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1. Introduction

Bioresorbable materials bearing functionalities that 
enable the introduction of biologically active molecules 
are critically important for a wide range of applications 
including drug delivery, tissue engineering, and bioad-
hesives.[1–4] Natural polymers such as polysaccharides 
and proteins are important families of functional biore-
sorbable materials that offer potential advantages such 
as biological recognition. Notable examples include 
hyaluronic acid, a glycosaminoglycan found in extracel-
lular matrices,[5] pullulan, an extracellular water-soluble 
film-forming microbial polysaccharide that is biocompat-
ible[6] and chitosan, a natural, cationic, and biodegrad-
able poly mer derived by chitin deacetylation.[7] However, 
drawbacks often associated with natural polymers include 
difficulties in purification, selective modification, poor 
thermal stability, and contamination. That is, for bio-
medical materials, the poor thermal stability of natural 

Oligo(Glu70-co-Leu30), a peptide synthesized by protease catalysis, is functionalized at the 
N-terminus with a 4-pentenoyl unit and grafted to polyLSL[6′Ac,6″Ac], a glycopolymer pre-
pared by ring-opening metathesis polymerization of lactonic sophorolipid diacetate. First, 
polyLSL[6’Ac,6”Ac] fiber mats are fabricated by electrospinning. Oxidation of the fiber mats and 
subsequent reaction with cysteamine lead to thiol-functionalized fiber mats with no significant 
morphology changes. Grafting of the alkene-modified oligo-
peptide to thiol-functionalized polyLSL[6′Ac,6″Ac] fiber mats 
is achieved via “thiol-ene” click reaction. X-ray photoelectron 
spectroscopy analysis to characterize peptide grafting reveals 
that about 50 mol% of polyLSL[6′Ac,6′′Ac] repeat units at fiber 
surfaces are decorated with a peptide moiety, out of which 
about 1/3 of the oligo(Glu70-co-Leu30) units are physically 
adsorbed to polyLSL[6′Ac,6′′Ac]. The results of this work pave 
the way to precise engineering of polyLSL fiber mats that can 
be decorated with a potentially wide range of molecules that 
tailor surface chemistry and biological properties.
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polymers prohibits their fabrication by conventional melt 
extrusion and injection molding.[8]

Synthetic polymers from purified monomers such 
as lactide, glycolide, ε-caprolactone, and lactonic 
sophorolipids overcome difficulties in thermal processing 
and concerns over contamination with impurities. A 
common strategy in synthesizing functional bioresorb-
able polymers is to design copolymers consisting of 
either glycolide (GA), lactide (LA), ε-caprolactone (ε-CL), 
1,5-dioxepan-2-one (DXO), or trimethyl carbonate (TMC) 
with a functionalized derivative of GA, LA, ε-CL, DXO, or 
TMC. A number of examples are given in reviews and 
other publications.[9–16] While these approaches have 
merit and may lead to important bioresorbable func-
tional materials, they often involve tedious, chemically 
intensive methods that are not practical for scale-up and 
commercialization. Furthermore, copolymerization of 
protected functional monomers and deprotection chemis-
tries often result in low copolymer molecular weights and 
corresponding poor biomaterial physical properties.

Guided by the rapid growth of knowledge of carbohy-
drate functions in biological contexts,[17,18] biomaterial 
scientists are exploring synthetic strategies to build car-
bohydrates into non-natural polymer constructs (e.g., syn-
thetic glycopolymers) as pendant or terminal groups.[17,18] 
Indeed, glycopolymers hold promise for use in a broad 
range of biomedical applications. Generally, chemical 
routes to carbohydrate-decorated polymers with CC main 
chains require chemically intensive synthetic approaches 
with protection–deprotection steps. Furthermore, with 
few exceptions, the backbones of synthetic glycopolymers 
are nondegradable.[19,20] The availability of glycopolymers 
that can degrade in biological environments would be 
beneficial for many in vivo biomaterial applications.[21]

Sophorolipids (SLs) are a member of a family of micro-
bially produced glycolipids, which are produced in large 

