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ABSTRACT 

Recent emergence of natural biopolymers as drug delivery vehicles is attributed to their 

biodegradability and less systemic toxicity. Here, we have synthesized curcumin, indomethacin 

and emodin-loaded silk fibroin nanoparticles (SFNs) and characterized several pharmacokinetic 

parameters (Drug Loading and Encapsulation Efficiency). Silk fibroin is a highly promising bio-

material with impressive mechanical properties, high bio-compatibility and it does not exert any 

immunological responses in vivo. Our results show that emodin almost released completely 

within 144 hr, however a steady release profile has been observed for indomethacin which is 

attributed to its moderate loading and encapsulation efficiency by SFNs. On the other hand, 

complete release of curcumin is not observed even in 168 hr. Curcumin also shows very 

promising drug loading and encapsulation efficiency when loaded within the SFNs matrix. 

Molecular level characterization with the aid of blind docking and molecular dynamics 

simulation reveals that the encapsulation efficiency of the drugs exactly follows the interaction 

energy patterns obtained from MM/PBSA calculation, i.e., curcumin > indomethacin > emodin. 

Strong binding energy of curcumin with the fibroin protein is attributed to the formation of more 

number of hydrogen bonds compared to the other two drugs and involvement in additional π-π 

stacking interactions. Indomethacin interacts moderately with the SFN primarily mediated 

through several van der Waals interactions which accounts for its sustained release from the SFN 
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matrix. Emodin interacts with the fibroin protein very weakly which is responsible for its low 

encapsulation and observed diffusion controlled release behavior within the fibroin matrix. 
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1. Introduction 

Drug delivery systems are often used to improve the pharmacokinetic properties, bioavailability 

and tissue distributions of xenobiotics.1 Novel approaches or formulations are often used to 

improve quantity of drugs at the target site as well as increase drug response duration.2-4 

Particularly, amphiphilic drugs are often demonstrate limited efficacy in preclinical and clinical 

studies mainly due to their low bioavailability, which results in sub-therapeutic concentrations at 

the target site. Various advanced drug delivery systems, such as nanoparticles,5, 6 liposomes,4 

microparticles7, 8 and implants9-11 have been designed to enhance the therapeutic efficacy of 

many drugs by increasing their bioavailability and thereby increasing the effective dosage at the 

target site. Synthetic drug carriers demonstrate high stability and carrier capacity.5 They are 

capable of incorporating both hydrophilic and hydrophobic drugs and can be administered 

through various routes, including oral administration and inhalation. These carriers can also be 

designed to enable controlled (sustained) drug release from the matrix. However, synthetic 

polymer based drug carriers are often induce toxicity12 and non-degradability as well as 

complicated synthetic process is a problem associated with the synthetic nanocarriers.   

Recently, natural biopolymers based delivery vehicles come into the focus due to their 

biodegradability, low toxicity and also they are environmentally friendly.3 They are capable of 

encapsulating wide varieties of molecules. In this context, silk fibroin based materials have 



gained tremendous attention in last few years as an attractive biomaterial in biomedical13-17 and 

tissue engineering applications18 due to their excellent biocompatibility and mechanical 

properties.19-21 Silk fibroin is obtained from Bombyx mori cocoons and can be highly fabricated 

as braided, knitted and non-woven materials.20 Silk fibroin materials are highly bio-compatible 

and do not exert any immunological responses in vivo.16, 19, 21 They promote adhesion, growth 

and proliferation of different cell types.16, 19 Naturally produced silk fibroin has impressive 

mechanical properties with Young’s modulus of 10-17 Gpa, large breaking strain and toughness 

of 70-78 MJ/m3 which is higher than the synthetic polymers.20 Moreover, the particle size of the 

fibroin materials can be easily modulated by mild processing under ambient condition.22 Silk 

fibroin based particulate materials have potential applications in medicine for their ability to 

adsorb, transport, and deliver a wide range of bioactive molecules.13, 15, 23   

Remarkable mechanical properties and ability to morph in different size and shape which is 

