (XRD, D/Max-BR, Rigaku, Japan) was carried out over the 2θ 180 

range from 10° to 60°. The diffractometer was supplied with Cu Kα radiation at 40 kV 

and 30 mA. Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra 

were collected on a Nicolet IS10 Instrument (Madison, WI, USA). Experiments were 

performed in the range 500-4000 cm-1 with a resolution of 2 cm-1. Differential scanning 

calorimetry (DSC; Q200 calorimeter, TA Instruments, Billerica, MA, USA) was 185 

performed with 10 mg of each sample being heated from 0 to 250 ℃ at a rate of 

10 ℃/min under a purge of nitrogen gas at a flow rate of 10 mL/min. 

2.5 In vitro dissolution tests 

Drug release properties were conducted according to the Chinese Pharmacopoeia 

(2015 EDN) Method II. A paddle method was employed using a constant temperature 190 

oscillating incubator apparatus (THZ312, Jinghong Instrument Co., Ltd., Shanghai, 

China). 200 mg of TAM-loaded nanofibers were placed into 600 ml of 0.01 N HCl for 1 

h, and later 0.24 g sodium hydroxide was added to the dissolution medium to adjust its 

pH value to 7.0. All experiments were undertaken at a fixed temperature of 37 ± 1 °C, 
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with stirring at 60 rpm and under sink conditions of C < 0.2 Cs. At constant time points, 195 

5.0 mL of the release medium was withdrawn from the dissolution medium and replaced 

with fresh pre-heated medium corresponding to the dissolution medium at different time 

points to maintain a constant volume. After filtration through a 0.22-μm filter, all samples 

were analyzed at λmax = 278 nm using a UV/vis spectrophotometer (UV-1101II, Tianmei 

Instrument Co., Ltd, Shanghai, China). Experiments were carried out six times, and the 200 

actual cumulative percentage of drug released from the electrospun fibers was calculated 

using a predetermined calibration curve (Equation 1) (Wang, et al., 2020c). 
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where V0 refers to the volume of the dissolution medium (600 mL), V is the volume 

of the withdrawn sample (5 mL), Q0 is the theoretical amount of TAM in each fiber (mg), 205 

ρn is the drug concentration determined in the nth aliquot (mg L-1), and ρi is the drug 

concentration in the ith aliquot (mg L-1). 

3. Results and Discussion 

3.1. Side-by-side electrospinning and the eccentric spinneret 

A diagram of a typical side-by-side electrospinning system is presented in Fig. 1a. 210 

The system can be employed to carry out both single and side-by-side electrospinning. It 

consists of four key components: high-voltage power supply, two syringe pumps, a 

collector, and a spinneret (Li, et al., 2017). A homemade spinneret was employed here 

to provide a template for Janus fibers producing. While in the coaxial process, the key 
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interactions are those between the electric field force and the charged fluid (Du, et al., 215 

2018; Cheng, et al., 2019), in the side-by-side process, the electric field force has a 

significant effect on both fluids simultaneously, which makes the implementation of side-

by-side electrospinning more challenging than the coaxial process. 

Before producing Janus fibers, monolithic fibers consisting of PVP(TAM) (F1) and 

EC(TAM) (F2) were prepared. The monolithic fibers were undertaken using the same 220 

spinneret with one of the syringe pumps being turned off. To estimate the effect of side 

allocation for final fiber-forming, two types of Janus fibers, F3 and F4, were then 

prepared (Table 1). 

Traditionally, the spinneret consisting of two parallel capillaries has been used to 

produce Janus fibers. However, this kind of spinneret often fails to create integrated 225 

Janus structures. When the two working fluids are extruded from the nozzle, they bear 

the same amount of electric charges, which inevitably results in electric repulsion 

between them. Combined with their small contact area, they begin to separate from each 

other. It is believed to be the main reason that the publications of Janus fibers are 

substantially fewer than those of core-sheath fibers.    230 

The spinneret (Figs. 1b and 1c) used in this work is made up of three needles, which 

are 32G (with outer/inner diameters of 0.28/0.11 mm), 21G (0.81/0.51 mm), and 16G 

(1.51/1.19 mm). Compared to a parallel-capillary spinneret, this arrangement has three 

advantages: 1) its nozzle provides a continuous and full charged surface around the outer 

metal capillary, which is useful for eliminating the repulsive forces between two fluids; 235 
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2) two working fluids have an enlarged contact area, which helps to prevent fluid 

separation; 3) the round nozzle is slightly beyond the crescent nozzle (by about 0.2 mm; 

Fig. 1d), which is helpful for preventing possible diffusion between two working fluids. 