quantities by Candida bombicola.[22–24] Previous work 
has addressed the potential conversion of SLs into unique 
glycopolymers. In the first attempt by our research team, 
SLs were appended to acrylate monomers by a multi-
step synthetic approach resulting in non-degradable 
CC main chains.[25] In addition, Hu and Ju reported 
the lipase-catalyzed ring-opening polymerization (ROP) 
of lactonic SLs, which provided low molar mass poly-
mers.[26] Subsequently, our research team, in collabora-
tion with Coughlin, found that ring-opening metath-
esis polymerization (ROMP) of lactonic sophorolipid 
diacetate, LSL[6′Ac,6″Ac] affords an efficient route to 
transfer the imbedded complexity within natural SLs 
to high molecular weight (Mn up to 103 000 g mol–1) 
poly(sophorolipid), polyLSL[6′Ac,6′′Ac] (Figure 1).[27] This 
unique member of the synthetic glycopolymer family 
consists of alternating hydrophobic and hydrophilic seg-
ments reflecting its amphiphilic structure.[27–29] Since the 
chain has glycosidic and ester links, polysophorolipids are 
fully bioresorbable. Furthermore, primary hydroxyl func-
tional groups along chains provide reactive moieties that 
can be selectively modified to tune polyLSL physical prop-
erties.[30] Recently, we reported that polyLSLs are cytocom-
patible with human mesenchymal stem cells (h-MSCs) 
and that changes in lactonic sophorolipid (LSL) function-
ality have the potential to modulate h-MSC lineage pro-
gression.[31] Furthermore, we showed that variation of 
substitution at sophorose 6′ and 6′′ sites that occur repeti-
tively along polyLSL chains remarkably influence mate-
rial thermal properties, degradation rate, and osteogenic 
response.[31] In addition, synthetic routes were developed 
for functionalization of polyLSLs with clickable meth-
acrylate and azide functional groups to facilitate attach-
ment of bioactive moieties.[31]

Continuous nanofibers produced through electro-
spinning can be assembled into highly porous (typically 
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Figure 1. Chemical structures of: A) diacetylated poly(lactonic sophorolipid), polyLSL[6′Ac,6′′Ac] and B) N-(4-pentenoyl) modified 
oligo(Glu70-co-Leu30).
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above 80%) matrices with remarkable specific area and 
interconnectivity of both pores and fibers. These unique 
properties have led to the use of electrospun constructs 
in diverse fields such as tissue engineering and drug 
delivery.[32,33] Many synthetic and natural polymers 
have been successfully electrospun to produce scaffolds 
with controlled fiber alignment to direct cell adhesion, 
orientation, and proliferation. The incorporation of bio-
logically active molecules into electrospun fibers enables 
the engineering of scaffold matrices for the delivery of 
growth factors, enzymes, drugs, etc.[34] A parallel topic is 
electrospun fiber surface functionalization by physical 
or chemical approaches. The ability to introduce various 
chemical functionalities and bioactive moieties on elec-
trospun fibers allows for the tuning of corresponding 
matrices so they can display desired chemical and biolog-
ical features.[35]

The solid state properties of polyLSL[6′Ac,6′′Ac] were 
reported in a previous study by this research team.[29] 
In summary, the polymer is a solid at room temperature 
which undergoes a glass transition at 61 °C and has a 
crystal phase that melts at 123 °C. The crystal phase con-
sists of ordered packing of aliphatic chain segments and 
long-range order of sophorose groups.

In this work, we report fabrication and solid-state 
characterization of polyLSL[6′Ac,6′′Ac] electrospun 
fibers. Furthermore, a versatile method is described by 
which peptides were conjugated to sophorose moieties 
of polyLSL[6′Ac,6′′Ac] non-woven mats. X-ray photo-
electron spectroscopy (XPS) was used to monitor sur-
face modification reactions. The modification of the 
glycopolymer fiber mat with a model peptide was per-
formed in order to establish an effective strategy by 
which bioactive peptides, proteins, or ligands of cell sur-
face receptors can be covalently bound to the surface of 
this unique bioresorbable and biocompatible polymeric 
material. The primary hydroxyl functional groups along 
chains of polyLSL are exploited as reactive moieties 
for the peptide conjugation reaction steps. The results 
of this work pave the way for precise engineering of 
poly LSL fiber mats that can be decorated with a poten-
tially wide range of molecules that tailor surface chem-
istry and biological properties.

2. Experimental Section

2.1. Materials

Lactonic sophorolipid acetylated at the 6′ and 6′′ sophorose ring 
positions, LSL[6′Ac,6′′Ac], was produced by fermentation of Can-
dida bombicola following a previously published protocol.[24,36] 
L-Glutamic acid diethyl ester hydrochloride (L-Glu(OEt)2·HCl) and 
L-leucine ethyl ester hydrochloride (L-Leu-OEt·HCl) were pur-
chased from Tokyo Kasei Co. Ltd. Crude papain (cysteine protease; 

EC 3.4.22.2; source, Carica papaya; 30 000 USP units per mg of 
solid; molecular weight 21 K) was purchased from CalBioChem. 
Co. Ltd. Tetrahydrofuran (THF), N,N-dimethylformamide (DMF), 
sodium periodate, sodium cyanoborohydride, and cysteamine 
(CA) were purchased from Sigma-Aldrich. All chemicals and sol-
vents were purchased in the highest available purity and were 
used without further purification.

