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Abstract 

Bio-derived and biocompatible nanogels based on poly(lactic acid) (PLA) and silk 

sericin (SS) have been synthesized for the first time. Low molecular weight PLA and SS 

were first modified using allyl glycidyl ether to create a PLA macromonomer and an SS 

multifunctional crosslinker (PLAM and SSC, respectively), as confirmed by NMR and FTIR 

spectroscopies. Nanogels were synthesized from PLAM/SSC and N′N-methylene 

bisacrylamide (N′,N-mBAAm) as an additional bifunctional crosslinker via classical free-

radical polymerization at systematically varied levels of additional crosslinking (0, 0.5, 1.0, 

1.5 and 2.0 w/w% N′,N-mBAAm). Higher crosslink densities led to smaller nanogel particles 

with reduced accumulative drug release. Crosslinked PLAM/SSC nanogels at 0.5% N′,N-

mBAAm with 400-500 nm diameter particles were shown to be non-toxic to the normal 
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human skin fibroblast cell line (NHSF) and selected for incorporation within poly(lactide-co-

glycolide) (PLGA) electrospun nanofibers. These embedded nanogel-PLGA nanofibers were 

non-toxic to the NHSF cell line and exhibited higher cell proliferation than pure PLGA 

nanofibers, due to their higher hydrophilicity induced by the PLAM/SSC nanogels. This 

work shows that our new crosslinked-PLAM/SSC nanogels have potential for use not only in 

the field of drug delivery but also for tissue regeneration by embedding them within 

nanofibers to create hybrid scaffolds. 

 

1. Introduction 

  

 Nanogels are three-dimensional (3D) crosslinked polymeric particles with nanoscale 

dimensions that are an attractive type of material for use in biomedical applications such as 

tissue engineering, biomedical implants and drug delivery systems (1,2). This is due to their 

properties, such as a large surface area for multivalent bioconjugation, interior network for 

the incorporation of biomolecules, high water content and biocompatibility (3–5). A common 

use of nanogels is as carriers for antibiotics in the treatment of bacterial infection, which is 

still a major cause of hospitalization and mortality (6). Research has shown that the use of 

antibiotics in their free form can cause treatment failure due to low bioavailability, poor 

penetration to bacterial infection sites, side effects, and antibiotic resistant properties of 

bacteria (6). Therefore, encapsulation of antibiotics in nanogels or polymeric particles has 

been utilised to increase efficiency of release at the infection site as well as reducing the 

dosage and dosing frequency. For this purpose different polymeric micro-to-nanoparticles or 

gels, sourced from both synthetic and natural polymers, such as poly(N-isopropylacrylamide) 

and poly(acrylic acid) (7), poly(D,L-lactide-co-glycolide) (8,9), polycaprolactone (10) and 

chitosan (11), have been developed to meet different clinical needs.  

 Poly(L-lactic acid) (PLLA) is a synthetic biodegradable polymer manufactured from 

renewable resources (i.e. corn, starch, potatoes) and widely used in many applications, such 

as drug delivery devices, tissue-supporting scaffolds, and film packaging (12,13). It is the L-

stereo-regularity of poly(lactic acid) or polylactide (PLA), which occasionally is terminated 

with carboxylic acid end-chain. Silk sericin (SS) is a glue-like protein that covers the double 

strands of fibroin of silk cocoons (wild silk and Bombyx mori). SS is comprised of 18 types 

of amino acids with high essential amino acids of serine, glycine, aspartic acid, glutamic acid, 

threonine and tyrosine, respectively (14–16). These protein structures consist of hydroxyl, 

carboxyl and amino functional groups, which make sericin soluble in polar solvents like 



water (17,18). Importantly, these strong polar side groups allow for chemical modification 

with other materials and expand the suitable applications of silk sericin.  

 Tissue engineering scaffolds are an important family of materials due to the difficulty 

and complexity of the classical treatments by an autograft or allograft. They are essentially 

used as a template for the growth of cells to regenerate new tissue without surgical operation 

(19,20). Scaffolds for skin regeneration are mainly in the form of hydrogel porous structure 

(14,21,22) and nanofibers (23–26). Nanofibers produced by electrospinning are good 

candidates for scaffolds, due to their high specific surface area and highly porous structure. 

This helps to mimic the microscale morphology of the native extracellular matrix (ECM) and 

allows for enhanced cell migration and proliferation to accelerate wound healing (27). 

Recently, nanofibers have not only targeted cell migration and proliferation but also have 

been incorporated with active components for enhanced treatments such as drug delivery 

(28,29).  