In contrast, in the parallel-capillary spinneret, the two nozzles must be at the same length; 

otherwise, the repulsion between the two fluids will be increased.   240 

 

Fig. 1. Electrospinning system. (a) A schematic of the electrospinning system for 

producing nanofibers F1 to F4. (b) Sketch map about the inner structure of homemade 

spinneret. (c) The overview digital photo of the spinneret. (d) The digital photo of the 

spinneret nozzle. 245 

 

Four different sorts of nanofibers, including two types of monolithic fibers, namely 

F1 (TAM-PVP) and F2 (TAM-EC) and two types of Janus fibers, namely F3 (round 

TAM-EC side, crescent TAM-PVP side) and F4 (round TAM-PVP side, crescent TAM-

EC side) (Table 1), were prepared using the homemade apparatus (Fig. 1b). Shown in 250 

Fig. 1c, the syringe containing the side fluid for forming the round side (TAM-EC in F3) 

was directly inserted into the eccentric spinneret, and was fixed on the syringe pump. 

The other for forming the crescent side (TAM-PVP in F3) was guided to the eccentric 

spinneret through a silica tubing. The high voltage was conveyed to the spinneret through 

an alligator clip. An aluminum foil was grounded to collect the nanofibers. After the 255 

completion of the installation, the whole system was ready to conduct electrospinning 

process. The high-voltage power supply could be turned on and gradually increased until 
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fibers formed. Digital pictures of the working processes and different Taylor cones can 

be observed through a camera at a 12× magnification.  

Table 1 Details the electrospinning processes 260 

No. Process 

Composition Flow rate (mL/h) 

Round a Crescent b Round a Crescent b 

F1 Single -- PVP+TAM -- 1.0 

F2 Single EC+TAM -- 1.0 -- 

F3 Side-by-side EC+TAM PVP +TAM 1.0 1.0 

F4 Side-by-side PVP+TAM EC+TAM 1.0 1.0 

a This solution is made up of 8% (w/v) PVP K60 and 2% (w/v) TAM in a mixture of 

ethanol and dichloromethane (1:1, v/v).  

b This solution comprises 28% w/v EC and 3% w/v TAM in a mixture of ethanol and 

dichloromethane (1:1, v/v). 

 265 

The electrospinning system is shown in Fig. 2a, and Fig. 2b gives an enlarged image 

showing the connection of the spinneret with the working fluids and power supply. When 

preparing the monolithic fibers F1, the pump connected to round nozzle was switched 

off, as exhibited in Fig. 2c. The resultant electrospinning process involved a typical 

Taylor cone, straight fluid jet, and an unstably bending and whipping region. The Taylor 270 

cone had a red color due to the presence of a small amount of basic fuchsin (110-3 

mg/mL) in the solution for clear observation. A typical process for generating the EC-

TAM fibers F2 with the pump connected to crescent nozzle being turned off is shown in 

Fig. 2d. Here methylene blue (110-3 mg/mL) was added to aid visualization of the 
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process. Still, a Taylor cone was seen, followed by a straight fluid jet and an unstable 275 

region, and the whole process terminated with the deposition of solid fibers on the 

collector. In this case, however, semi-solid substances were seen to be formed around the 

nozzle, resulting in frequent clogging of the spinneret. 

When the two side fluids were extruded from side-by-side nozzles simultaneously 

for preparing Janus fibers F3, a typical side-by-side electrospinning process could be 280 

observed in Fig. 2e. A compound Taylor cone was exhibited in the bottom inset of Fig. 

2e with the inclusion of dyes permitting easy visualization. The two side fluids were 

swapped to prepare the Janus fibers F4 (Table 1 and Fig. S1 in the Supporting 

Information). While PVP-TAM solution could be easily spun independently, clogging of 

the spinneret was seen when the EC-TAM solution was extruded only from the crescent-285 

shaped nozzle.  

 

Fig. 2. Implementation of the electrospinning: (a) The homemade electrospinning system. 

(b) The connection of the spinneret with the working fluids and power supply. (c) Single-

fluid electrospinning for preparing F1 using the crescent-shaped nozzle. (d) Single-fluid 290 

electrospinning of F2 using the round nozzle. (e) Side-by-side spinning for creating the 

Janus F3 nanofibers. 

 

The clogging of the nozzle is a frequent phenomenon in electrospinning, particularly 

when solutions containing natural polymers in volatile solvents utilized. In this study, the 295 

EC-TAM solution clogged both the round and crescent nozzle of the spinneret when it 

was subjected to single-fluid electrospinning process (Fig. S2 in the Supporting 
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Information). Manual removal of the semi-solid blocks on the spinneret was required to 

generate monolithic EC-TAM nanofibers. However, when the EC-TAM solution was 

processed simultaneously with PVP-TAM using the eccentric spinneret, no blocking of 300 

the spinneret was noted. The side-by-side electrospinning process was always robust and 

ran continuously. The PVP-TAM solution thus played an essential role in ensuring the 

smooth preparation of fibers F3 and F4. 

