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Graphical Abstract 

Alginate-based complex fibers with the Janus morphology were generated using a 

one-pot method and were shown to demonstrate the capacity of enabling the release 

profile of each of the co-delivered drugs to be precisely manipulated.   

 

 

Abstract 

Hydrogels are soft materials consisting of a three-dimensional network of polymer 

chains. Over the years, hydrogels with different compositions have been developed as 

drug carriers for diverse biomedical applications, ranging from cancer therapy and 

wound care to the treatment of neurodegenerative and inflammatory conditions. Most 

of these carriers, however, are designed only to deliver single agents. Carriers based 

on hydrogels for enabling co-delivery of multiple agents, with the release rate of each 

of the co-delivered agents to be tuned individually, are lacking. This study reports a 

one-pot method of fabricating alginate-based complex fibers with the Janus 

morphology, with carboxymethyl cellulose sodium as a polymeric modifier of the 

properties of each of the fiber compartments. By using malachite green and 

minocycline hydrochloride as model drugs, the generated fibers demonstrate the 

capacity of enabling the release profile of each of the co-delivered drugs to be 

precisely controlled. Along with their negligible toxicity and the retention of the 
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activity of the loaded drugs, the complex fibers reported in this study warrant further 

development and optimization for applications that involve co-delivery of multiple 

agents. 
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Janus morphology; Complex fiber; Tunable release profiles; Co-delivery; Controlled 

release 
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1. Introduction 

Hydrogels are soft materials that have been widely studied in the literature as drug 

carriers for diverse biomedical applications, ranging from cancer therapy [1] and 

wound care [2] to the treatment of neurodegenerative [3] and inflammatory conditions 

[4]. Among different polymers exploited for hydrogel fabrication, carbohydrate 

polymers (e.g., alginic acid, chitosan, dextran, cellulose and starch) have gained 

special interest, partly owing to their high biocompatibility and abundance in nature. 

Over the years, different gel-based systems have been fabricated by using these 

polymers for biomedical use [5-10]. For example, the gel formed from a blend of 

chitosan and carboxymethyl cellulose sodium (CMC-Na) has been utilized for 

cutaneous administration of vitamin E to protect the skin from UV damage and to 

achieve moisturizing effects [11]. Nanoparticles have also been generated via 

polyelectrolyte complexation of sodium alginate (Na-Alg) with 

poly(ethylenimine)-graft-polysorbate [12]. The nanoparticles show responsiveness to 

the ionic strength of the surrounding medium, and enable controlled delivery of 

protein drugs. More recently, with the use of poloxamer407 (P407) and CMC-Na, the 

development of a composite gel has been reported for the delivery of the Cortex 

Moutan extract [13]. The extract-loaded gel has been used in transdermal 

functionalized textile therapy for the treatment of atopic dermatitis [13]. Not only 

have all these advances evidenced the promising potential of carbohydrate polymers 

in drug delivery, but they have also enhanced the effectiveness and bioavailability of 

therapeutic agents in practice. 

Na-Alg is one of the carbohydrate polymers that have received intense attention in 

biomedical research [14, 15]. It is a naturally occurring polysaccharide consisting of 

guluronic (G) and mannuronic (M) acid residues [16, 17], with the G-blocks and 
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M-blocks interspersed within regions of alternating structures [16, 18]. As drug 

carriers, Alg-based materials can be fabricated in multiple forms, ranging from 

nanoparticles to fibers [12, 19]. The latter has attracted particular interest because 

fibers cannot only carry drug molecules but may also serve as building blocks to 

generate scaffolds to allow the adherence, proliferation and differentiation of cells in 

the treatment of pathological or injured tissues [19-22]. Despite this promising 

potential and similar to the case of other drug carriers, Alg-based fibers documented 

in the literature have been reported predominately for delivery of single agents till 

now [23-26]. As a matter of fact, while the “single molecule, single target, and single 