 Due to the advantages of electrospun nanofibers for skin regeneration and polymeric 

nanogels for drug delivery, in this work, we have synthesized new polymeric nanogels from 

fully biodegradable materials [poly(L-lactic acid) (PLLA) and silk sericin (SS)]. These 

nanogels are then targeted for versatile use as a carrier for drugs, bioactive agents, growth 

factors or other components. In addition, these nanogels have been embedded within a 

poly(lactide-co-glycolide) (PLGA) electrospun nanofibrous mesh for potential use as tissue 

engineering scaffolds with dual functionality; drug delivery and tissue regeneration. 

 Therefore, this present work, started with the synthesis of new polymerizable PLLA 

(referred to as PLA macromonomer, PLAM) and SS (as SS multifunctional crosslinker, SSC) 

from low molecular weight PLA and SS, respectively (overview presented in Fig. 1). The 

chemical structures of PLAM and SSC were analyzed by nuclear magnetic resonance 

spectroscopy (NMR) and Fourier-transform infrared spectroscopy (FT-IR). Then, novel 

nanogels of PLAM/SSC were synthesized via classical free radical polymerization in the 

presence of a crosslinker (N′N-mBAAm). The effect of crosslinker concentration on the 

diameter size and drug release profiles of the nanogels was studied in detail along with their 

concomitant morphology (by transmittance electron microscopy (TEM)) and cytotoxicity. 

Furthermore, crosslinked-PLAM/SSC nanogels were embedded within PLGA electrospun 

nanofibrous scaffolds and this hybrid system characterized by morphology, enzymatic 

accumulative degradation, hydrophilicity and cytotoxicity. 



 

  
 

Figure 1.  Overview of the synthetic approach adopted in this work. 

 

2. Materials and method 

2.1 Materials 



 Poly(lactic acid) (PLA) with an average weight molecular weight of 2,250 g/mol 

was used as received from the condensation polymerization of lactic acid. Silk cocoons 

(Bombyx mori) were provided from Tak province in the lower northern region of Thailand. 

Allyl glycidyl ether (AGE), zinc (Zn), N′,N-methylene bisacryamide (N′,N-mBAAm), N-

methyl-2-pyrrolidone (NMP), tetramethylethylene diamine (TEMED), dimethyl sulfoxide 

(DMSO), rhodamine B (model drug) were supplied by Sigma-Aldrich (Singapore). 

Potassium hydroxide (KOH) and ammonium persulfate (APS) were purchased from Univar 

chemical. Poly(lactide-co-glycolide) (PLGA), at LA:GA ratio of 75:25 with an average 

molecular weight of 108,000 g/mol, was supplied by bioplastic production laboratory for 

medical applications, Chiang Mai University. Normal human skin fibroblast cell line (NHSF) 

was obtained from Japanese collection of research bioresources cell bank (JCRB Cell Bank). 

XTT (2,3,-bis(2methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetra-zolium) 

was supplied by Thermo Fisher Scientific (Waltham, MA, USA). 

 

2.2 Synthesis of SS multifunctional crosslinker (SSC) and PLA macromonomer 

(PLAM) 

 Silk sericin multifunctional crosslinker (SSC) 

 The first step was the preparation of silk sericin powders by a hot water degumming 

process following the method used in our previous work (14,21). Briefly, silk cocoons were 

cut into small pieces with 20 g added to 500 mL of DI water, this was then heated to 100 °C 

for 4 hrs. After that the SS solution was dried in an oven at 60 °C for 12 hrs to obtain silk 

sericin powder (SS). To convert SS to SSC the chain-end or pendant carboxylic groups were 

modified by allyl glycidyl ether (AGE) (see Fig.2b). Initially, 5 wt% of SS was dissolved in 

20 mL of DI water and then mixed with 5 wt% AGE and Zn powder (1 wt% of total amount 

of the reactants) in a close system. The reaction was carried at 70 ºC, under a nitrogen 

atmosphere with constant stirring for 12 hrs. After that, the reacted solution was added 

dropwise into cold DI water to remove any unreacted species, this process was repeated three 

times. The precipitant sample was termed “silk sericin multifunctional crosslinker (SSC)” 

which was collected and dried at 60 °C for 48 hrs before storing in desiccator to avoid any 

exposure to moisture. 



 

 Poly(lactic acid) macromonomer (PLAM) 

 A low molecular weight of PLA was selected and the chain-end groups were modified 

with AGE following a similar procedure to SSC but with slight alterations in the method (see 

Fig.5a). 5 wt% of low molecular weight PLA was dissolved in 150 mL of dimethyl sulfoxide 

and then mixed with 5 wt% AGE and 0.5 wt% Zn powder in a close system. The reaction 

mixture was heated at 70 °C under a nitrogen atmosphere and stirred for 12 hrs. After that, 

the sample was precipitated with cold DI water three times to remove all residual solvent 

before drying the sample at 60 °C for 48 hrs. Finally, the dried sample termed “poly(lactic 

acid) macromonomer (PLAM)” was stored in a desiccator before use. 