3.2. Morphology and Janus structure 

The scanning electron microscopy (SEM) images in Figs. 3a to 3d reveal that all the 305 

fibers have a linear shape and smooth surfaces. All four sets of fibers, including the fibers 

F1 composed of PVP and TAM (Fig. 3a) and generated from crescent nozzle, are 

cylindrical. It is to be expected that the fibers F2 composed of EC and TAM (Fig. 3b) 

and generated from the round nozzle have a cylindrical shape (Fig. S3b in the Supporting 

Information). Similarly, it is anticipated for F3 (Fig. 3c) and F4 (Fig. 3d), both of which 310 

were produced using the whole spinneret. It suggests that the shape of the spinneret 

nozzles have little influence on the shape of the resultant nanofibers during single-fluid 

electrospinning process. When the working fluids are dispensed from the crescent-

shaped nozzle, the fluid will quickly change its crescent shape to a cylindrical shape to 

form the initial Taylor cone, as a result of surface tension and surface charge repulsion.  315 

The ImageJ software was employed to estimate the average diameter and size 

distribution of the fibers (over 100 different measurements in SEM images). The results 

showed that fibers F1, F2, F3, and F4 had an average diameter of 336 ± 56 nm, 324 ± 73 
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nm, 579 ± 77 nm, and 816 ± 113 nm, respectively. It is obvious that, despite quite little 

influence on shape of monolithic fibers from spinneret nozzles, EC as a polymer matrix 320 

has a relatively smaller average diameter than PVP. And EC solution had a much higher 

polymer concentration, when in side-by-side electrospinning, the diameter could be 

shifted under different solvent evaporation rates caused by surface area in Taylor cone. 

When evaporation rate is high enabled by larger surface area, retarding the exhaustion of 

the solvent in the middle of the fluid jets and creating a relatively low-density internal 325 

structure and bigger diameter. F4 that PVP in round nozzle and EC in crescent nozzle 

had a much bigger average diameter than F3 that EC in round nozzle and PVP in crescent 

nozzle for the larger cross-sectional area of crescent nozzle. After exchanging nozzles, 

monolithic nanofibers consisting of PVP-TAM and EC-TAM prepared from the round 

and crescent nozzle had an estimated diameter of 319 ± 58 nm and 315 ± 67 nm, 330 

respectively. SEM images are shown in Fig. S3 in the Supporting Information.  

TEM images of F3 and F4 are presented in Fig. 3. Both formulations have a clear 

Janus structure, with the crescent side having a lighter contrast than the round side. The 

round side of EC-TAM in fibers F3 is approximately 420 nm in size, and the crescent 

PVP-TAM side around 158 nm. For fibers F4, the PVP-TAM round size is about 559 335 

nm, and the crescent EC-TAM side is ca. 257 nm. The bright field in TEM images results 

from three aspects: composition with high molecular weight, high density, and thickness. 

The reasons for the crescent side always having a lighter gray shade than the round side 

when observed is expected to be that it had a smaller thickness and also likely a reduced 
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density owing to rapid evaporation of solvent because of the larger surface area on this 340 

side of the Taylor cone.    

 

Fig. 3. SEM images of fibers F1to F4 and their diameter distributions: (a) F1; (b) F2; (c) 

F3; and (d) F4; TEM images of (e) F3; (f) F4. 

 345 

 

 

 

3.3. Physical state and compatibility  

In the X-ray diffraction (XRD) patterns, raw TAM shows sharp Bragg reflections 350 

owing to the crystalline nature of the pure drug. In contrast, XRD patterns of PVP and 

EC both exhibit a diffuse background with two diffraction halos, indicating that both are 

amorphous polymers (Fig. 4a). It is clear that all the drug-loaded fibers, whether from 

single-fluid electrospinning (F1 and F2) or side-by-side electrospinning (F3 and F4), 

display no Bragg reflections in their patterns, but rather broad halos. TAM has thus been 355 

imbedding into monolithic (F1 and F2) and Janus nanofibers (F3 and F4) in the form of 

an amorphous solid dispersion.      