2.2. Synthesis of N-(4-pentenoyl)oligo(Glu70-co-Leu30)

Oligo(γ-EtGlu70-co-Leu30-OEt) was prepared by protease-catalyzed 
oligopeptide synthesis.[37] Briefly, a mixture of L-Glu(OEt)2·HCl 
(1.75 mmol), L-Leu-OEt·HCl (0.75 mmol), papain (16 units per 
mL) and 5 mL phosphate buffer solution (pH 8.0, 0.9 m) was 
reacted with stirring for 4 h at 40 °C. After cooling to room tem-
perature, the peptide precipitate was collected by centrifuga-
tion (6000 rpm), washed and lyophilized giving a white powder 
(yield: 68%; DPavg: 7.4). The yield was determined gravimetrically 
and the DPavg was measured by 1H-NMR end-group analysis as is 
described elsewhere.[37]

The N-terminus of the peptide (258 mg) was modified by 
reaction with 4-pentenoyl chloride (2eq) in DMF (5 mL) using 
triethylamine (2eq) as base. The reaction mixture was stirred 
at room temperature for 18 h and the modified peptide was 
precipitated by addition of cold water. The white precipitate was 
collected, washed three times with cold water, and lyophilized 
(yield: 77%). To remove pendant ethyl ester moieties, the 
lyophilized powder (156 mg) was suspended in 2 N NaOH solution 
(10 mL) at 60 °C and stirred for 30 h. The solution was then acidified 
to pH 4.0, dialyzed to remove salts (MWCO = 100–500 Da) and 
lyophilized to yield the desired product, which was confirmed 
by 1H NMR.

2.3. Synthesis of Diacetylated Poly(sophorolipid), 
PolyLSL[6′Ac,6″Ac]

The ROMP of LSL[6′Ac,6′′Ac] was performed following a previ-
ously published method.[28,31] Briefly, the polymerization of 
LSL[6′Ac,6′′Ac] was conducted in anhydrous tetrahydrofuran for 
30 min at 60 °C using the Grubbs second generation (G2) catalyst. 
The polymer was purified by dissolution in THF and subsequent 
precipitation in ethanol. The number average molecular weight 
(Mn) and dispersity (Đ, Mw/Mn) of the obtained polymer were 
determined by Gel Permeation Chromatography (GPC).

2.4. Electrospinning of p(SL) Fibers

Electrospinning was performed using a homemade appa-
ratus. Briefly, polyLSL[6′Ac,6′′Ac] was dissolved in THF/DMF 
(90/10, v/v) at a concentration of 16% by weight. A glass 
syringe containing the polyLSL[6′Ac,6′′Ac] solution was con-
nected to a stainless-steel blunt-ended needle through a Teflon 
tube. The needle (inner diameter 0.84 mm) was connected to a 
high voltage power supply (Spellman SL 50 P 10/CE/230) and a 
grounded aluminum plate was used as the collector. The needle-
to-collector distance was fixed at 20 cm and the potential was 
20 kV. The polyLSL[6′Ac,6′′Ac] solution feed rate, controlled by a 
syringe pump (KD Scientific 200 series), was 0.9 mL h–1. During 
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electrospinning, the temperature and relative humidity were 
kept constant at 25 °C and 48%, respectively.

2.5. Surface Chemical Functionalization of 
PolyLSL[6′Ac,6″Ac] Fiber Mats

In order to covalently graft the oligo(Glu70-co-Leu30) at the fiber 
surface, the synthesis was carried out according to the following 
steps.[38–41] First, oxidation of polyLSL[6′Ac,6′′Ac] mats at 2,3-diol 
moieties of sophorose units was performed by adapting literature 
methods.[39] Briefly, periodate was used as the oxidant to convert 
2,3-diols to dialdehyde groups. The mats (10 mg) were cut and 
fixed on polycarbonate rings (Scaffdex cell crown 24), which were 
immersed in 10 mL of phosphate-buffered saline (PBS) 0.1 m (pH 4.5)  
and NaIO4 (10 mg mL–1) for 2 h at 30 °C in a shaker-incubator. The 
molar ratio of polyLSL[6′Ac,6′′Ac] repeating unit and periodate 
is about 1 to 3. Oxidized polyLSL[6′Ac,6′′Ac] mats were rinsed in 
distilled water three times and dried. Reductive amination with 
CA was then performed by adapting a literature method[40] to 
introduce free thiol groups. Briefly, oxidized mats (10 mg) were 
reacted with CA (22 mg) and sodium cyanoborohydride (18 mg) 
in 10 mL of 0.1 m PBS (pH 7.5) for 2 h at 30 °C in a shaker-incu-
bator. The molar ratio of oxidized polyLSL[6′Ac,6′′Ac] repeating 
unit and CA/sodium cyanoborohydride is about 1:20. Aminated 
mats were rinsed in distilled water three times and dried. To 

