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DEVELOPMENT OF PEGylated SILK FIBROIN 

NANOPARTICLES FOR DRUG DELIVERY SYSTEMS 

Andreea-Cristina ION1, Ionut-Cristian RADU2, Eugeniu VASILE3, Elena Iuliana 

BIRU4, Ariana HUDITA5, Bianca GALATEANU6, Horia IOVU7, Catalin 

ZAHARIA8* 

The aim of this research consists in the development of drug delivery 

formulations based on silk fibroin and polyethylene glycol nanoparticles. The 

obtained nanoparticles were characterized by FTIR-ATR and RAMAN. The 

morphological investigation and size distribution profile of the nanoparticles 

were performed by scanning electron microscopy (SEM) and dynamic light 

scattering (DLS). Drug release behavior for 5-fluorouracil-loaded PEGylated 

silk fibroin nanoparticles was investigated.  
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1. Introduction  

 

During the last several decades extensive reseach has been made on drug 

delivery systems (DDSs). The development approaches were set to improve the 

drug solubility, to achieve specific control drug release targeting or prolong 

circulating time. Furthermore, the toxicity reduction or immunogenicity 

minimazation were aims to be achieved [1-3]. Recently, the therapeutics efficacy 

optimization was proposed to be achieved by multiple drug administration and 

release, in a controlled manner in comparison with classic procedures. Both 

synthetic and natural polymers have been used for drug delivery applications [4-

6]. A large part of the scientific community considers nanotechnology as the 
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science key of the new millennium. Nanotechnology represents the science way 

where the material is controlled and manipulated at atomic and molecular 

dimensions (1-100 nm). In this dimension range acts a number of biological 

entities essential for the living organisms processes. Numerous specific carriers 

with these sizes have been developed: nanoparticles, dendrimers, nanotubes [7]. 

Nanoparticles are colloidal particles which take the form of nanocapsules or 

nanospheres. They have a role in active principles targeting and controlled release 

(drugs, hormones, vitamins, etc.).   

The nanoparticle surface chemistry is a very important aspect in drug 

delivery targeting. After bloodstream reaching, generally, no surface modified 

(conventional) and negatively charged nanoparticles can be rapidly opsonized and 

massively cleared by the fixed macrophages. It is well known that the 

reticuloendothelial system (RES) is a major obstacle for the active targeting. The 

biological system has ability to recognize and remove these systems from 

systemic circulation [8-11]. The main used material in this reseach, silk, is a 

natural polymeric material. Natural silk is a hardened glandular secretion of the 

silkworms larva from species such as Bombyx Mori. The larva deposits the fiber 

in the form of a cocoon [12-13]. Natural silk is composed of two major proteins, 

fibroin and sericin. Silk fibroin (SF) is the simplest structural protein in terms of 

amino acid composition and the sequence between them. It consists mainly of 

glycine, alanine and serine in a ratio of 3: 2: 1. These amino acids represent 

approximately 60% of the fibroin crystalline domains. These domains have the 

following aminoacids sequence: Gly-Ala-Gly-Ala-Gly-Ser-Gly-Ala-Gly-Ala-Gly-

Ser. The SF chains also contain amino acids with bulky and polar side chains such 

as tyrosine, valine or acidic amino acids [14-16]. The highly ordered amino acids 

can form anti-parallel β-sheets which have high influence in the fiber stability and 

mechanical properties. These crystalline β-sheets essentially crosslink the protein 

through strong intra- and inter-molecular hydrogen bonds. Furthermore, strong 

van der Waals interactions between the methyl groups and opposing side 

hydrogen allow inter-sheet stacking in the crystals. A thermodynamically stable 

structure is generated which assure robust mechanical properties [17-18]. Silk 

fibroin protein can improve the cells adhesion and proliferation taking into 

account its biocompatibility [19-22]. Thus, fibroin offers chemical modification 

and crosslinking possibility in order to design SF-based nanoparticles as a 

promising drug delivery system [23]. Another important polymer with a great 

potential in therapeutic applications for controlled release of drugs is Polyethylene 

glycol (PEG). The PEG addition to protein nanoparticles increases the chance of 

tumoral cells to be reached. Thereby, the drug carriers surface modification 

minimizes the opsonization effect [24-26]. Regarding silk and PEG interactions, 

the silk fibroin nanoparticles are coated with PEG due to its hydrophilic nature. 

Polyethylene glycol molecules induce silk conformational changes by forming β-
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sheet stacks. This process is an exceptional way to obtain water insoluble 

microspheres. The procedure can be achieved by nanoprecipitation in a water-

miscible organic solvent to obtain PEGylated nanoparticles [27-29]. 