highly controllable is attributed to its amino acid compositions and 3-D structural arrangements 

of silk fibroin. The protein is composed of a long H-chain and a short L-chain attached together 

by disulphide bonds.20 The H-chain contains 12 hydrophobic repeats separated by 11 hydrophilic 

regions. Hydrophobic region contains mostly ALA, GLY and SER whereas hydrophilic domains 

contain amino acids in non-repetitive arrangements.20 The hydrophobic regions are adopting β-

sheet crystallites which are stabilized by intra-molecular as well as intermolecular hydrogen 

bonding and van der Waals interactions whereas the non-repetitive hydrophilic regions form the 

semi-amorphous region of silk fibroin. Combination of both semi-amorphous domain and β-

sheet crystallites dictates the strength and stiffness of silk-fibroin materials. Silk fibroin solution 

can be used to regenerate silk material with various morphologies like sponges, hydrogels, mats 



and films. However, during the process of reconstruction it often loses mechanical properties to 

some extent due to the degumming and dissolution processes.  

In the present work, we have considered three amphiphilic drugs: curcumin, indomethacin and 

emodin. Curcumin, a diarylheptanoid, is the principal component of turmeric. It is commonly 

used as dietary supplements and food additves. Curcumin is a strong anti-oxidant24 which also 

demonstrates anti-cancer,25 anti-inflammatory,26, 27 neuroprotective28-30 and many more health 

beneficial activities.31 Indomethacin is a FDA approved non-steroidal anti-inflammatory drugs 

commonly used to reduce pain, fever.32, 33 Emodin, 1,3,8-Trihydroxy-6-methylanthracene-9,10-

dione, is a major component of Aloe vera. It demonstrates strong anti-cancer, hepatoprotective 

and anti-inflammatory activities.34-36 We have synthesized and characterized curcumin, 

indomethacin and emodin-loaded silk fibroin nanoparticles (SFNs) by spray technology and 

characterize several pharmacokinetic parameters (Drug Loading Content and Encapsulation 

Efficiency) of the encapsulated drugs. Atomistic simulations have been used to elucidate silk-

drug interactions to provide mechanistic insight into the process.  

2. Materials and methods 

2.1. Generation of silk-fibroin 

White Bombyx mori silk cocoons were reared in the sericulture facilities of the IMIDA (Murcia, 

Spain) and raised on a diet of natural Morus alba L. fresh leaves. In order to obtain silk fibroin, 

raw silk cocoons were boiled twice in a 0.05M Na2CO3 aqueous solution for 45 minutes. The 

remaining silk fibroin was rinsed thoroughly with ultrapure water and dried prior to use. Silk 

fibroin was dissolved in the ionic liquid 1-ethyl-3-methylimidazolium acetate using ultrasound as 

described by Lozano-Pérez et al.37 The ionic liquid (95% purity) was purchased from IoliTec 



GmbH (Germany) and was used without further purification. Curcumin (99% purity) was 

purchased from ChromaDex (Irvine, CA) and indomethacin (99% purity) and emodin (95% 

purity) were supplied by Sigma-Aldrich. Purified water (18.2 MΩ·cm at 25ºC; from a Millipore 

Direct-Q1 ultrapure water system, Billerica, MA) was used throughout the study. All other 

chemicals and solvents were of analytical grade and were used without further purification. 