drug" approach dominates for most of the 20th century [27], multi-drug therapy has 

gained increasing attention due to its potential of boosting the therapeutic efficiency 

beyond that of a single drug [28-30]. Although few efforts in the literature have 

attempted to mix and load different drugs into a single system (ranging from 

polymeric micelles [31, 32] and metal-organic frameworks [33] to hydrogels [34, 35]) 

for co-delivery of multiple drugs, most of these efforts fail to enable precise 

manipulation of the release rate of each of the co-delivered drugs because changing 

the release sustainability of the system for one drug leads to changes in the release 

profile of the other. This limits the possibility of co-delivering therapeutic agents that 

show different desired release kinetic patterns. To address this need, this study reports 

a one-pot method of generating alginate-based complex fibers with the Janus 

morphology, with CMC-Na as a polymeric modifier of the properties of each of the 

fiber compartments. The generated fibers show high biocompatibility, and are 

applicable to applications in which co-delivery of multiple drugs at individual release 

rates is required.  

2. Materials and methods  
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2.1. Materials   

CMC-Na (average Mw ≈ 10 kDa, degree of substitution = 0.7), minocycline 

hydrochloride (MH), and malachite green (MG) were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). Na-Alg (40-90 mPa·s in 1% aqueous solution, M/G ratio of 

2.05, Mw = 16-34 kDa) was purchased from Fisher Scientific Co. (Pittsburgh, PA). 

Calcium chloride (CaCl2) was purchased from Macklin (Shanghai, China). Dulbecco's 

Modified Eagle's Medium (DMEM; Gibco, Grand Island), fetal bovine serum (FBS, 

Hangzhou Sijiqing Biological Engineering Materials Co., China) and penicillin 

G-streptomycin sulfate (Life Technologies Corporation. USA) were adopted as the 

cell culture medium. Trypsin-EDTA (0.25% trypsin-EDTA) was purchased from 

Invitrogen (Carlsbad, CA, USA). 

2.2. Fabrication of complex fibers with the Janus morphology 

A syringe barrel having two chambers located side by side was designed and adopted 

for the generation of Janus fibers. Each chamber was filled with an aqueous solution 

containing appropriate amounts of Na-Alg, CMC-Na and a drug model. The 

Na-Alg/CMC-Na blend was designated as AxCy, with the mass-to-mass ratio of 

Na-Alg and CMC-Na being x/y. A syringe pump was used to push the two-piece 

plunger rod, in which a rubber piston was attached to the end of each piece, to eject 

the solutions from the dual-barrel syringe into a collection bath containing a 10% (w/v) 

solution of CaCl2. The diameter of the generated fiber was controlled by changing the 

size of the syringe nozzle adopted. The Janus fibers were collected after 10 min of 

gelation at ambient conditions in the collection bath, and were sterilized by UV 

irradiation. The same procedure was adopted to generate fibers with a homogenous 

composition by loading the two barrels of the syringe with the same polymer solution. 

The composition of the complex fiber was designated as C-AxCy, with the 
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mass-to-mass ratio of Na-Alg and CMC-Na being x/y. 

2.3 Thermogravimetric analysis (TGA) 

TGA profiles of Na-Alg, CMC-Na, and C-A1C3 were obtained using a Q50 TGA 

analyzer (TA Instruments, New Castle, Delaware, USA) equipped with platinum pans. 

The profiles were collected in an inert atmosphere of nitrogen from 40 to 600 
o
C. The 

heating rate was uniform at 10 
o
C/min throughout analysis. 

2.4 Scanning electron microscopy (SEM)  

The microstructure of the lyophilized fiber was examined using a JEOL JSM-6380 

microscope (Tokyo, Japan) operated at an accelerating voltage of 10 kV. Before SEM 

analysis, the sample was sputter-coated with gold. 