This study focuses on the development of polymeric nanocarriers based on 

silk fibroin chemically modified with PEG as a drug delivery approach. The 

particle size, chemistry and properties adjustment by PEG modification was 

employed to improve the therapeutic efficacy of the encapsulated drugs. 

 

2. Experimental  

2.1. Materials  

The following materials were used in the experimental study: Bombyx 

mori cocoons provided by SC Sericarom SA, sodium carbonate (Na2CO3) and 

sodium bicarbonate (NaHCO3) supplied from Chimopar Trading SRL, sodium 

dodecyl sulfate provided by Merck and lithium bromide (LiBr) purchased from 

Honeywell. Other materials were N- hydroxysuccinimide (NHS), poly(ethylene 

glycol) diacrylate (PEG diacrylate) with an average molecular weight (Mn) of 700 

g/mol, tetra(ethylene glycol) diacrylate (TEG diacrylate) with an average 

molecular weight of 302.32 g/mol and potassium persulfate (KP) provided by 

Sigma-Aldrich. 

2.2. Preparation of silk fibroin solution 

Bombyx mori cocoons were degummed by boiling in an aqueous solution 

containing 0.02 M Na2CO3, NaHCO3 and sodium dodecyl sulfate for 30 minutes 

in order to remove the sericin and other impurities [30]. This procedure was 

repeated three times. The last step consisted of silk fibroin fibers washing with 

distilled water for surfactant removal. The purified fibroin was dried at 40 ℃ for 

24 hours. Silk fibroin solution was prepared by silk fibroin dissolution in a 9.3 M 

LiBr aqueous solution at 60 ℃. The resulted solution of 5% concentration was 

dialyzed against water for 5 days for the ions removal. The procedure was 

performed in a cellulose dyalisis membrane with frequent water change. 

2.3. Preparation of silk fibroin-acrylic acid solution 

In order to obtain the silk fibroin-acrylic acid solution, 10 ml of 5% silk 

fibroin (SF) solution and 5 mg of N-hydroxysuccinimide (NHS) were mixed until 

NHS dissolution. Then 0.475 ml of acrylic acid was added. This solution was 

mixed at 700 rpm for 4-6 h, then washed with distilled water. The obtained 

precipitate was dissolved in 9.3 M LiBr aqueous solution at 60 ℃. SF-acrylic acid 

solution was dialyzed for 5 days with frequent water change.  

2.4. Preparation of SF-PEG solutions 

Two different types of PEG were used for this experiment: Poly(ethylene 

glycol) diacrylate and Tetra(ethylene glycol) diacrylate. For each type of PEG 
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diacrylate, two aqueous solutions were prepared (25 wt. %). These solutions 

contain poly(ethylene glycol) diacrylate/ Tetra(ethylene glycol) diacrylate with 

potassium persulfate as initiator (0.07-0.14 wt.% versus total mixture volume) 

along with SF-acrylic acid solution. The differences between “silk fibroin-PEG 

solutions” (Table 1) are found in the volumetric concentration of SF-acrylic acid 

solution in ratio with PEG diacrylate/TEG diacrylate solutions. 

Table 1 

Composition of SF-PEG samples 

SAMPLE NAME SF-ACRYLIC ACID  

POLY(ETHYLENE 

GLYCOL) 

DIACRYLATE 

AND KP 

SOLUTION 

TETRA(ETHYLENE 

GLYCOL) 

DIACRYLATE 

AND KP 

SOLUTION 

SILK FIBROIN-PEG 

SAMPLE 1 (11.1) 
3 ML 1 ML  - 

SILK FIBROIN-PEG 

SAMPLE 2 (11.2) 
2 ML  2 ML  - 

SILK FIBROIN-PEG 

SAMPLE 3 (22.1) 
3 ML  - 1 ML  

SILK FIBROIN-PEG 

SAMPLE 4 (22.2) 
2 ML  - 2 ML  

 

2.5. Preparation of SF-PEG nanoparticles  

The nanoparticles were obtained by nanoprecipitation method. Briefly, the 

silk fibroin-PEG samples (4 ml) were added dropwise in a water-miscible organic 

solvent, acetone, under high stirring for 1 minute at room temperature. The 

volumetric ratio between SF-PEG solution and non-solvent was set to 1/9 

(v/v).The prepared suspension of nanoparticles was heated at 60 ºC to induce 

nanoparticles crosslinking.  