determine whether CA physical adsorption occurs, non-oxidized 
mats were incubated with CA and sodium cyanoborohydride and 
rinsed with distilled water as above. Subsequently, the washed 
mats were analyzed by XPS as described below to determine the 
extent of CA physical adsorption. For thiol functionalized mats, 
thiol-ene conjugation of terminal alkene functionalized pep-
tides was performed by adapting a literature method.[41] Briefly,  
N-(4-pentenoyl) oligo(Glu70-co-Leu30) (13 mg) was dissolved in 4 mL 
double-distilled water and thiol functionalized mats (10 mg) were 
added. Then 0.3 mol% of the radical photoinitiator 2,2-dimethoxy-
2-phenyl acetophenone (DMPA) was added to the oligopeptide. 
The solution was UV irradiated at 365 nm for 1 h at room tempera-
ture with magnetic stirring. Oligo(Glu70-co-Leu30) functionalized 
mats were rinsed in distilled water three times and dried. As a 
control to assess the extent to which oligopeptide may be physi-
cally adsorbed to mats, thiol functionalized mats were reacted 
with N-(4-pentenoyl)oligo(Glu70-co-Leu30) exactly as was described 
above except without UV radiation.

2.6. Compression Molding of Films

Films were obtained by hot pressing polyLSL[6′Ac,6′′Ac] between 
Teflon sheets in a Carver press at 150 °C for 1 min. The obtained 
films (0.2 mm thick) were cooled to room temperature in the 
press by using the built-in cooling circuit.

Macromol. Biosci. 2017,  ,  1600327

Figure 2. 1H NMR (600 MHz) spectra in DMSO-d6 of A) oligo(γ-EtGlu70-co-Leu30-OEt), B) N-(4-pentenoyl)oligo(γ-EtGlu70-co-Leu30-OEt), and  
C) the corresponding hydrolyzed alkene-linked peptide in DMSO-d6/TFA-d (10:1).
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2.7. Characterization Methods

2.7.1. Scanning Electron Microscope (SEM)

Fiber morphology was imaged using a Philips 515 SEM at an 
accelerating voltage of 15 kV. Samples were sputter-coated 
with gold prior to imaging. The average fiber diameter was 
determined by measuring about 250 fibers using image acquisi-
tion and analysis software (EDAX Genesis).

2.7.2. Tensile stress–strain Measurements

Analyses of both films and electrospun mats were performed 
at room temperature using an Instron Testing Machine 4465 
(cross-head speed 2 mm min–1). Nine rectangular specimens 
(width = 5 mm, gauge length = 20 mm) were analyzed for 
each sample. The specimen thickness, measured with a dig-
ital micrometer, was used to obtain stress–strain curves from 
raw load–displacement data. Stress and strain at yield (σy and 
εy), stress and strain at break (σb and εb) as well as the tensile 
modulus (E) were determined as the average value ± standard 
deviation.

2.7.3. Thermogravimetric Analysis (TGA)

Measurements were performed using a TA Instruments TGA2950 
thermogravimetric analyzer at 10 °C min–1 from room tempera-
ture to 600 °C, both under nitrogen and under air purge.

2.7.4. Differential Scanning Calorimetry (DSC)

Measurements were performed using a TA Instruments Q100 
DSC equipped with the LNCS low-temperature accessory. 
Thermal scans were performed from −80 to 200 °C, at a heating 
rate of 20 °C min–1, in a helium atmosphere. Quench cooling was 
applied between heating scans. The glass transition temperature 
(Tg) was taken at the midpoint of the stepwise specific heat incre-
ment, while the melting temperature (Tm) was taken at the max-
imum of the endothermal peak.

2.7.5. XPS

Surface chemical composition of as-synthesized and modified 
polyLSL[6′Ac,6′′Ac] fiber mats was determined by XPS using a VG 
Instrument electron spectrometer using a Mg Kα1,2 X-ray source 
(1253.6 eV). The X-ray source under standard conditions was at 
300 W, 15 kV, and 20 mA. The base pressure of the instrument 

Macromol. Biosci. 2017,  ,  1600327

Figure 3. Electrospun polyLSL[6′Ac,6′′Ac] fiber mat: A) SEM micro-
graph and B) first heating scan DSC curve.