2.5 Evaluation of the mechanical and rheological properties 

Tensile tests were conducted under strain control at a rate of 0.1 mm/s using an in situ 

bidirectional tension-compression testing system (IBTC-300). Viscosity parameters of 

Na-Alg/CMC-Na blends with different mass-to-mass ratios of Na-Alg and CMC-Na 

was measured using Brookfield DV-III Ultra programmable rheometer (Brookfield 

Engineering Laboratories Inc., Middleboro, MA, USA) with spindles (CP-40). 

Measurements were performed at different shear rates at ambient conditions, with the 

equilibration time at every shear rate being 15 s. Viscoelastic properties of the blends, 

before and after gelation, were examined in the frequency range from 0.1 to 100 rad/s. 

The storage modulus (G’) and loss modulus (G’’) were determined.  

2.6 Determination of the swelling capacity 

0.05 g of a lyophilized complex fiber was immersed in 100 ml of simulated body fluid. 

At a pre-set time interval, the fiber was retrieved by centrifugation for 5 min at a 

relative centrifugal force of 4000 × g, followed by the removal of the supernatant. The 

water absorption ratio (WAR) and water content of the fiber were calculated using the 
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following formulae:  

d

ds

m

mm
WAR


                                                      (1) 
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contentWater                                      (2) 

Where ms and md represent the mass of the swollen fiber and the mass of the dried 

fiber, respectively. 

2.7 Cytotoxicity assay 

3T3 mouse fibroblasts and HEK293 cells were cultured in DMEM supplemented with 

10% FBS, 100 UI/ml penicillin, 100 μg/ml streptomycin, and 2 mM L-glutamine. 24 

h before the assay, cells were seeded in a 96-well plate at an initial density of 5000 

cells per well, and were incubated under a humidified atmosphere of 5% CO2 at 37 °C. 

During the assay, polymer solutions with different concentrations were prepared by 

dissolving appropriate amounts of Na-Alg (or CMC-Na) in the fresh cell culture 

medium. The growth medium in each well was replaced with 100 µL of the polymer 

solution. After 5-h incubation at 37 °C, the polymer solution was replaced with the 

fresh growth medium. The CellTiter 96 AQueous non-radioactive cell proliferation 

assay (MTS assay; Promega Corp., Madison, WI) was performed, according to the 

manufacturer's instructions, either immediately or after 24 h of post-treatment 

incubation. Apart from using the MTS assay, changes in cell proliferation upon 5-h 

treatment with the polymer solution, with or without subsequent 24 h of 

post-treatment incubation, were examined by counting the number of viable cells 

using a CASY Cell Counter and analyzer system (Casy Roche Innovativs model TT, 

Reutlingen, Germany). 

2.8 Determination of the hemolytic activity 

Female New Zealand White rabbits were purchased from Guangdong Medical 
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Laboratory Animal Center (Guangzhou, China). During assay, blood was collected 

from the marginal ear vein into a heparin-containing tube, followed by centrifugation at 

2000 × g for 10 min at 4 °C. All procedures were approved by the Ethical Committee 

of the Hong Kong Polytechnic University. The collected erythrocytes were washed 

with PBS (pH   7.4) until the supernatant was colorless. An appropriate amount of a 

lyophilized complex fiber was ground in PBS using mortar and pestle, and the solution 

obtained was filtered before use. Erythrocytes were added to the filtrate until a final 

concentration of 8% (v/v) was attained. After incubation at 37°C for one h, the mixture 

was centrifuged at 2000 × g for 15 min. The absorbance of the supernatant was 

recorded at 414 nm. The extent of hemolysis in PBS and 0.1% Triton X-100 was 

defined as 0% and 100%, respectively.  

2.9 Determination of the drug encapsulation efficiency 

Complex fibers loaded with a model drug were generated as usual. The CaCl2 solution 

was collected from the collection bath. The concentrations of MG and MH in the 

solution were determined at 617 nm and 350 nm, respectively, using a UV/Vis 

spectrophotometer (Varian, Inc., USA). The encapsulation efficiency (EE) was 

calculated using the following equation: 

%100(%) 




T

FT

m

mm
EE                                               (3) 

where mT is the total mass of the drug added during the drug loading process, and mF 

is the mass of the drug remained in the collection bath.  