2.6. Methods  

A Fourier-transform infrared Bruker Vertex 70 FT-IR spectrophotometer 

was used to confirm the structure of the SF-acrylic acid and SF-PEG particles. 

The spectrophotometer used 32 scans and a resolution of 4 cm-1 in mid-IR region 

4000-600 cm-1. Spectra of SF, acrylic acid and SF-acrylic acid PEG diacrylate, 

TEG diacrylate and the nanoparticles were recorded to evaluate the structure and 

chemical modification. 

RAMAN spectrometry along with FT-IR are complementary vibrational 

spectrometry techniques which allow the study of the chemical composition and 

molecular structure of this biopolymers. Raman spectra were taken on a DXR 

model, from Thermo Fisher Scientific (Wisconsin, USA). The excitation laser 

wavelength used was 785 nm using a laser power of 10 % [31]. The Raman 

spectra were recorded in the range of 3200–200 cm-1. The ratio between S/N was 

100. 
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In order to determine the particles size distribution profile in solution, 

Dynamic Light Scattering (DLS) using a Malvern Zetasizer Nano (Malvern, 

model ZEN5600, United Kingdom) was used. 

Morphological information including nanoparticles size and shape were 

obtained by the scanning electron microscopy (SEM) analysis of the gold-coated 

nanoparticles. The analysis was performed on a Quanta Inspect F SEM device 

equipped with a field emission gun (FEG) with a resolution of 1.2 nm and with an 

X-ray energy dispersive spectrometer (EDS). 

Drug release curves for 5-FU loaded silk fibroin PEGylated nanoparticles 

were obtained by in vitro release assessment. Nanoparticles loaded with the active 

substance were added to a tubular cellulose membrane and immersed in a flask 

with 40 ml of phosphate-buffered saline (PBS, pH 7.45). The flask was incubated 

in an orbital mixer (Benchmark Scientific) at 300 rpm and 37.0 ± 0.5 ° C. For one 

hour, at every 15 minutes, a volume of 5 ml of PBS with released 5-FU was 

collected and evaluated by UV-VIS spectroscopy with a UV-3600 Shimadzu UV-

VIS-NIR spectrophotometer. After one hour, the procedure was repeated every 30 

minutes for 5 hours. Then, samples were collected at every hour until the 

experiment ends. For each collected sample, an equivalent amount of fresh PBS 

was added to maintain a constant volume of release medium. 

3. Results and discussion  

3.1. Pathaway to nanoparticles preparation 

The pathway and mechanism from acrylic acid, silk fibroin and PEG to 

nanoparticles formation is shown in Fig. 1. Firstly, the carboxylic group from 

acrylic acid is activated with N-Hydroxysuccinimide (NHS).  Then, the activated 

acrylic acid reacts with silk fibroin through hydroxyl groups from 2 silk fibroin 

amino acids: serine (11.9 %) and threonine (1 %) [33]. The hydroxyl groups react 

with the carboxylic group to form esters. Finally, the carbon-carbon double bonds 

from PEG/TEG diacrylates, react with the carbon-carbon double bonds from 

modified SF-acrylic acid. In the last step, acetone was added to induce 

nanoparticles formation, and heating at 60 ℃ induced further crosslininking of 

SF-PEG nanoparticles. 
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Fig. 1. Pathaway and mecahnism of SF-PEG nanoparticles formation: A) SF-acrylic acid; 

B) SF-acrylic acid and PEG 

3.2. FTIR spectroscopy 

FTIR spectra showed the main characteristic peaks for SF, Acrylic acid 

and SF-Acrylic acid compound (Fig. 2). In SF spectrum, peaks around 3287 cm-1 

are attributed to hydroxyl stretching vibration, peaks in the range 3080-3075 cm-1 



Development of PEGylated silk fibroin nanoparticles for drug delivery systems             9 

are attributed to N-H (amide IV) stretching vibration and peaks in the range 2978-

2072 cm-1 corresponded to carbon-hydrogen asymmetric stretching. Next peaks, 

amide I for carbonyl stretching vibration at 1628 cm-1, amide II for nitrogen-

hydrogen deformation vibration at 1521 cm-1 and amide III for carbon-nitrogen 

stretching vibration at 1234 cm-1 are shown in the spectrum. 