Figure 4. Stress–strain curves of polyLSL[6′Ac,6′′Ac] in the form 
of: A) An electrospun mat, B) compression molded film. Curves are 
reported up to 20% strain.
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was 5 × 10−10 Torr and an operating pressure of 2 × 10−8 Torr was 
adopted. Widescan acquisitions were carried out using a pass 
energy of 100 eV, while narrowscans were acquired using a pass 
energy of 20 eV. Semi-quantitative surface analyses were per-
formed by determining photoelectron peak areas obtained by 
multiplying the experimental values with the appropriate sensi-
tivity factor. Spectral acquisition take-off angles (t.o.a) of 45° and 
80° were used. Considering that the relationship between the 
sampling depth (d) and the t.o.a (θ) is represented by the equa-
tion d = 3λ sin θ, where λ is the inelastic mean free path of the 
photoelectrons (for carbon λ = 14 Å),[42] the thickness of analyzed 
layers is about 30 and 40 Å for t.o.a of 45° and 80°, respectively. 
The calculation of the areas corresponding to the different photo-
electron peaks was performed using VGX900x software; the 
curve fitting elaborations were determined by PeakFit software 

(version 4, from SPSS Inc.). The curve fitting of the C1s envelope 
was determined as the product of Gaussian and Lorentzian func-
tions (80:20): the full width at half maximum of each curve was 
kept equal to 1.7 ± 0.1 eV. Binding energies referred to the CH 
level at 285 eV.

3. Results and Discussion

3.1. Oligopeptide Structure Analysis

Oligo(γ-Et-L-Glu70-co-L-Leu30), synthesized by papain-catal-
ysis (40 °C, 4 h, feed ratio = 70:30), was obtained having a 
DPavg = 7.4 (from 1H NMR, Figure 2A) in 68% yield. These 
results are consistent with previously reported values on 
peptides of the same composition.[37] Alkene-function-
alization at the N-terminus was achieved in 77% yield by 
reaction of oligo(γ-Et-L-Glu70-co-L-Leu30) with 4-pentenoyl 
chloride. The 1H NMR spectrum in deuterated dimethyl 
sulfoxide (DMSO-d6), along with peak positions and assign-
ments, is displayed in Figure 2B. The new signals appearing 
at 4.9–5.8 ppm are typical of alkenylic protons and were 
assigned to protons l, m, and m′ of the 4-pentenoyl unit. 
To remove the C-terminal and pendant ethyl ester residues, 
hydrolysis was performed using 2N NaOH. The 1H NMR  

Macromol. Biosci. 2017,  ,  1600327

Table 1. Mechanical properties of polyLSL[6′Ac,6′′Ac] film and 
electrospun mat: stress at yield (σy), strain at yield (εy), elastic 
modulus (E), strain at break (εb). Average values with standard 
deviations are reported.

PolyLSL[6′Ac,6′′Ac] 
processed form

σy  
[MPa]

εy  
[%]

E  
[MPa]

εb  
[%]

Film 27.7 ± 3.8 7 ± 2 681 ± 136 >200

Fiber mat    2.7 ± 0.1 5 ± 1   112 ± 6 206 ± 22

Scheme 1. Route to graft peptides to polyLSL[6′Ac,6′′Ac].
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spectrum in deuterated dimethyl sul-
foxide (DMSO-d6)-Trifluoroacetic acid 
(TFA-d) mixture (10:1) of the hydrolyzed 
peptide is reported in Figure 2C. The 
two signals at 1.17 ppm and 4.05 ppm, 
which were assigned to a) methyl and b) 
methylene protons of ethyl ester moiety, 
respectively, completely disappeared 
upon hydrolysis.

3.2. Fabrication of PolyLSL[6′Ac,6″Ac] 
Fiber Mats

Electrospinning of polyLSL[6′Ac,6′′Ac] 
was performed under optimized con-
ditions reported in the Experimental 
Section. By this method, beadless, good 
morphology fibers that are circular in 
shape and randomly orientated were 
obtained (Figure 3). Measured fiber 
diameters are 1.19 ± 0.16 μm. DSC and 
TGA analyses of polyLSL[6′Ac,6′′Ac] 
non-woven mats prepared by electro-
spinning were performed. TGA analysis 
does not show differences compared 
to the earlier reported TGA results on 
polyLSL[6′Ac,6′′Ac] powder.[29] Further-
more, the TGA thermogram indicates 
the absence of residual solvent in elec-
trospun fibers. The only thermal event 
in the DSC curve (first scan, Figure 3) 
is the glass transition showing that, 
during electrospinning, the solvent 
undergoes very fast evaporation that 
does not allow polymer crystallization.

Tensile stress–strain measurements were run for 
polyLSL[6′Ac,6′′Ac] electrospun fiber mats. For comparison, 
Figure 4 displays representative stress–strain curves for 
the fiber mat and compression molded polyLSL[6′Ac,6′′Ac] 
film. The corresponding mechanical property data are 
collected in Table 1. The elastic modulus and strength 
at yield of the fiber mat are much lower than that for 
polyLSL[6′Ac,6′′Ac] film. This result is consistent with fiber 
mat high porosity, the unavoidable overestimation of fiber 
mat specimen cross sectional area and that the orientation 
of fibers within mats are random. The elastic modulus and 
strength at yield of mats will begin to approach that of 
films if they are formed with isoaligned fibers.[43]

3.3. Surface Functionalization of Electrospun 
PolyLSL[6′Ac,6″Ac] Mats

The reactions carried out in order to ″graft″ oligo(Glu70-co-
Leu30) to fiber surfaces were conducted as described in 

the Experimental Section. Briefly, the first reaction was 
an oxidation of the sophorose 2,3-diols to aldehydes 
using periodate, followed by a reductive amination using 
cysteamine to functionalize the fibers with thiol groups. 
Subsequently, the terminal alkene functionalized pep-
tide was conjugated to the fibers by a thiol-ene reaction 
(Scheme 1).