 

2.2. Preparation of silk fibroin nanoparticles 

Preparation of silk fibroin nanoparticles (SFNs) was based on the method described previously 

by Zhang et al.38 with modifications. Briefly, 3 ml of ultrapure water (MilliQ, 18.2 MΩ·cm) was 

slowly added to the freshly prepared silk-ionic liquid solution to reduce the viscosity. The 

solution was heated at 60ºC and the silk-ionic liquid solution was then propelled using a 

peristaltic pump and was sprayed onto 100 mL of gently stirred MeOH at -20ºC by a 

thermostatically controlled 0.7 mm two-fluid nozzle (from a Mini Spray Dryer B-290, BÜCHI 

Labortechnik, Switzerland, Part No. 044698) which uses compressed N2 to disperse the solution 

into fine droplets. A milky white suspension appeared and the suspension was allowed to reach 

room temperature while stirring for 2 hours. Then, the particle suspension was transferred to 

centrifuge vials and centrifuged at 13400 rpm for 15 minutes, at 4ºC (Sigma 3-18K Centrifuge 

with a 19776 H angle rotor). The supernatant (free of particles) was removed, filtered (0.22- mm 

disposable PTFE filters) and reserved for subsequent recycling of the ionic liquid. An equal 

volume of fresh methanol was added to the vial, and the white precipitate was suspended by 

vigorous stirring in a vortex mixer for 2 minutes followed by 5 min of ultra-sonication with a 

Branson 450D sonicator. The centrifugation was repeated under the same conditions. The white 

precipitate was subjected to successive rinses with ultrapure water to remove the rests of 



methanol and ionic liquid. The particles were lyophilized in an Edwards Modulyo 4K Freeze 

Dryer for 72 hours, at -55ºC and 0.5 mbar in order to obtain dry particles. The methanolic 

fractions were mixed before recovery of the ionic liquid, by removal of the methanol/water on a 

BÜCHI RE-111 rotary evaporator at 80ºC and 80 mbar. The ionic liquid was kept in a desiccator 

until reuse.  

 

2.3. Loading of the drug in the silk fibroin nanoparticles 

Loading of the drugs (curcumin, indomethacin or emodin) were carried out by physical 

adsorption. 40 ml of 1 mg/ml solution of curcumin, indomethacin and emodin in ethanol were 

used to re-suspend 325 mg of silk fibroin nanoparticles. The suspension was then sonicated for 5 

min and gently stirred at 30 rpm for 24 hr. Then, loaded silk fibroin nanoparticles were collected 

by centrifugation at 13400 rpm for 15 min. After that, the loaded silk fibroin nanoparticles were 

washed with water in order to remove the rest of ethanol. The determination of the loaded drug 

in the silk fibroin nanoparticles was determined by measuring the UV-absorbance of curcumin 

(421nm), indomethacin (320nm) or emodin (420nm) of the supernatant of the centrifugation (in 

ethanol) and the initial 1 mg/ml solution. 

Drug loading content (DLC) and entrapment efficiency (EE) were calculated according to the 

following expressions: 

 

 



 

2.4. Release of the drug from silk fibroin nanoparticles 

The release rates of curcumin, indomethacin or emodin from silk fibroin nanoparticles were then 

evaluated. A suspension of 20 mg of drug loaded-silk fibroin nanoparticles in 1 ml of a lightly 

basic solution (2·10-4 M NaOH) was ultra-sonicated for 1 min and then gently stirred at 30 rpm at 

room temperature. At a predetermined time, the suspensions were centrifuged for 15 min at 

13400 rpm. The supernatant was collected to determine the concentration of drug released to the 

medium by UV-spectrometry. 1 ml of fresh solution was added immediately to the drug loaded-

silk fibroin nanoparticles. Samples were diluted when necessary to reach an absorbance value 

lower than 1. Each experiment was repeated at least 6 times. The amount of drug released from 

the nanoparticles was expressed as a percentage of the total drug loaded into the silk fibroin 

nanoparticles above defined as DLC. 

2.5. Molecular modeling 

2.5.1. Preparation of ligands and protein  

Structures of curcumin, emodin and indomethacin were fully optimized at the HF/6-31G(d) level 

of theory without imposing any symmetry restriction as implemented in the Gaussian09 code. 