 

2.3 Synthesis of PLAM/SSC nanogels 

 Novel nanogel particles of PLAM/SSC were synthesized via conventional free radical 

polymerization in the presence of a crosslinker (N′,N-methylene-bisacrylamide) in an W/O 

emulsion system. 2 wt% PLAM and 2 wt% SSC were dissolved separately in N-methyl-2-

pyrrolidone (NMP, the oil phase) and DI water (the water phase), respectively. They were 

allowed to dissolve for 2 hrs at 70 °C before being mixed together for 30 mins. Then N′,N-

methylene bisacrylamide (N′,N-mBAAm) was added as the crosslinker, at different 

concentrations of 0.5, 1.0, 1.5 and 2 %w/w (The reaction was also carried out without 

crosslinker 0 %w/w). The mixture was then cooled down to 30 °C before adding 

tetramethylethylene diamine (TEMED) and finally, ammonium persulfate (APS) to start the 

reaction with stirring for 30 mins. After finishing the reaction, the nanogels were purified by 

precipitation in cold DI water to remove any residual non-polymerized materials and dried at 

60 °C for 48 hrs before storing in a desiccator. 

 

2.4 Fabrication of PLGA electrospun nanofibers embedded with nanogels 

 The crosslinked-PLAM/SSC nanogels were incorporated into a PLGA solution that 

was then used to fabricate electrospun nanofibers by a colloid-electrospinning technique. 10 

wt% PLGA was dissolved and stirred in 4:1 – chloroform : dimethylformamide (DMF) 

solution for 24 hrs before the addition of 0.1 wt% crosslinked PLAM/SSC nanogels. The 

nanogels were suspended in PLGA solution by the incorporation of a surfactant (Pluronic® 

F-127). The colloid solution was ejected from a 10 mL plastic syringe via a metallic needle 

(0.7 mm inner diameter) at the distance of 15 cm from the collector, a flow rate of 0.3 ml/hrs 

and voltage of 25 kV was used. Finally, the electrospun PLGA nanofibers with embedded 



nanogels were collected as a mat on the collector. Samples were kept in desiccator to protect 

from moisture before further characterization. 

 

2.5 Characterizations 

 Functional groups by FT-IR 

 Fourier Transform Infrared Spectrometer (FT-IR) from Perkin Elmer (model 

Spectrum GX) was used to characterize the functional groups of PLAM, SSC and 

PLAM/SSC nanogels with and without crosslinker. All samples were dried before testing and 

used the attenuated total reflection (ATR) mode of FT-IR. 

 

 Chemical structures by NMR 

 Nuclear magnetic resonance (NMR) (model Bruker Advance 400) was used to study 

the chemical structures of PLAM and SSC to confirm that the vinyl groups were successfully 

added. PLAM and SSC were dissolved in deuterated dimethyl sulfoxide (DMSO-d6) before 

testing proton (1H) and carbon (13C) NMR. 

 

 Morphology by SEM and TEM 

 Transmission electron microscope (TEM, TECNAI12 PHILIPS model) was used as a 

tool to observe the size and shape of the nanogels. Briefly, nanogels were suspended in 

phosphate buffer saline (PBS). Then a drop of sample was placed on copper grids, followed 

by drying at room temperature before being loaded to the transmission electron microscope. 

The PLGA electrospun nanofibers embedded with nanogels were also observed for their 

morphology by TEM. The surface of the electrospun fibers were observed by scanning 

electron microscope (SEM), 1455VP Leo model, using secondary electron beam with high 

voltage. Samples were cut and tapped on sample stub before being coated by gold particles. 

 

 Contact angle measurement (CA) 

 Contact angle (Data physics model OCA20) was used to study the hydrophilicity of 

electrospun nanofibers at room temperature. Water was injected from a syringe onto the 

surface of the nanofiber mats (1 µL dosing volume). Images of the water droplets were 

recorded with a video camera and the contact angles of samples determined using the built in 

OCA software. 



 

2.6 In vitro drug release behavior of nanogels 

 The nanogel particles synthesized with different concentrations of crosslinker were 

immersed in a constant concentration of Rhodamine B solution (a dye used as model drug).  

The solution with nanogel particles was constantly stirred overnight to promote saturated-

nanogel particles with model drug. Then, these saturated-nanogel particles were separated 

from the solution by centrifuging before being added 0.5 mL of phosphate-buffered saline 

(PBS, pH 7.4) and placed in incubator at 37 °C. Aliquots of solution were taken out at 

appropriate time intervals, while fresh PBS was re-added to maintain the same volume at 0.5 

mL. The time intervals were 1, 2, 3, 4, 5, 7, 9, 11, 24, 26, 28, 30, 32 and 48 hours. The 

concentration of model drug at each time interval was analyzed by Microplate reader (model 

UV-Vis Biotek synergy H1 Hybrid Reader spectrophotometer) at 544 nm. The cumulative 

drug release (mg/mL) was calculated by comparing the measured optical density to that of 

standards of Rhodamine B. 