In order to assess the success of polyLSL[6′Ac,6′′Ac] 
functionalization reactions and, ultimately, peptide 

Macromol. Biosci. 2017,  ,  1600327

Figure 5. Untreated polyLSL[6′Ac,6′′Ac] mat XPS spectra (t.o.a 45°): A) Widescan, B) C1s 
envelope and its components.

Table 2. Relative abundance from C1s envelope deconvolution of 
untreated and oxidized polyLSL[6′Ac,6′′Ac] mats (t.o.a. 45°).

Sample C1 C2 C3 C4

Untreated [%] experimental 52 33 6 9

calculated 53 32 6 9

Oxidized [%] 52 28 9 10
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grafting, characterizations were per-
formed by XPS at t.o.a of 45° and 80°. 
First, XPS analysis of native or non-
modified polyLSL[6′Ac,6′′Ac] mat was 
conducted (Figure 5A,B). From the repeat 
unit structure of polyLSL[6′Ac,6′′Ac], 
and considering that hydrogen is not 
detected by XPS, the expected (theo-
retical) atomic abundances of carbon 
and oxygen were calculated. Assuming 
polyLSL[6′Ac,6′′Ac] lacks hydrogen 
atoms, its repeat unit formula is C34O14. 
From this formula, the expected atomic 
ratio of O/C is 0.41. The XPS experimen-
tally determined O/C ratio (Figure 5A) 
is 0.39, close to the expected value. The 
slightly higher carbon content may be 
due to the presence of hydrocarbon con-
tamination that is often observed in 
XPS analysis of polymeric systems.[44] 
More information confirming the struc-
ture of the substrate surface is derived 
from analysis of the C1s peak envelope 
(Figure 5B), i.e., from the relative abun-
dance of carbons that differ in attached 
atoms. From the structure of the repeat 
unit, four chemical states can be iden-
tified and their position and relative 
abundance predicted: C1 (285 eV) that 
is due to the 16 carbons of the ω-1-
hydroxyl C18 moiety and to the 2 car-
bons of the Ac groups that are linked to 
other carbon or hydrogen atoms (CC or 
CH); C2 (286.6 eV) due to the 11 carbon 
atoms linked by a single bond to an 
oxygen atom (CO); C3 (287.9 eV), due to 
the two carbon atoms linked via a single 
bond to two oxygen atoms OCO; C4 
(289.2 eV), due to the 3 carbon atoms 
that comprise carbonyl moieties of car-
boxylate ester groups (OCO). Hence, 
the peak fitting elaboration of the C1s 
envelope (Figure 5B) perfectly matches 
predictions both in terms of peak posi-
tion and relative abundance (Table 2), 
confirming the polymer structure. The 
polymer mats were subjected to the var-
ious synthetic steps and the changes in 
XPS curves were analyzed.

The results of XPS analysis after the 
oxidation reaction with periodate are 
reported in Figure 6. From peak-fitting 

Macromol. Biosci. 2017,  ,  1600327

Figure 6. Oxidized polyLSL[6′Ac,6′′Ac] mat: A) XPS spectra (t.o.a 45°) widescan,  
B) C1s envelope and its components, C) SEM micrograph.
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analysis, the relative abundance of C1s envelope con-
stituents of untreated and oxidized polyLSL[6′Ac,6′′Ac] 
mats (t.o.a. 45°) was obtained and is listed in Table 2. 
The C2 component decreases (i.e., carbon atoms singly 
bonded to oxygen), while the C3 peak intensity increases 
(carbon atoms doubly bonded to oxygen), consistent with 
the conversion of 2,3-diol moieties to dialdehydes. The 
conversion of 2,3-diol alcohols to dialdehydes reaches 
almost 25% in the surface layer tested by XPS at t.o.a. 45° 
(expected values of C1s deconvolution in this hypothesis: 
C1 = 53%, C2 = 29%, C3 = 9% and C4 = 9%). In other words, 
considering two repeating units, of the eight hydroxyl 
groups of which half are 2,3-diols susceptible to diol oxi-
dation, on average one 2,3-diol is converted to a dialde-
hyde moiety.