2.10 Drug release evaluation 

After fabrication and lyophilization of a drug-loaded complex fiber, 20 ml of 

simulated body fluid was added to the fiber. At a pre-set time interval, 0.2 ml of the 

buffer solution was removed for testing, and was replaced with 0.2 ml of simulated 

body fluid. The amount of the drug released from the fiber was determined using a 
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UV/Vis spectrophotometer (Varian, Inc., USA). The cumulative percentage of drug 

release was calculated using the following formula:  

%100(%)
0









m

m

releasedrugCumulative

t

t

t

                               (4) 

Where mt is the mass of the drug released from the fiber at time t, and m∞ is the mass 

of the drug loaded into the fiber. 

2.11 Antibacterial test 

An aqueous solution containing appropriate amounts of Na-Alg, CMC-Na, and MH 

was poured into a collection bath containing a 10% (w/v) solution of CaCl2. The gel 

was collected after 10 min of gelation at ambient conditions in the collection bath. It 

was cut into a shape of a column (diameter = 1.5 cm, height = 0.3 cm), and was 

sterilized by UV irradiation. Either Staphylococcus aureus or Escherichia coli was 

swabbed on a Luria broth (LB) agar plate. After placing the gel in the plate and 

incubating the plate for 24 h at 37 °C, photos were taken. The zone of inhibition was 

measured to determine the growth of bacteria around the gel.  

2.12 Statistical analysis 

All data were expressed as the means ± standard deviation. Statistical analysis was 

conducted using a one-way analysis of variation (ANOVA), followed by the Tukey's 

honestly significant difference (HSD) test for multiple comparisons. Differences with 

P < 0.05 were considered to be statistically significant. 

3. Results and discussion 

3.1. Design and fabrication of complex fibers with the Janus morphology 

Complex fibers with the Janus morphology are generated via ionic gelation of Na-Alg 

using the set-up shown in Fig. 1. To manipulate the properties of the generated fibers, 

CMC-Na is employed as a polymeric modifier. Earlier studies have shown that 
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solutions of CMC-Na are more effective than solutions of other anionic 

polysaccharides (e.g., xanthan gum and Na-Alg) in preventing the sedimentation of 

mixed agents [36]. Addition of CMC-Na can, therefore, allow the drug-loaded Na-Alg 

solution to be more homogenous during fiber fabrication in this study, and can 

facilitate the production of fibers in which drug molecules are evenly distributed. 

Apart from this, both Na-Alg and CMC-Na are FDA-approved polymeric materials 

for biomedical and food applications [37-39]. They are biodegradable and non-toxic 

[39-41], and can hence ensure that the fibers generated in this study are safe for use in 

the preclinical and clinical contexts. 

The high safety profile of the fiber constituents (viz., Na-Alg and CMC-Na) is 

confirmed by the MTS assay performed in 3T3 fibroblasts and HEK293 cells. 3T3 

mouse fibroblasts are selected because the viable rates of these cells are reported to be 

substrate-dependent [42]. They have been used in the literature to evaluate the 

cytotoxicity of an agent of interest [42]. On the other hand, HEK293 cells are one of 

the widely adopted cell lines in drug toxicology studies [43], especially in assessing 

the toxic effect of a drug candidate on the renal system [44]. They are, therefore, 

utilized in this study as a cell model for assessing the cytotoxicity of Na-Alg and 

CMC-Na. No apparent loss of cell viability (and hence no acute cytotoxicity) is noted 

after 5 h of treatment of the cells with either Na-Alg or CMC-Na (Fig. 2A). To 

determine possible chronic cytotoxicity displayed by the fiber constituents, the 

viability of the treated cells is assayed after a 24-h post-treatment incubation. No 

observable cytotoxicity is found in all concentrations tested. Apart from the MTS 

assay, the proliferation of the cells is assessed by cell counting, and is found not to be 

affected by treatment with either Na-Alg or CMC-Na, regardless of the presence or 

absence of the subsequent post-treatment incubation (Fig. 2B). Along with their high 
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biocompatibility as revealed by the low hemolytic rates (< 1%) (Fig. 2C), the fiber 

constituents (and thus the fibers generated) demonstrate adequate safety for use in 

drug delivery.  