 

Fig. 4. Physical state and compatibility data: (a) XRD patterns; (b) DSC curves (exo up); 

and (c) FTIR spectra and molecular structures. 360 
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DSC data for the raw materials and fibers are presented in Fig. 4b. The crystalline 

TAM shows a sharp peak at 148.2 ℃, corresponding to its melting point. The two 

polymers, PVP K60 and EC, exhibit no melting events. PVP K60 has a broad 

endothermic peak resulted from dehydration at between ca. 50 and 150 ºC, in addition to 365 

glass transitions at 98.5 ºC. None of the fibers shows any melting endotherm, indicating 

that TAM was fully converted into amorphous nanocomposites. Only water loss 

endotherm and glass transition temperatures can be seen in the traces. These results 

concur with those from XRD.    

To probe the stability of the nanofibers, it is vital to explore the compatibility 370 

between the drug and the polymer matrices. FTIR spectra were thus collected to examine 

possible secondary interactions between the fiber components, and are shown in Fig. 4c. 

The raw materials TAM, EC, and PVP have characteristic peaks at 1740 cm-1 (stretching 

of -C=O), 1063 cm-1 (stretching vibration of -O- of C-O-C), and 1662 cm-1 (-C=O 

stretching), respectively. However, no characteristic peak from TAM at 1740 cm-1 can 375 

be seen in the spectra in any of the fibers. This phenomenon indicates that TAM 

molecules have formed hydrogen bonds with PVP or EC molecules. There are both -OH 

and -C=O groups in a TAM molecule. Thus, it can act as both an electron acceptor and 

a donor for forming hydrogen bonds (Fig. 4c). Besides, other secondary interactions such 

as hydrophobic interactions (e.g., between the benzene rings in TAM with the pyrrole 380 

rings in PVP or alkyl groups in EC) can enhance drug-polymer compatibility, and thus 

the physical stability of the nanofibers.  
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3.4. In vitro drug release profiles 

To determine which side of the Janus structure dissolves first, a simple dissolution 

experiment was conducted. The Janus fibers were briefly placed into water, and then the 385 

residual sections were dried and sampled for SEM analysis. They were verified to be 

cylindrical in the case of F3 (Fig. 5a) and flat of F4 (Fig. 5b). Dissolution experiments 

were also carried out on Janus nanofibers produced from the dye-loaded solutions. Which 

side of the Janus structure dissolves first can be determined according to the color of the 

dissolution medium after removing the residual fiber mats. As shown in Fig. S4 in the 390 

Supporting Information, the TAM-PVP side of the fibers (containing the red dye basic 

fuchsin) always dissolved first, making the dissolution media have a slightly red color, 

regardless of whether it located in the round or crescent side of the Janus fiber. It is as 

anticipated owing to the high solubility of PVP. 

 395 

Fig. 5. SEM images of the residual sections of the fiber mats after the dissolution of the 

PVP compartment: (a) F3; (b) F4; In vitro drug release and the shape-action relationship: 

(c) In vitro dissolution profiles of full-time range with an inset picture about the first 

60min. (d) Comparisons between F3 and F4 about the specific percentage points. (e) A 

diagram showing the shape-action relationship for manipulating drug sustained-release 400 

behaviors. 

 

Dissolution test results are exhibited in Figs. 5c to 5e. As would be anticipated, the 

fibers F1 composed of PVP and TAM showed a very rapid burst release, with 98.5 ± 1.5% 

of the loaded drug being freed into the dissolution media within 1 h. In contrast, F2 405 

composed of TAM and EC showed sustained release profile. After 1h, 31.6 ± 5.7% of 
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the TAM payload was released, with 99.8 ± 5.6% TAM being freed into dissolution 

media after 48 h (Fig. 5c). 

The Janus nanofibers F3 and F4 both showed biphasic drug release profiles. As 

shown in the inset of Fig. 5c, the release percentages for F3 and F4 in the first 1 minute 410 

were 38.1 ± 6.3% and 33.4 ± 4.5%, respectively. The theoretical drug content in the PVP-

TAM side was 40% of the total drug payload. Approximately 2.0 and 5.0 minutes were 

needed to release 40% of drug content for Janus fibers F3 and F4, respectively (Fig. 5d). 

Thus, the F3 system showed a faster initial release than F4. The crescent shape of the 

PVP-TAM side in F3 therefore offered advantages over the round shape in F4. The 415 

crescent shape had both a larger surface area and a reduced thickness, making it easier 

for the PVP to absorb water, swell, disentangle, and to dissolve into water, thereby 

freeing the incorporated TAM molecules.    