Additional vibrational calculations were conducted to ascertain that each structure correspond to 

a minima in energy surface. Atomic charges were subsequently computed at the same level 

according to the Merz-Singh-Kollman ESP protocol.39, 40 3-D coordinates of the protein was 

obtained from the Protein Data Bank (PDB ID: 3UA0).41 The protein was prepared using the 

Maestro program, which includes addition of the hydrogen atoms, capping of both N and C 



termini of the protein and then the protonation states of all residues are defined according to 

neutral pH.42  

2.5.2. Blind docking protocol 

Molecular docking of curcumin, emodin and indomethacin with the silk fibroin protein and the 

detailed binding energy calculations were performed with Autodock Vina docking software43 

using default configuration parameters. The size of the grid box was chosen in such a way that 

encompasses all possible binding sites. The docking score produced by Autodock Vina was 

taken as the predicted value of the ligand binding energy. Only the top-ranked poses were used 

for structural and energy analyses. Scoring function from Vina considers Lennard-Jones term 

(LJ), hydrogen bonds (H-bonds), electrostatic interactions, hydrophobic stabilization, entropic 

penalty due to number of rotatable bonds, and internal energy of the ligand. We adopted a blind 

docking approach44, 45 where multiple docking runs were started around geometric centers of all 

residues within the selected threshold. A histogram with the resulting distribution of binding 

energies and their structural clusters of poses were generated. 

2.5.3. Molecular dynamics simulation 

Molecular dynamics simulations were performed using the GROMACS2016 molecular 

dynamics package.46-49 The topologies of the drug molecules were generated by ACPYPE50 

according to the Amber99sb51 force field. The structure of the top pose obtained from blind 

docking was considered as initial protein-ligand conformation in each case. Each complex was 

then immersed in a triclinic box containing TIP3P52 water molecules. Periodic boundary 

conditions were considered for every simulation run. Na+ ions were added to neutralize the 

charge of the system. The LINCS algorithm53 was chosen to constrain covalent bond lengths, and 



an integration step of 2 fs was applied to simulate the system. Electrostatic interactions were 

calculated using the particle mesh Ewald (PME) method.54 Initially, all the systems were energy 

minimized using steepest-descent algorithm. The minimized systems were then subjected to 

position restraint dynamics where the complex was restraint by employing a restraining 

potential. 100 ps position restrained simulation was performed in NVT ensemble using the V-

rescale55 thermostat with a coupling constant of τ = 0.5 ps. This step was followed by 900 ps 

equilibration in NPT ensemble. Parrinello–Rahman barostat56 was employed with a time constant 

for coupling set to 2.0 ps for isotropic pressure coupling. Temperature was maintained at 300 K 

by employing the V-rescale thermostats with a coupling constant of τ = 0.5 ps. Final production 

simulations were performed with constant temperature of 300 K and constant pressure of 1 atm. 

using the NTP ensemble.  

  

3. Results and discussion 

3.1. Loading and release of curcumin, indomethacin and emodin by silk fibroin 

nanoparticle 

Initially, the extinction coefficients of all the three drugs have been calculated from the 

absorption spectra in two different medium, listed in Table 1. 

Table 1: Extinction coefficients, ε, of curcumin (λ=421nm), indomethacin (λ=320nm) and 

emodin (λ=420nm for ethanol and λ=520nm for 2·10-4M NaOH) in ethanol and in lightly basic 

solution (2·10-4M NaOH). 

Drug Solvent 



Ethanol 2·10-4M NaOH 

Curcumin 54.602 35.064 

Indomethacin 6.164 6.277 

Emodin 7.643 7.212 

 

We have then assessed the drug loading and encapsulation efficiency of silk fibroin nanoparticles 

(SFNs) for all the three drugs and results are shown in Table 2. Evident from the table, SFNs 

appreciably load and encapsulate curcumin and indomethacin, however fails to load significant 

amount of emodin. Physical adsorption appears to be highly effective procedure for drug 

loading, at least for curcumin and indomethacin. More than 50% encapsulation efficiency has 

been achieved using the SFN through physical adsorption for curcumin. 