3.2 Thermal and mechanical properties of complex fibers 

Thermal properties of the fiber constituents and the complex fiber are studied using 

TGA (Fig. 2D). A weight loss is observed up to 110 °C in all TGA profiles, owing to 

the presence of moisture in the samples. The rupture of the chains and fragments leads 

to one weight loss at 215-270 °C in the TG curve of Na-Alg. On the other hand, due 

to the decomposition of CMC-Na and hence the loss of CO2, a rapid weight loss is 

observed at 260-320 
o
C in the TG curve of CMC-Na. These two weight loss steps 

combine in the TG curve of the C-A1C3 fiber, leading to a weight loss at 210-320 
o
C. 

These results reveal that the properties of the fiber are contributed by both Na-Alg and 

CMC-Na.  

The microstructure of the complex fiber is examined by SEM (Fig. 3A). All fibers 

show porous structures. The tensile stress-strain behavior of the fibers is presented in 

Fig. 3B, which shows that the complex fibers possess high stretchability under a 

tensile force in the magnitude of kilopascals. The fracture strain of the fiber is reduced 

by increasing the amount of CMC-Na added, with the fiber consisting of C-A1C0 

displaying the highest fracture strain. Apart from the mechanical strength, the 

rheological properties of the fibers are studied. The apparent viscosity of the tested 

Na-Alg/CMC-Na blends at a low shear rate is higher than that at a high shear rate (Fig. 

3C). This suggests that the blends display pseudoplastic behavior. Due to the high 

viscosity of the CMC-Na solution, the viscosity of the blend is increased with the 

mass percentage of CMC-Na. The viscoelastic parameters (i.e., G’ and G’’) of the 

Na-Alg/CMC-Na blends are examined after ionic gelation with Ca
2+

 ions (Fig. 
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3D-3E). In all samples tested, the G’ values are higher than G’’. This indicates that 

upon interactions with Ca
2+

, the elastic behavior of the blends predominates over the 

viscous behavior. In addition, the values of both G’ and G’’ are negatively related to 

the mass percentage of CMC-Na, suggesting that the addition of the modifier can 

reduce the mechanical rigidity of the fiber formed.  

Finally, the swelling capacity of a complex fiber depends predominately on the amount 

of fluids the fiber can take up upon hydration. It is determined in this study based on 

the WAR value and the water content. These two values have been widely adopted by 

other studies as indicators of the swelling capacity [45-47]. Results reveal that the 

WAR value and water content of the fiber are positively related to the mass percentage 

of CMC-Na (Fig. 4).  

3.3 Performance in drug encapsulation and release  

To evaluate the EE and release sustainability of the fibers, MG and MH are adopted as 

the drug models. MG is a triphenylmethane dye used in the aquaculture industry as a 

fungicide and an ectoparasiticide [48]; whereas MH is a semisynthetic tetracycline 

derivative showing broad-spectrum antibiotic effects [49]. The maximum UV/Vis 

absorption peak of MG (617 nm) is at a wavelength that is minimally absorbed by 

MH (Fig. 5A). The same also applies to the absorption peak of MH at 350 nm, at 

which absorption by MG is negligible. This enables more accurate characterization of 

the release profiles of MG and MH in the later part of this study when the two drug 

models are co-delivered by the fiber. By controlling the diameter of the nozzle of the 

syringe adopted, fibers with different diameters can be generated. The impact of the 

fiber diameter on the EE of the fiber is found to be insignificant (Fig. 5B); however, 

the fiber with a diameter of 15 mm has a substantially lower rate of drug release 

compared to that with a diameter of 3.5 mm (Fig. 5C). This is attributed to the 
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decrease in the surface area-to-volume ratio of the fiber when the fiber diameter is 

increased, leading to a lower rate of drug diffusion.  