 

2.7 Enzymatic degradation of electrospun nanofibers embedded nanogels 

 The electrospun nanofibers embedded nanogel samples were cut into sizes of 1 cm2 and 

weighed for the initial weight (Wi). After that, the samples were immersed in 2 mL of 0.004 

% trypsin in PBS solution and stored in an incubator at 37 °C. The solution was refreshed 

every week and the samples were weighed every week, to record the weight after degradation 

(Wd). The % weight loss was calculated by the following Eq.1: 

                                   Eq.1 

 

2.8 In vitro cell cytotoxicity 

 The cytotoxicity of nanogels was observed using an XTT assay (indirect method), 

according to ISO 10993-5 (ISO 10993-5:2009(en) biological evaluation of medical devices - 

part 5: tests for in vitro cytotoxicity. Human skin fibroblast cells line (NHSF) was seeded in 

96-well plates at a density of 10,000 cell/well and allowed to adhere overnight. Nanogels 

were incubated in DMEM (Dulbecco’s Modified Eagle Medium) at 37 °C for 24 h. Then, this 

nanogels-extracted DMEM (200 µL) was added into wells containing cells and incubated for 

24 h before removal. The 200 µL of medium with XTT solution was added into each well 

and incubated for 4 h before the cell viability test. The cell viability was determined by 

microplate reader absorbance at 490 nm. The OD value of all samples were compared with a 

control, the percentage of cell viability was calculated following Eq.2.  



  Cell viability (%) =   100                                              Eq.2 

Where ODs is the absorbance of impregnated medium of samples and ODc is the absorbance 

of a control (untreated cells or cells incubated with culture medium without samples). 

 

2.9 In vitro cell proliferation: XTT  

 XTT assay was used to study the viability of cells seeded on the samples after 1, 3 

and 5 days in culture. The NHSF cell lines were first cultured in a flask with DMEM medium 

supplemented with 10% v/v fetal bovine serum (FBS), 1%v/v penicillin/streptomycin and 

0.1%v/v amphotericin B incubated at 37 °C under 5% CO2 humidified atmosphere. The 

culture medium was refreshed every 3 days. The samples were sterilized by ozone and 

washed with PBS solution before immersing in DMEM containing 10% v/v FBS for 1 h and 

then left for a further 1 h in an incubator at 37 °C. Afterwards, the NHSF cells (7 x 104 

cells/well) were seeded on samples for 1, 3 days and 5 days of culture. Cultured samples 

were transferred and placed into a new 24-well plate with 200 µL of new serum-free medium 

to which 50 µL of XTT solution was added and left for 4 h in an incubator. Absorbance at 

490 nm was measured with a microplate reader. 

 
3. Results and Discussion 

 

 Nanogels based on bio-derived and biocompatible poly(lactic acid) (PLA) and silk 

sericin (SS) have been synthesized for the first time. In this report, we demonstrate the 

successful chemical modification of both PLA and SS to create a PLA macromonomer 

(PLAM) and SS multifunctional crosslinker (SSC), respectively. The effect of additional 

N′,N-mBAAm crosslinker on the formation of the nanogels is elucidated together with their 

in-vitro drug release profile and cytotoxicity. Finally, we demonstrate the versatility and 

applicability of the nanogels through incorporation into electrospun PLGA nanofibrous 

fabrics as hybrid scaffolds for potential use in tissue regeneration. 

 

3.1 SS multifunctional crosslinker (SSC) and PLA macromonomer (PLAM) 

 SS and PLA were modified by the addition of vinyl groups from allyl glycidyl ether 

(AGE) onto their chain-ends or side groups, converting them to SSC and PLAM, 

respectively. 1H and 13C NMR spectroscopies were used to confirm the successful 



modification of the chain-ends or side groups of SS and PLA to create the corresponding 

crosslinker and macromonomer. 

  



 

Silk sericin multifunctional crosslinker (SSC)  

 Silk sericin is a protein comprising varying amounts of 18 different amino acids, with 

the six most common being serine, aspartic acid, glycine, threonine, alanine and glutamic 

acid (Fig.2a) (14,30–33). This provides tremendous versatility, allowing silk sericin to be 

modified with a wide range of chemical functionality, such as vinyl groups to convert the 

protein into a macromonomer or crosslinker, capable of further polymerization. To the best of 

our knowledge, the synthesis of silk sericin multifunctional crosslinker (SSC) has not been 

reported previously. The schematic of SS functionalization is shown in Fig.2b,c and d. SS is 

modified through the reaction of epoxide-functionalized AGE in the presence of zinc, where 

the reactions can take place at the C- and N-termini of the protein backbone and at the 

pendant carboxylic acid groups present on the aspartic and glutamic acid units within the 

protein. The reaction of AGE with the various carboxylic acid groups (terminus and pendant) 

and amine group (terminus) equips SS with vinyl groups to create a multifunctional SSC 

capable of polymerization and crosslinking. 