 

Table 2: Drug Loading Content (DLC) and Encapsulation Efficiency (EE) of curcumin, 

indomethacin and emodin-loaded silk fibroin nanoparticles are shown. Mean values ± SD 

(standard deviation) are reported. 

 Curcumin Indomethacin Emodin 

DLC (%) 6.634 ± 0.133 4.001 ± 0.407 0.369 ± 0.027 

EE (%) 53.750 ± 1.148 32.376 ± 3.327 2.487 ± 0.207 

 

Drug release profiles for the three encapsulated drugs within SFNs have been investigated to 

elucidate the kinetic aspect of drug release. Results are shown in Fig. 1.  



Prominent variations have been noted in the release profiles for three different drugs 

encapsulated in SFNs. Although for all the drugs within first 5 hr., burst release have been 

observed. After that the plateau is reached. For emodin, 100% release has been obtained in 144 

hr. which probably due to the fact that SFN has the least ability to load and encapsulate this drug. 

Moderate observed release rate of indomethacin is in accordance with the moderate loading and 

encapsulation efficiency of SFNs. On the other hand, complete release of curcumin is not 

observed even in 168 hr., only 10% maximum release has been observed which is probably 

attributed to the high loading capacity and strong interactions of curcumin with silk fibroin nano-

particles. 

 

Fig. 1: Release of curcumin (in black), indomethacin (in orange) and emodin (in blue) from silk 

fibroin nanoparticles in lightly basic solution (2·10-4 M NaOH). 

 



Clearly, the differences in the dissolution and release rate of these three amphiphilic drugs 

indicate that the processes are not diffusion control at least for the indomethacin and curcumin. 

Non-fickian diffusion implicates specific interactions with the silk-fibroin material. Therefore, 

we have further studied specific interactions of these drugs with the silk-fibroin using molecular 

docking and dynamic simulation.    

 

3.2. Molecular docking of curcumin, indomethacin and emodin with silk-fibroin    

To explore the interaction details of each drug with the silk-fibroin, molecular docking has been 

performed. We have adopted a blind docking procedure to explore all possible binding 

possibilities for each drug within the protein matrix and results are summarized in Fig. 2.  



 

Fig. 2: Blind Docking results of selected drugs with silk fibroin protein. Upper panel represents 

histogram distributions of the docking score of the docked poses for (A) curcumin, (B) 

indomethacin and (C) emodin. Blue: clustered poses; Red: Unclustered poses. Lower panel 

shows the corresponding pharmacophorc feature of silk-fibroin binding obtained from the lowest 

energy docked pose of curcumin, indomethacin and emodin. Black dashed lines represent 

hydrogen bonds, green dashed lines show pi-pi interactions and green continuous lines represent 

hydrophobic interactions. 

 



Evident from the figure, curcumin interacts more strongly with the protein in comparison to 

indomethacin and emodin. In case of curcumin, cluster analysis reveals two population clusters 

with the predicted interaction energy of -9.5 kcal/mol and -9 kcal/mol, respectively. Whereas the 

lowest predicted binding energy for indomethacin and emodin with silk-fibroin is -8 kcal/mol. 

The higher binding affinity of curcumin towards the silk-fibroin is attributed to higher number of 

hydrogen bond formation with the protein compared to emodin and indomethacin. Curcumin 

forms two hydrogen bonds with the protein in addition to π-π stacking interaction (Fig. 2A, 

lower panel). Both emodin and indomethacin form a single hydrogen bond with the protein (Fig. 

2B & 2C, lower panel). However, indomethacin is involved in more number of van der Waals 

interactions with the receptor implicates that its binding is primarily driven by size and shape 

complementarity with the receptor binding site. Thus the blind docking results are fully 

consistent with DLC and EE values reported in Table 2.  