The impact of the mass percentage of CMC-Na on the EE and drug release 

sustainability of the fiber is investigated, too. The EE of the tested fibers is estimated 

to be around 80%-90%. The mass percentage of CMC-Na does not have a significant 

influence on the overall efficiency of the fiber in drug encapsulation (Fig. 6A). 

During drug release, water in the gel matrix is the medium through which drug 

molecules diffuse [45]. The trend of changes in the rate of drug release is, therefore, 

expected to follow that of changes in the swelling capacity of the gel. Interestingly, 

the rate of release of both MG and MH in this study is found to be negatively related 

to the mass percentage of CMC-Na (Fig. 6B), even though the latter is shown to be 

positively related to the swelling capacity of the fiber. This suggests that factors 

(including the affinity of drug molecules to the gel matrix) other than the degree of 

swelling play a role in determining the overall drug release pattern attained by the 

present gel system. Despite this, the release rate of drug molecules is still tunable by 

changing the mass percentage of CMC-Na in the fiber.  

With the use of a dual-barrel syringe, a complex fiber with the Janus morphology can 

be fabricated from a co-flow of polymer blends with high viscosity (Fig. 6C). The 

composition of each of the fiber compartments can be changed simply by altering the 

mass-to-mass ratio of Na-Alg and CMC-Na. This allows the drug release rate in each 

of the compartments to be tuned precisely and individually. As shown in Fig. 6D, 

when MG and MH are loaded into the C-A1C0 compartment and the C-A1C3 

compartment, respectively, of a complex fiber, the release rate of MG is significantly 

higher than that of MH, with almost 80% of MG released after the first 8 h when only 

20% of MH is released. This release pattern can be changed in a way that both of the 
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loaded drugs are released at almost the same rate when the composition of the 

MG-loaded compartment is changed to C-A1C3 whereas that of the MH-loaded 

compartment is replaced with C-A1C0. This demonstrates the possibility of 

manipulating the composition of individual compartments to control the release 

patterns of co-delivered agents. Finally, the ability of the complex fiber to retain the 

activity of the loaded drug is determined based on the capacity of MH-loaded 

C-AxCy gels in inhibiting the growth of Staphylococcus aureus (gram-positive 

bacteria) and Escherichia coli (gram-negative bacteria). A zone of inhibition is 

observed in plates containing MH-loaded samples but not in those containing blank 

gels (Fig. 7). This reveals that encapsulation by C-AxCy has no significant influence 

on the activity of the loaded drug, and further corroborates the possible use of the 

complex fiber in multidrug therapy.  

4. Conclusions 

The use of multiple drugs for the treatment of a single disease has gained increasing 

interest in the literature due to its potential to attain a therapeutic effect that can hardly 

be achieved by using a single drug. To streamline the administration of a multi-drug 

regimen, complex fibers with the Janus morphology are fabricated and characterized 

in this study as drug carriers. By using CMC-Na as a modifier to manipulate the 

properties of different fiber compartments, the release rate of each of the co-delivered 

drugs can be precisely controlled to meet the needs of different multi-drug regimens. 

Apart from this, the process of drug loading is mediated solely by physical 

encapsulation under an all-aqueous environment, with no photochemical or chemical 

triggering required. This avoids the introduction of toxic organic residues into the 

fiber and prevents the induction of structural changes experienced by the loaded drug. 