 

Figure 2. Silk sericin multifunctional crosslinker (SSC) synthesis: (a) The most common 

amino acids found in silk sericin (31–33); (b), (c) and (d) show the chemical 

functionalization, showing a cartoon schematic (b), end group functionalization (c) and side 

group functionalization (d).  



 

Figure 3. Silk sericin multifunctional crosslinker (SSC) synthesis: (a) 1H NMR spectrum of 

SSC; (b) 1H NMR spectrum of SS; (c) 13C NMR spectrum of SSC and (d) 13C NMR spectrum 

of SS. 

 

 The 1H NMR spectrum of SSC (Fig.3a) shows proton peaks from the modification at 

H3 and H6, H4, H9 (hydroxyl group), H5, H7 and H8 (vinyl group) at 4.2, 3.8, 3.7, 3.5, 5.2 

and 5.9 ppm, respectively. From the 13C NMR spectrum of SSC (Fig.3c), the modified 

carbons (C3, C4, C7 and C8) show peaks at 63.1, 70.6, 116.1 and 135.4 ppm, respectively. 

Both were compared with the 1H NMR spectrum of SS (Fig.3b) and 13C NMR spectrum of 

SS (Fig.3d), respectively.   In short, the results from both 1H and 13C NMR spectroscopies 

confirm the successful incorporation of vinyl groups to SS. FTIR spectroscopy was also used 

to provide further evidence of the modification step. The FTIR spectrum of SSC was 

compared with the spectrum of SS, as shown in Fig.4. The peak of C-H bending vinyl groups 

(953-932 cm-1) of AGE in SSC are observed. Also, there is a shift in the FTIR spectrum of 



SSC to a lower wavenumber when compared to SS. This might be because the AGE addition 

results in a change to the stiffness of the SS chains. In addition, the N-H stretching band in 

SSC appears at lower frequency and sharper than that in SS, due to a reduction in the degree 

of hydrogen bonding, following the conversion of several carboxylic acid groups and an 

amine group. 

 

   
 

Figure 4. FTIR spectrum of silk sericin (SS) and silk sericin multifunctional crosslinker 

(SSC). 

 

 
Poly(lactic acid) macromonomer (PLAM) 

 PLAM was modified through the reaction of allyl glycidyl ether (AGE) in the 

presence of zinc and low molecular weight PLA (Mw ~ 2,250 g/mol), which follows the same 

reaction pathway to SSC by opening the epoxide ring of AGE at the chain-ends of PLA (as 

shown in Fig.5a). The chemical structure and functional groups of PLAM were analyzed. 

From 1H NMR spectrum of PLAM (Fig.5b), the proton peaks at H3 and H6, H4, H9 

(hydroxyl group), H5 from the opened epoxide ring of AGE were observed at 4.2, 4.0, 3.6 

and 3.5 ppm, respectively. While the proton peaks at H7 and H8 of the vinyl group were 

observed at 5.2 and 5. 5 ppm. The 13C NMR spectrum of PLAM (Fig.5d) was also analyzed. 

The carbon peaks at C1, C2, C3, C4, C5, C6 and C7 were observed at 16.1, 68.6, 169.1, 65.7, 

66.0, 70.5 and at approximately 68.5 ppm. Both were also compared with 1H NMR spectrum 

of PLA (Fig.5c) and 13C NMR spectrum of PLA (Fig.5e), respectively.   Thus, the carbon 



peaks at C4-C9, plus the results from 1H NMR confirm the presence of AGE at the chain-

ends of PLAM and the successful modification of PLA. 

  

   
Figure 5. Poly(lactic acid) macromonomer (PLAM): (a) reaction of functionalized 

poly(lactic acid) (PLA); (b) 1H NMR spectrum of PLAM; (c) 1H NMR spectrum of PLA; (d) 

13C NMR spectrum of PLAM; and (e) 13C NMR spectrum of PLA. 



 
 FTIR was also used to confirm the successful modification of the chain-ends of 

PLAM (see Fig.6). FTIR spectrum of PLAM was compared with the spectrum of PLA. The 

C-H stretching band at 2960-3150 cm-1 from both PLA and PLAM was observed. However, 

vinyl C-H bending at 952 cm-1 and O-H bending (out-of-plane) at 900 cm-1 were only 

observed in PLAM (inset). In addition, the bands at 1665 cm-1 and 1415 cm-1 in PLAM, are 

attributed to C=C stretching and C-O-H bending (in-plane), respectively. In contrast, these 

bands are not observed in unmodified PLA. The PLAM spectrum also shows a band from -

OH bending, which originates from the opened epoxide ring. 