SEM analysis of polyLSL[6′Ac,6′′Ac] mat fiber mor-
phology after periodate oxidation showed only minor, 
not significant, changes (Figure 6C). Subsequently, reduc-
tive amination of dialdehydes was performed with 
cysteamine and sodium cyanoborohydride (Scheme 1). 
This step enables the covalent attachment of amines by 
formation of a CN bond and, consequently, the introduc-
tion of thiol moieties. The results of XPS analysis on the 

aminated fiber mats are shown in Figure 7A,B and the 
relevant atomic ratios are collected in Table 3.

In order to determine the average number of aldehyde 
groups that reacted with an amine, theoretical relation-
ships were developed that correlate the extent of modi-
fication and corresponding atomic ratios (O/C, N/C, N/O) 
that would result. The equations given below describe 
these correlations

For O/C ratio

° = − +n of cysteamine O C O C30.552( / ) 42.681( / ) 12.4292  (1)

For N/C ratio

n of cysteamine N C N C101.59( / ) 31.95( / ) 0.03482° = + +  (2)

For N/O ratio

n of cysteamine N O N O7.5367( / ) 12.866( / ) 0.05772° = − + +  (3)

where n° is the number of cysteamine units conjugated 
to each polyLSL[6′Ac,6′′Ac] sophorose moiety. Hence, 
using Equations. (1,2), and (3) (above) and experimentally 

Macromol. Biosci. 2017,  ,  1600327

Figure 7. A) XPS spectrum (t.o.a 45°) widescan of aminated polyLSL[6′Ac,6′′Ac] mat, B) C1s envelope and its components of aminated 
polyLSL[6′Ac,6′′Ac] mat, C) XPS spectrum (t.o.a 45°) widescan of polyLSL[6′Ac,6′′Ac] mat treated with cysteamine and sodium cyanoboro-
hydride but not subjected to the oxidation step, and D) SEM micrograph of aminated polyLSL[6′Ac,6′′Ac] mat.
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determined O/C, N/C, and N/O atomic ratios, the fol-
lowing average number of cysteamine moieties per 
polyLSL[6′Ac,6′′Ac] repeat unit was introduced: 1.13 for 
t.o.a. 45° and 1.29 for t.o.a. 80°. Since an average of two 
aldehyde groups was introduced per two repeating units, 
it follows that all adehydic functionalities reacted with 
cysteamine. The morphology of mat fibers after the 
reductive amination reactions were analyzed by SEM 
and no appreciable damage was observed (Figure 7D). 
In order to exclude that the chemical changes observed 
by XPS are not due to physically absorbed cysteamine, 
polyLSL[6′Ac,6′′Ac] fiber mats that had not been subjected 
to the oxidation step were treated with cysteamine and 
sodium cyanoborohydride under the identical reaction 
conditions used for reductive amination reactions. The 
XPS spectra of the obtained samples revealed only negli-
gible traces of sulphur and nitrogen (Figure 7C). This con-
firms that physical adsorption of cysteamine was not the 
cause of chemical changes determined by XPS.

The last step of fiber mat modification was to per-
form thiol-ene chemistry, catalyzed by UV irradiation 
in the presence of a photoinitiator (DMPA), to conjugate 
the thiol groups of fiber mats to 4-pentenoyl moieties 
appended to the N-terminus of oligo(Glu70-co-Leu30) pep-
tides (Scheme 1). In parallel, this reaction was repeated 
under identical experimental conditions except without 
UV irradiation. In both cases, the XPS widescan surface 

analysis reveals the presence of sulfur, carbon, nitrogen, 
and oxygen and the respective experimental atomic ratios 
are listed in Table 4. Calculated atomic ratios are also 
reported in Table 4, based on the hypothesis that all thiol 
groups react with terminal alkene moieties of N-(4-pen-
tenoyl)oligo(Glu70-co-Leu30).

To determine polyLSL[6′Ac,6′′Ac] surface functionaliza-
tion with oligo(Glu70-co-Leu30), the N/S ratio was evalu-
ated. If all SH groups (i.e., one per residue on average) are 
converted to peptide, the N/S ratio should be 16 (Table 
4). By contrast, if the click reaction does not take place, 
the N/S ratio will be unchanged (equal to 1). The experi-
mental N/S ratio of 7.4 (Table 4) shows that nearly 1 out 
of 2 SH groups undergoes the thiol-ene reaction with 
alkene terminated peptide. Consequently, about 50 mol% 
of polyLSL[6′Ac,6′′Ac] repeat units at fiber surfaces are 
decorated with a peptide moiety. In the absence of UV 
irradiation, the experimental N/S value is 2.4 instead 
of 1, which would be expected if no reaction or peptide 
physical adsorption occurs. This suggests that, in the pres-
ence of UV irradiation, about 1/3 of the oligo(Glu70-co-
Leu30) units revealed by XPS are physically adsorbed to 
polyLSL[6′Ac,6′′Ac].