 

3.3. Molecular dynamic simulation of the drug-silk fibroin complexes  

Further molecular dynamic simulations have been used to assess the stability of each drug-

protein complexes as well as to evaluate the primary driving force for the binding. Molecular 

dynamic simulations reveal that during the simulation timescale curcumin remains strongly 

bound to the binding site with the average center of mass distance of 0.9 Å, while translational 

movements have been observed for both emodin and indomethacin with the average center of 

mass distance of 1.8 and 2.2 Å, respectively. These facts indicate that curcumin interacts strongly 

with the binding site compared two other two drugs, in accordance with our blind docking 

results. Further we have analyzed residue fluctuations of the protein in presence of bound drugs 

and results are shown in Fig. 3.  



 

Fig. 3: Root mean square fluctuation (in Å) of each residue of the protein during the simulation 

time-scale when bound to curcumin (A), indomethacin (B) and emodin (C). 

 

Evident from the figure, the protein remains stable during the simulation timescale for all the 

three drug-protein complexes with maximum deviations of 3.5 Å. It is to be noted that the 3-D 

structure of the protein is partially resolved and contains the N-terminal domain of the Bombyx 

mori fibroin heavy chains A and B. A chain contains residues 26-108 and B chain contains 23-

108. Therefore the residue number in the Fig. 3 should be interpreted in terms of the appropriate 

residue and chain numbering of the original PDB. Among the three different fluctuation patterns, 

when indomethacin is bound to the active site, the protein shows highest fluctuations. Emodin 

induced structural deviations are least in first 30 ns of the simulation however after that the 

protein structure starts to deviate due to non-specific interaction of the drug to the protein matrix.  



We have then evaluated the drug-protein interaction energies obtained from the MM/PBSA 

analysis of the simulation trajectories. Results are shown in Fig. 4. 

 

Fig. 4: Analyses of interaction energies and number of hydrogen bonds for the three drug-protein 

complexes using molecular dynamics simulation. Different drug-protein interaction energies 

obtained from the MMPBSA analysis are shown for (A) curcumin, (B) indomethacin and (C) 

emodin. Black curve represents van der Waals energy, while red and blue curves represent 

electrostatic and total energies. (D) Number of hydrogen bond distribution between each of the 

three drug with the protein obtained from the simulation is shown.  



 

Clearly evident from the figure, curcumin interacts with the protein much more strongly 

compared to indomethacin and emodin. The total interaction energies obtained by MMPBSA 

analysis of the simulation trajectory for curcumin is -195 ± 56.69 kJ/mol, for indomethacin is -

171 ± 53.72 kJ/mol and for emodin, it is – 100 ± 39.32 kJ/mol. Significant contribution of 

electrostatic interactions have been observed in case of curcumin binding with fibroin protein 

(Fig. 4A), compared to other two drugs which is attributed to the formation of higher number of 

hydrogen bonds with the protein (Fig. 2D) along with the π-π stacking interactions. Van der 

Waals interactions are comparable in case of both curcumin and indomethacin binding with the 

protein (-143.58 ± 37.39 kJ/mol for curcumin, -150.15 ± 44.40 kJ/mol for indomethacin). 

However, both van der Waals and electrostatic energy contributions are significantly lower in 

case of emodin interaction with the protein.      

 

4. Conclusion 

In this study, we have evaluated the efficacy of silk-fibroin nanoparticle as a delivery vehicle for 

three amphiphilic drugs, namely curcumin, indomethacin and emodin. Using a combined 

approach of molecular modeling, we provide the molecular level picture of the observed 

differential drug loading and release profiles for the three drugs within silk-fibroin matrix. 

Among all the three drugs, curcumin interacts strongly with the fibroin protein by forming 

several hydrogen bonding interactions and π-π stacking interactions. Formation of the stable 

complex between curcumin and silk-fibroin material justifies very slow release kinetics of the 

drug when encapsulated within silk-fibroin nanoparticles (SFNs). Indomethacin interacts 



moderately with the SFN primarily mediated through several van der Waals interactions which 

accounts for its sustained release from the SFN matrix. Emodin on the other hand interacts with 

the fibroin protein very weakly, thus released very easily from the SFN matrix, since its release 

is mostly diffusion controlled.    
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