 
Fig. 2. ATR-FTIR spectra of SF, Acrylic acid and SF-acrylic acid 

SF-Acrylic acid showed a similar spectrum with SF spectrum. There are 

few differences between the spectra: two new signals, one at 1411 cm-1 and other 

at 1052 cm-1 can be observed. The signal at 1411 cm-1 was assigned to CH2=CH- 

deformation from acrylic acid and the signal at 1052 cm-1 corresponded to the 

ester group from acrylic acid. The chemical interaction between silk fibroin and 

acrylic acid was highlighted by these two peaks. Furthermore, the area attributed 

to the amide IV (N-H stretching vibration) increased in the case of modified SF-

Acrylic acid. This approach may be explained by the new contribution of carbon-

hydrogen stretching vibration within carbon double bond from acrylic acid 

moiety.  

In order to evaluate the silk fibroin modification with acrylic acid a 

quantitative analysis of FTIR spectra was performed. Using the equation below, 

the contribution of C-H from CH2=CH- groups was determinated. The equation 
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revealed that amide IV area (N-H stretching vibration) was about 29 % higher in 

the SF-acrylic acid spectrum with respect to unmodified silk fibroin. The value 

was considered in ratio to the constant peak, amide II, in order to show only the 

contribution of carbon double bond from acrylic acid moiety. 
 

 
 

where % corresponds to the contribution of the C-H groups from the double 

bonds, A(3110-3030) is area of 3075 cm−1 signal attributed to amide IV (N-H 

stretching vibration) from SF-Acrylic acid and SF spectra; A(1591-1483) is area 

of 1523/1521 cm−1 signal from SF-Acrylic acid and SF spectra attributed to amide 

II (N-H deformation vibration. 

The silk fibroin characteristic peaks are also present into PEGylated 

samples. Fig. 3 revealed the FTIR spectra of Poly(ethylene glycol) diacrylate (11),  

 

 
Fig. 3. ATR-FTIR spectra of PEGylated SF nanoparticles 

 

Tetra(ethylene glycol)  diacrylate (22) and the PEGylated silk fibroin 

compounds. The chemical modification consists in splitting of amide III 

(stretching C-N) into two different peaks according to concentration of PEG 

formulations. Another important aspect is that no signals for C=C groups at 1411 

cm-1 appeared, as it was revealed in SF-Acrylic acid spectrum. This approach may 

demonstrate the reaction between carbon-carbon double bonds from PEG with 
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carbon-carbon double bonds from modified SF-Acrylic acid. This achievement 

represents a pathway for a directly crosslinked structure by the contribution of 

both synthetic and natural polymers. 
 

3.3. RAMAN spectroscopy 

The physico-chemical investigation was also carried out by RAMAN 

analysis. Fig. 4 reveals the main peak of SF and modified SF (SF-Acrylic acid). 

SF spectrum presented four main peaks: in the region 2937 cm-1 a peak attributed 

to the carbon-hydrogen stretching; in the region 1667 cm-1 a peak specific to 

carbonyl group and a peak in the region 1453/1388 cm-1 attributed to the carbon-

hydrogen bending. The modified SF spectrum revealed a new peak at 1234 cm-1 

which can be the amide III contribution (carbon-nitrogen stretching) from the 

native fibroin. Two more peaks at 1173 cm-1 and 1085 cm-1 can be attributed to 

the ester group and carbon oxygen stretching from the acrylic acid bound within 

fibroin backbone. Other peaks can be seen under 1000 cm-1 region and they can 

be attributed to the carbon-carbon stretching from the acrylic acid moiety. 

 
Fig. 4. RAMAN spectra of SF (black) and SF-Acrylic acid (red) 

 

3.4. Dynamic light scattering (DLS) 

The of SF-PEG nanoparticles size distribution profile in solution was 

evaluated by Dynamic light scattering (DLS, Fig. 5). Crosslinked and 

uncrosslinked SF-PEG samples were analyzed to reveal the PEG contribution 

over nanoparticles size. Bigger particles size was shown for crosslinked 

nanoparticles in comparison with un-crosslinked samples. This fact can be 

attributed to the swelling behavior of a crosslinked structure. Considering the 
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analysis in the aqueous solution, there is a favourable environment for the SF-

PEG network to swell. 