  

Figure 6. FTIR spectra of poly(lactic acid) (PLA) and poly(lactic acid) macromonomer 

(PLAM). 

 

 

3.2 Nanogels of PLAM/SSC: Effect of N′,N-mBAAm crosslinker 

 Modified SSC and PLAM were used to fabricate nanogels via conventional free 

radical polymerization. An additional short-chain bifunctional chemical crosslinker (0.5% 

N′,N-mBAAm) was employed to allow a degree of control over the properties of the final 

nanogels. These chemically crosslinked nanogels are referred to as crosslinked-PLAM, 

crosslinked-SSC, and crosslinked PLAM/SSC throughout this manuscript. The effect of 

different N′,N-mBAAm contents was studied in terms of morphology, in vitro drug release 

profiles and in vitro cytotoxicity. 



 Morphology 

 The morphology of crosslinked-PLAM, crosslinked-SSC and crosslinked PLAM/SSC 

(with 0, 0.5, 1.0, 1.5 and 2% w/w N′,N-mBAAm) were analyzed by TEM, as shown in 

Fig.7A, together with schematic illustrations of the comparision of diameter sizes of 

crosslinked-PLAM/SSC nanogels with different concentrations of N′,N-mBAAm. The 

crosslinked-PLAM and crosslinked-SSC show particles of irregular spherical shape, which 

have diameters in the range of 30-50 nm and 60-80 nm, respectively. The crosslinked-PLAM 

particles are smaller and more irregular than those of SSC. This is possibly due to the fact 

that PLAM contains a smaller number of vinyl ended-chains and also has the potential to 

chain extend, forming longer chains of PLA instead of forming a crosslinked structure. 

Whereas SSC possesses more carboxylic groups both at the chain-ends and also as pendant 

side-groups, which are able to subsequently generate higher numbers of crosslinked 

structures.  

 Comparing crosslinked-PLAM/SSC nanogels with 0% and 0.5% N′,N-mBAAm, the 

nanogels containing additional N′,N-mBAAm crosslinker have better homogeneity with 

uniform spherical shape and are approximately five times larger in diameter than the 

crosslinked-PLAM/SSC nanogels without N′,N-mBAAm. This is attriubted to the hydrophilic 

nature of the crosslinker (N′,N-mBAAm) – solubility in water: 19.4 mM (34), so when the 

nanogel starts is being formed the nuclei can imbibe an considerable amount of any aqueous 

monomer solution (35). In our system, the solvent for SSC is water, therefore this results in a 

larger size of N′,N-mBAAm – containing crosslinked-PLAM/SSC nanogels. 



 

Figure 7. (A) TEM images of crosslinked-PLAM, crosslinked-SSC and crosslinked-

PLAM/SSC at 0, 0.5, 1.0, 1.5 and 2.0% w/w N′,N-mBAAm, prepared by suspension in PBS 

(pH 7.4) prior to dropping onto a carbon grid; (B) Diameters of crosslinked-PLAM/SSC at 

different concentrations of N′,N-mBAAm.  

 

 



 In this work, we also studied the effect of N′,N-mBAAm crosslinker concentration (0, 

0.5, 1.0, 1.5 and 2.0 % w/w) on the diameter of the nanogel particles, as the size of the 

nanogels will influence their performance in any desired application (36). The results are 

shown in Fig.7B and show that as higher concentrations of N′,N-mBAAm crosslinker were 

used (>1.0%), smaller particles were observed. This is similar to conventional hydrogels in 

that as the amount of crosslinker increases, there is a decrease in the ability for the gels to 

swell because the crosslinks create more constraints preventing swelling. When no additional 

crosslinker is presented (0% N′,N-mBAAm), only the multifunctional SSC can react to form 

the nanogel particles. However, this results in particles having small diameters and not being 

homogeneous or smooth spheres. 

 

 In vitro drug release and in vitro cytotoxicity  

 The in vitro drug release profiles of crosslinked-PLAM/SSC nanogels at 0, 0.5, 1.0, 

1.5 and 2.0 %w/w N′,N-mBAAm crosslinker were tested for 48 hrs, as shown in Fig.8a. It is 

important to note that all nanogels were saturated with a constant concentration of model 

drug. The data show that crosslinked PLAM/SSC nanogels at 0.5%w/w N′,N-mBAAm 

released rhodamine B (a hydrophilic dye as model drug) with a cumulative release of over 

80%. A rapid release was observed during the first 4 hours, followed by a gradual reduction 

in release between 4 and 8 hours before tailing off towards the end of the testing period (48 

hours). Samples with higher levels of crosslinking showed the same trend in release profiles, 

albeit their cumulative release was much lower than that of crosslinked-PLAM/SSC at 

0.5%XL. The nanogels at 1.0, 1.5 and 2.0 %w/w N′,N-mBAAm had cumulative release 

percentages of 47%, 40% and 30%, respectively. The release profiles show that higher 

crosslinker concentrations gave lower cumulative release, due to smaller particle size of the 

nanogels resulting in a reduction of drug load within the particles. In addition, higher 

crosslink density and greater molecular interactions between PLA, SS, hydrophilic 

crosslinker and the hydrophilic model drug may effect to the release of the model drug. 