Here it is worth mentioning that although only MG and MH are used in this study to 
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examine the performance of the fiber, due to the non-chemical nature of the drug 

loading method, the same approach can be translated into other drugs without being 

affected much by the chemical structure of drug molecules. Along with their ease of 

fabrication, the complex fibers reported in this study warrant further development for 

applications in which co-delivery of multiple agents is required. 
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Figure legends 

Fig. 1. A schematic diagram showing the procedures for generating a complex fiber 

with the Janus morphology 
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Fig. 2. (A) The viability of 3T3 mouse fibroblasts and HEK293 cells, as assessed by 

the MTS assay, after 5-h treatment with different concentrations of Na-Alg and 

CMC-Na, (a) without or (b) with a subsequent 24-h post-treatment incubation. Data 

are presented as the means ± SD of triplicate experiments. (B) The impact of 5-h 

treatment with different concentrations of Na-Alg and CMC-Na, (a) without or (b) 

with a subsequent 24-h post-treatment incubation, on the proliferation of 3T3 mouse 

fibroblasts and HEK293 cells as assessed by cell counting. Data are presented as the 

means ± SD of triplicate experiments. (C) Hemolytic rates of erythrocytes with 

increasing concentrations of different complex fibers. (D) TG curves of Na-Alg, 

CMC-Na, and the C-A1C3 fiber. 
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Fig. 3. (A) SEM micrographs of the cross-sections of complex fibers consisting of (a) 

C-A1C0, (b) C-A3C1, (c) C-A1C1, and (d) C-A1C3. Scale bar = 500 µm. (B) Tensile 

stress-strain curves of different complex fibers. (C) The viscosity of different 

Na-Alg/CMC-Na blends at shear rates from 0 to 1 s
-1

. (D) The G’ values and (E) G’’ 

values of different complex fibers at angular frequencies from 0.1 to 100 rad/s. 

 

 

 

Fig. 4. (A) The swelling capacity of different complex fibers in simulated body fluid. 

Data are presented as the means ± SD of triplicate experiments. (B) The water content 

of fibers consisting of (i) C-A1C0, (ii) C-A3C1, (iii) C-A1C1, and (iv) C-A1C3. Data 

are presented as the means ± SD of triplicate experiments (*P < 0.05).  
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Fig. 5. (A) UV-vis spectra of MG and MH. (B) The EE of C-A1C1 fibers with 

different diameters. Data are presented as the means ± SD of triplicate experiments. 

(C) The profiles of release of (a) MG and (b) MH from C-A1C1 fibers with different 

diameters. Data are presented as the means ± SD of triplicate experiments. 

 

 

 

Fig. 6. (A) The EE of fibers with different mass percentages of CMC-Na. Data are 

presented as the means ± SD of triplicate experiments. (B) The profiles of release of 

(a) MG and (b) MH from fibers with different mass percentages of CMC-Na. Data are 

presented as the means ± SD of triplicate experiments. (C) (a) An optical image of a 

complex fiber with the Janus morphology, as well as (b) a magnified view of the 

cross-sectional area of a segment of the fiber. To enhance easy recognition of the 

Janus morphology, one of the compartments is stained with Congo red. (D) The 

profiles of release of MG and MH from a complex fiber with the Janus morphology: 

(a) C-A1C0 compartment for MG and C-A1C3 compartment for MH, and (b) 

C-A1C3 compartment for MG and C-A1C0 compartment for MH. Data are presented 

as the means ± SD 
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Fig. 7. (A) Images showing the zone of inhibition induced by (a, f) blank C-A1C1, (b, 

g) MH-loaded C-A1C0, (c, h) MH-loaded C-A3C1, (d, i) MH-loaded C-A1C1, and (e, 

j) MH-loaded C-A1C3 for (a-e) E. coli and (f-j) S. aureus. Scale bar = 2 cm. (B) Area 

percentages of the zone of inhibition induced by different MH-loaded gels for (a) E. 

coli and (b) S. aureus. Data are presented as the means ± SD of triplicate experiments. 

 

                  