After one hour of dissolution, 49.8 ± 5.8% and 59.3 ± 5.7% of the loaded drug was 

released from F3 and F4 (inset of Fig. 5c). During the electrospinning processes, the 420 

diffusion of drug molecules from one side to the other side can be neglected owing to the 

very rapid drying process of electrospinning. Given that 40% of the drug was loaded in 

the PVP side of the fibers, which indicated that 9.8% (49.8%-40%) of the loaded TAM 

was released from the round EC-TAM side of fibers F3, and 19.3% (59.3%-40%) from 

the crescent side of fibers F4. It hence suggested that a round shape could provide a 425 

slower release. The time taken to release 60%, 80%, and 95% of the loaded drug from 

fibers F3/F4 were 1.8/1.0, 4.1/3.0, and18.0/10.9 h (Fig. 5d). These values all indicated 
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that the round shape of the EC-TAM compartment in F3 could provide a slower release 

profile than the crescent shape in F4. 

To probe the drug release mechanisms from fibers F2 and the EC-TAM side of 430 

fibers F3 and F4, the Peppas equation (Peppas, 1985) (2) was used to analyze the 

experimental data.   

Mt/M∞=ktn      (Eq. 2) 

Where Mt/M∞ is the accumulative drug released fraction at time t, t is the release 

time, k is the release rate constant, and n is the diffusion index of the drug release. The 435 

curves were fitted as F2: Mt/M∞=0.34t0.38(R2=0.9857), the round side of fibers F3: 

Mt/M∞=0.22t0.38 (R2=0.9517), the crescent side of fibers F4: Mt/M∞=0.31t0.24 

(R2=0.9849), respectively. The value of the diffusion index n for F2 was smaller than the 

critical value of 0.45, suggested that the fibers F2 release the drug through a typical 

Fickian diffusion mechanism. And the fitting results showed that the n values for the EC-440 

TAM side of fibers F3 and F4 were 0.38 and 0.24, respectively. They both are smaller 

than 0.45, suggesting that the drug was released still through the typical Fickian diffusion 

mechanism. It indicated that the shape of EC-TAM side had no influence on the drug 

diffusion release mechanism. Still, it generated considerable effects on the drug release 

behaviors and general release profiles through a special shape-performance relationship.    445 

Polymers have long been vital in pharmaceutics. Most traditional dosage forms rely 

solely on the polymer properties to manipulate the drug release. In the new era of 

nanomedicine, however, complex nanostructures can be used to develop novel advanced 
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DDSs. Here, as shown in Fig. 5e, Janus structures containing soluble PVP and insoluble 

EC can integrate the functional performance of monolithic PVP and EC nanofibers to 450 

yield a biphasic drug release profile.      

However, the core-shell nanofibers, regardless of the core or shell components, often 

have an inevitable round shape on their cross-sections. Here, based on the Janus 

nanostructures, the two sides' shape can be facilely manipulated. In the present work, the 

round and crescent shape are combined as the two sides of the electrospun Janus fibers. 455 

For the fast release of drug from soluble polymer, the crescent shape has its advantage 

over the round shape. While for drug sustained release through a diffusion mechanism, 

the round shape is better than the crescent shape. It is because that the round shape has 

the smallest surface area in all of shapes, and the drug molecules loaded in the drug-

polymer composite always take the shortest way to diffuse into the dissolution medium. 460 

For example, a route through “A” is an easier route possibly for drug molecule release 

than the “B” route in the crescent shape in Fig. 5e. Thus, based on the structure-

performance relationship, the Janus fibers F3 combines advantageous crescent PVP-

TAM side and round EC-TAM side, and correspondingly, they exhibited a better shape-

performance relationship than F4.  465 

4. Conclusions 

Two sets of Janus fibers have been prepared in this work, containing tamoxifen 

(TAM) as a pharmaceutical active ingredient, and with polyvinylpyrrolidone (PVP) and 

ethyl cellulose (EC) being the polymer matrices for the two sides. The fibers had linear 
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and cylindrical morphologies with smooth surfaces and a Janus structure, as 470 

demonstrated by SEM and TEM. The two sides of the fiber have different shapes, with 

one being crescent and the other round. XRD and DSC results verified that the fibers 

comprised amorphous solid dispersions of the drug in the polymers, while FTIR 

spectroscopy indicated that TAM has good compatibility with both polymers. The shapes 

of the sides had a distinct effect on functional performance. The F3 fibers, composed of 475 

a crescent PVP-TAM side and a round EC-TAM side, were able to provide a faster initial 

release and then a slower sustained release than the F4 system (consisting of round PVP-

TAM side and crescent EC-TAM side). Composition, structure, and shape are clearly all 

critical elements for designing functional nanomaterials. The protocols reported here 

provide an example of how to combine these elements to develop advanced medical 480 

nanomaterials with precisely tailored functional performance.  
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