Therefore, the crosslinked-PLAM/SSC nanogels at 0.5 %XL-PLAM/SSC nanogels were 

chosen to study further due to demonstrating good spherical shape, homogeneity and good 

uptake and release of hydrophilic model drug. 



 
Figure 8. (a) In vitro drug release profile of crosslinked-PLAM/SSC at different 

concentrations of N′,N-mBAAm; (b) in vitro cytotoxicity of crosslinked-PLAM/SSC at 

0.5%w/w of N′,N-mBAAm (n = 3), the DMEM culture medium without nanogels was used 

as a control (p values >0.05 for all samples). 

 

 In vitro cytotoxicity of crosslinked-PLAM/SSC nanogels at 0.5%XL were measured 

using an XTT assay. Figure 8b shows cell cytotoxicity by measuring % cell viability via the 

OD value at 490 nm, using NHSF cell line for 24 hrs. The DMEM culture medium without 

nanogels was used as a control. The results show that the % cell viability of triplicate tests of 

nanogels were over 90% of control. There is no significant difference in cell viability of all 

the control and nanogels. The cell viability study suggests that this crosslinked-PLAM/SSC 

nanogels is non-toxic to the NHSF cells line.  

 In summary, crosslinked-PLAM/SSC nanogels were successfully fabricated through 

the synthesis of a PLA macromonomer and SS multifunctional crosslinker, showing good 

release kinetics of hydrophilic model drug and were non-toxic to NHSF cell lines. Therefore, 

these novel bio-derived nanogels have potential for use as antibiotic drug (typically 

hydrophilic) carriers in the field of tissue repair and regeneration. As a demonstration of the 

potential of our nanogels, we investigated their utility as embedded nanoparticles in 

electrospun fibers for future use in tissue engineering. 

 

3.3 Incorporation of nanogels into PLGA electrospun fiber meshes  

 As aforementioned, tissue engineering scaffolds in the form of electrospun nanofibers 

have been of interest for use in tissue repair due to their morphological similarity to the 

extracellular matrix (ECM) (37–41). Electrospun nanofibers have many unique properties, as 



electrospinning produces ultrafine fibers with small diameters, which leads to high surface 

area-to-volume ratios, high porosities with small pores, high liquid absorption capacity and 

water vapor permeability. These properties allow nano- and microfibers to have excellent 

interactions with skin or damaged tissue (42). Thus, our crosslinked-PLAM/SSC (at 

0.5%XL) nanogels were embedded into electrospun nanofibrous fabrics of PLGA (a 

biodegradable and compatible polymer) to create a multifunctional, composite scaffold from 

fully biodegradable materials. The role of the nanogel particles is to increase the 

hydrophilicity of PLGA nanofibers for enhanced contact with skin or wounds. The hybrid 

scaffold should also improve the efficiency of release of hydrophilic bioactive agents that are 

added and held in the crosslinked-PLAM/SSC nanogels, which are embedded in the PLGA 

nanofibers. 

 

 Morphology, in vitro degradation and hydrophilicity 

 Figure 9a shows SEM images of the PLGA nanofibrous fabrics. The morphology 

comprises continuous smooth homogeneous fibers with random orientation and diameters in 

the range of 700-1000 nm. Incorporation of PLAM/SSC nanogel particles into the PLGA 

nanofibrous mesh was confirmed by the presence of spherical entities in the SEM images 

(Fig.9b) and TEM image (Fig.9e). Interestingly, the incorporation of nanogel particles did not 

affect the smooth morphology of the fibers or effect the average fibers diameter sizes.  

 The rationale in fabricating this scaffold was for skin tissue regeneration, therefore, the 

degradation and hydrophilicity of the polymer matrices are important properties. Generally, 

PLGA tends to degrade via bulk erosion without a constant erosion velocity (43). Therefore, 

changes in morphology (observed by SEM) after submerging the scaffold in DI-water for 2 

weeks was preliminarily used to observe the degradation of our hybrid meshes (Fig.9c and 

9d). After soaking, the PLGA electrospun nanofibers swell and lose their uniform shape, 

while some of the crosslinked-PLAM/SSC nanogels are observed at the fiber surface instead 

of embedded within the fibers. This phenomenon helps to support that the release of drugs 

from the embedded nanogels can occur without complete surface erosion.   