In addition to the above, the C1s envelope profile for 
peptide decorated polyLSL[6′Ac,6′′Ac] was analyzed 
(Figure 8A). The characteristic signal of aliphatic amide 
was clearly observed as a shoulder in the C1s envelope 
(pale blue) centered at 288 eV.[45] By contrast, deconvolu-
tion of the C1s envelope of the control (without UV irra-
diation) shows a much less prominent band centered at 
288 eV that is associated with physically adsorbed pep-
tide discussed above (Figure 8B).

4. Conclusions

This paper describes the successful electrospinning of 
poly(sophorolipid), polyLSL[6′Ac,6′′Ac], into fibers that were 
surface modified with a model peptide. PolyLSL[6′Ac,6′′Ac] 
was selected for this work due to its: (i) promising bio-
compatibility, (ii) ability to bioresorb at times that are 
regulated by the hydrophobicity of groups appended to 
sophorose units, and (iii) the availability of LSL in large 

Table 3. Experimental atomic ratios and calculated number of cysteamine molecules per repeat unit of aminated polyLSL[6′Ac,6′′Ac] fiber mats.

t.o.a. Experimental atomic ratio Calculateda)

O/C N/C S/C N/O N/S S/O Eq.(1) Eq.(2) Eq.(3) Average

45° 0.36 0.036 0.036 0.090 1.00 0.090 0.94 1.30 1.15 1.13

80° 0.34 0.033 0.034 0.090 0.95 0.095 1.54 1.19 1.15 1.29

a)number of cysteamines per polyLSL[6′Ac,6′′Ac] repeat unit calculated from experimentally determined atomic ratios using 
Equations (1–3).

Table 4. Experimental atomic ratios determined by XPS of 
polyLSL[6′Ac,6′′Ac] fiber mats functionalized with N-(4-pentenoyl)
oligo(Glu70-co-Leu30) by the thiol-ene “click” reaction with and 
without UV irradiation. Calculated atomic ratios also reported.

UV Without UV Calculated

t.o.a. 45° 80° 45° 80° –

O/C 0.34 0.32 0.32 0.34 0.41

N/C 0.10 0.10 0.073 0.070 0.13

S/C 0.014 0.014 0.029 0.028 0.0081

N/O 0.30 0.33 0.20 0.19 0.32

N/S 7.41 7.48 2.47 2.44 16.2

S/O 0.041 0.044 0.080 0.077 0.020
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quantities based on its efficient production by yeast fer-
mentations. The electrospinning of polyLSL[6′Ac,6′′Ac] 
was successfully performed giving randomly oriented 
and beadless fibers that are circular in shape (diameter 
of 1.19 ± 0.16 μm). Analysis of the mat mechanical prop-
erties showed that it has an elastic modulus and strain at 
break of 112 ± 6 Mpa and 206 ± 22%, respectively. Subse-
quently, work was performed to develop a reliable, facile, 
and versatile synthetic strategy that can ultimately be 
used to conjugate peptides with desired biological prop-
erties onto precisely engineered electrospun polyLSL fiber 
mats. For this model study we used the peptide oligo(γ-L-
Glu70-co-L-Leu30), synthesized by protease catalysis such 
that it has on average seven repeat units. The N-terminus 
of oligo(γ-L-Glu70-co-L-Leu30) was functionalized with an 
alkene terminal group. XPS was used to characterize the 
surface chemical composition of synthesized and modi-
fied polyLSL[6′Ac,6′′Ac] fiber mats. Fiber modification 
involved the following steps: (i) periodate oxidation of 

sophorose moieties such that 2,3-diols 
of glucose rings were converted to dial-
dehydes, (ii) reductive amination of dial-
dehydes with cysteamine and sodium 
cyanoborohydride to introduce thiols, 
and (iii) thiol-ene coupling of peptide 
N-terminal alkenes to the thiol groups 
on fiber surfaces. XPS was used to ana-
lyze the results of each step for the sur-
face functionalization reactions. The 
results showed that: (i) an average of 
two aldehyde groups were introduced 
per two repeating units, (ii) all aldehyde 
functionalities reacted with cystamine, 
which has a terminal thiol moiety, and 
(iii) about 50 mol% of polyLSL[6′Ac,6′′Ac] 
repeat units at fiber surfaces were deco-
rated with the peptide, out of which 
about 1/3 of the oligo(Glu70-co-Leu30) 
units revealed by XPS are physically 
adsorbed to polyLSL[6′Ac,6′′Ac]. The 
obtained glycopolymer electrospun 
materials, conjugated with biomole-
cules, are expected to have high poten-
tial as biomimetic and bioactive tissue 
scaffolds in tissue engineering and con-
trolled drug delivery applications.
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