 
Fig. 5. DLS spectra of crosslinked and uncrosslinked samples of silk fibroin-PEG solution 1 (11-

1), silk fibroin-PEG solution 2 (11-2) and silk fibroin-PEG solutions 3 and 4 (22-1/22-2) 

 

In the case of modified SF with acrylic acid the generated structure can be 

considered as a physical network.  
Table 2 

Particle size of SF-PEG samples 

 SAMPLE NAME 
PARTICLE SIZE 

(NM) 

 

CROSSLINKED 

SILK FIBROIN-PEG SAMPLE 1 (11-1) 295 ±20 

SILK FIBROIN-PEG SAMPLE 2 (11-2) 380 ±20 

SILK FIBROIN-PEG SAMPLES 3 AND 4 

(22-1/22-2) 

 

390 ±20 

 

 

 

UN-

CROSSLINKED 

SILK FIBROIN-PEG SAMPLE 1 (11-1) 220 

SILK FIBROIN-PEG SAMPLE 2 (11-2) 350 

SILK FIBROIN-PEG SAMPLES 3 AND 4 

(22-1/22-2) 
260 

 

The hydrogen bonds and rearrangement of the spatial conformation via random-

to-β-sheets contributed to the physical network achievement. The PEG chemical 
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network contribution to the final nanoparticles network is essential because of 

balance increasing to a more hydrophilic nature. This fact certainly contributes to 

the nanoparticles swelling capacity and size increase. The samples with 

tetra(ethylene glycol) diacrylate 22-1 and 22-2 revelaed bigger particle size due to 

the fact that this type of PEG is more reactive than poly(ethylene glycol) 

diacrylate. A more reactive PEG generates a chemical network with a higher 

contribution to the final nanoparticles network and swelling behavior. In this case, 

the nanoparticles size was decided by the PEG reactivity to the detriment of the 

PEG molecules size. 

3.5. Scanning Electron Microscopy (SEM) 

PEGylated silk fibroin surfaces were visualized by SEM in terms of 

surface morphology and nanoparticles dimensions. Samples formulated with 

poly(ethylene glycol) diacrylate showed homogenous individualized nanoparticles 

but in a low number. A slight increase of nanoparticles dimensions can be 

observed between sample 11-1 and sample 11-2 (Fig. 6).  

 

Fig. 6. SEM microphotographs of nanoparticles: silk fibroin-PEG sample 1 (11-1, left) and silk 

fibroin-PEG sample 2 (11-2, right)  

 

Regarding samples formulated with tetra(ethylene glycol) diacrylate, 

nanoparticles have the tendency to agglomerate and stick together. According to 

the SEM images, smaller nanoparticles are highlighted with respect to DLS for 

the same formulation (Fig. 7). This aspect can be explained by the fact that in the 

case of DLS nanoparticles agglomerates were analyzed with negligible 

contribution of individualized nanoparticles. The real nanoparticle sizes were 

presented only by morphological investigation. 
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Fig. 7. SEM microphotographs of nanoparticles from silk fibroin sample 3 (22-1, left) and silk 

fibroin sample 4 (22-2, right) 

 

3.6. Drug release behavior 

 Fig. 8 shows the release curve of SF-PEG samples loaded with 5-

fluorouracil (5-FU). The 5-FU release was evaluated every 15 minutes for the first 

hour, every 30 minutes for the next two hours and finally 240 minutes after the 

beginning of the experiment.  

 
Fig. 8. 5-Fluorouracil release profiles from SF-PEG nanoparticles 

 

A higher amount of drug is released from the polymeric nanoparticles into the 

PBS buffer in the first 60 minutes. This might be due to the kinetic forces which 

occur within the system as a result of aqueous media penetration of the polymer 

nanoparticles. Furthermore, the osmotic pressure enables the strong purge of 5-FU 

from nanoparticles. This linear-like profile changes afterwards, as the system 
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approaches equilibrium. In time, as the encapsulation environment reaches 

hydration equilibrium, a more sustained release is enabled. A plateau is reached 

after 120 minutes as the drug appears to support a low release in the saline buffer. 

This behavior continues for the following two hours. The nanoparticles with 

poly(ethylene)glycol diacrylate show significant values of drug release of 75-79 

%. The crosslinked structure could ensure a longer time for the drug release [34-

36]. 

4. Conclusions 

Silk fibroin-PEG nanoparticles were prepared by nanoprecipitation 

method. The nanoparticles were characterized in terms of morphological, physico-

chemical and size distribution profile by SEM, FTIR, RAMAN and DLS. FTIR 

analysis revealed that the silk fibroin chemical modification was achieved. 

Physico-chemical investigation can conclude that PEG molecules approached the 

carbon double bond modified regions of silk molecules. They increased the 

nanoparticles hydrophilic nature with strong influences over encapsulation 

capacity, conformational changes, or crosslinked structure. Silk fibroin-PEG 

nanoparticles showed a good 5-FU encapsulation efficiency based on drug loading 

tests. As future perspectives, biological assessment of PEGylated SF nanoparticles 

will be done on specific tumor cell lines to optimize the system efficiency for 

cancer therapy.  
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