 The percentage of accumulative enzymatic degradation of the electrospun nanofibers 

embedded with nanogels was observed from weeks 1 to 11 (Fig.10). Degradation of the 

hybrid fabrics increased continuously over time and reached ~80% at week 11, while that of 

PLGA nanofibers without nanogel particles only reached ~50%. The degradation of PLGA is 

generally known that it occurs through hydrolysis, which causes chain cleavage and the 



PLGA matrix changes and undergoes bulk erosion (43). Therefore the nanofibers containing 

nanogels are more hydrophilic and thus increase the degradation rate.  

 

Figure 9. SEM images of (a) PLGA nanofiber (inset - fiber fabric), (b) PLGA/nanogel 

nanofiber, (c,d) PLGA/nanogel nanofiber submersed in DI water for 2 weeks at 

magnification of 500x and 2000x, respectively, and (e) TEM images of PLGA nanofiber 

cooperated with nanogel.  

 

 
 
Figure 10. Percentage of enzymatic accumulative degradation of hybrid PLGA nanofibers 

(with embedded nanogels) at different times performed at 37oC in 0.004 % trypsin in PBS 

solution (pH 7.4), together with SEM images (magnification of 2K) at the start, and after 4 

and 11 weeks of degradation.  



 

 The hydrophilicity of PLGA nanofibers and embedded nanogel-PLGA nanofibers 

were observed using static contact angle measurements over a time period of 10 minutes 

(Fig.11). Both systems show similar hydrophilicity when the water droplet is first deposited. 

However, as contact time increased, the nanofibers with embedded nanogel particles become 

increasingly more hydrophilic than the PLGA nanofibers over the entire testing time period, 

with the difference (1° at the start to 20° after 10 minutes) increasing as time increased. 

These results show that the idea of incorporation of crosslinked-PLAM/SSC nanogels into 

the PLGA nanofibers for the enhancement of skin and wound contact was successful and will 

be beneficial for further use in tissue engineering. 

 

 

Figure 11. Water contact angles of PLGA electrospun nanofibers and PLGA electrospun 

nanofibers embedded crosslinked-PLAM/SSC nanogels. 

 

 Cell proliferation 

 The in vitro cell proliferation of PLGA nanofibers, PLGA embedded crosslinked-

PLAM/SSC nanogels and PLGA/nanogel/RhB nanofibers were studied using a XTT assay 

(Fig.12a). Results show that all samples were non-toxic to normal human skin fibroblast cell 

line (NHSF) and metabolically active cells reduce the yellow tetrazolium salt or XTT to an 

orange formazan dye. If there is an enhancement in the number of living cells, this results in 



higher activity of mitochondrial dehydrogenases in the samples and thus a higher OD was 

observed. The results show that the NHSF cell lines grew or proliferate in all PLGA/nanogel 

nanofibers and PLGA/nanogel/RhB nanofibers after 1 day of culture similar to the PLGA 

nanofibers. The increase in cell proliferation is observed in all samples at days 3 and 5 of 

culture. In addition, PLGA fibers embedded with crosslinked-PLAM/SSC nanogels show 

better cell growth at days 3 and 5 when compared to that of PLGA fibers alone. The optical 

images also showed the morphology of living NHSF cell line from well plate with and 

without PLGA/nanogel nanofibers (Fig.12b). This shows that these electrospun nanofibers 

embedded nanogels can be used as biocompatible materials for medical devices.  

 

 
Figure 12. (a) In vitro cell proliferation of PLGA nanofiber, PLGA/nanogel nanofiber and 

PLGA/nanogel/RhB nanofibers at day 1, 3 and 5 (* p value <0.05) (b) the optical images of 

NHSF cell lines from well plate with and without nanofibers. 



 
4. Conclusions 

 Novel nanogels based on low molecular weight of PLA and SS, a synthetic and 

natural biodegradable and biocompatible materials, were synthesized for the first time. Low 

molecular weight PLA and SS were successfully modified to alter their carboxyl and amine 

chain-ends or side groups to be the polymerizable PLA and SS, termed “PLAM and SSC”. 

The nanogels of crosslinked PLAM/SSC show different diameter size and drug release 

profiles depending on the concentration of crosslinker in which higher crosslinker 

concentrations resulted in smaller diameter sizes and lower drug release. The nanogels were 

non-toxic to NHSF cell lines. PLAM/SSC nanogels with 0.5% w/w crosslinker with a 

diameter size of 400-500 nm were embedded within PLGA electrospun nanofibers. The 

nanogels enhance the hydrophilicity of the PLGA electrospun nanofibers. The electrospun 

nanofibers embedded nanogels were non-toxic to the NHSF cell lines and enzymatic 

degradable with good cell proliferation. With the inherent advantages and good properties of 

the fabricated nanogels of PLAM/SSC and embedded nanogel-PLGA nanofibers, these 

materials have the potential for use not only in a field of drug delivery but also in tissue 

regeneration. 
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