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H I G H L I G H T S  

• A novel drug delivery system was established for neural tissue engineering. 
• The release of MH was related to the interfacial behavior between drug and MH. 
• Adequate MH concentration enhances biocompatibility. 
• Four-fold increase in median neuron length generated on the pristine PBGA scaffold. 
• A promising drug delivery system without external stimulations was developed.  

A R T I C L E  I N F O   

Keywords: 
Polypeptides 
Glutamic acid 
Drug delivery 
Minocycline hydrochloride 
Scaffold 

A B S T R A C T   

Neural tissue engineering is a technology with the potential to treat irreversible neurodegenerative diseases. We 
chose poly (γ-benzyl-L-glutamate) (PBG) and its hydrolyzed copolymer (poly (γ-benzyl-glutamate)80-r-(γ 
–glutamic acid)20) (PBGA) as the raw materials to make fibrous scaffolds by electrospinning process. These raw 
materials are biocompatible polypeptides which contain the neurotransmitter glutamate. Morphologically, the 
scaffolds consist of aligned fibers, which is important for directionality. Minocycline hydrochloride (MH) is a 
neuroprotective antibiotic obviously shown to enhance neurite growth, but is unstable in phosphate buffer so
lution. By incorporating and immobilizing MH into either PBG or PBGA polypeptide scaffolds, we created a stable 
drug delivery system. After 7-day release, the cumulative release of MH from PBGA scaffold was 42.65%. Nerve 
growth factor (NGF) responsive rat pheochromocytoma (PC12) cells were cultured on the scaffold to assess cell 
biocompatibility and proliferation. We found cell viability and differentiation improved when cultured on 
scaffolds bearing 2 wt% and 4 wt% of MH. PC12 cells cultured on PBGA incorporating 4 wt% MH exhibited the 
longest neurite outgrowth of 190.29 μm, the average is 33% increase over that of pristine PBGA after 5-days of 
NGF mediated differentiation. These polypeptide-based scaffolds loaded with MH are a promising drug delivery 
system for neural tissue engineering.   

1. Introduction 

Pathologies of the nervous system are numerous, arising from 
various etiologies including inherited, chronic neurodegenerative dis
eases such as Alzheimer’s disease, Parkinson’s disease, and Huntington’s 
disease. Such disorders are considered, incurable, and largely 

untreatable diseases of the central nervous system (CNS) due to pro
gressive neuronal cell loss in specific brain regions [1–3]. Recovery from 
neurodegenerative diseases and acute injuries to the mammalian CNS is 
complicated by the inability of lesioned axons to regenerate [4]. Out
comes for patients suffering from peripheral nerve injury (PNI) also 
remain sub-optimal, regardless of surgical intervention, due to distal 
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axonal degeneration following PNI [5]. The use of biomaterials to 
address the challenges associated with axonal repair in both CNS and 
peripheral nervous system (PNS) have been actively investigated for 
decades. Despite the promise of these neural tissue engineering strate
gies, the need for new highly effective clinical therapies remains unmet 
[6–8]. Neural tissue engineering combines strategies from cell biology, 
material science, and engineering to fabricate scaffolds used in vitro that 
mimic the structure and function of natural tissues in order to repair or 
replace the injured or dead tissue [9,10]. The regenerative capability of 
artificial scaffolds employed in neural engineered tissue strategies is 
predicated on biocompatibility, biodegradability, mechanical structure, 
and extracellular matrix structure mimicry [11,12]. Electrospinning is a 
versatile technique to spin polymer under high voltage that generates 
fibrous scaffolds containing micro or nanofibers. Such prepared scaf
folds are commonly used in tissue engineering and drug delivery [13, 
14]. The desired fiber diameter of scaffolds can be adjusted by changing 
parameters such as applied voltage, polymer solution concentration, 
solvent ratio, and flow rate of solution. The advantages of fabricating 
scaffolds by electrospinning technique include easy operation and the 
adaptability of the process. The simple electrospinning process can 
produce fibrous scaffolds from lab-scale to industrial-scale with specific 
orientation, making it practical for medical application [15]. 

Mechanisms of neuronal cell death are shared across various 
neurodegenerative diseases, with a cascade of cell death signaling 
involving oxidative stress, mitochondrial dysfunction and caspase acti
vation, ultimately resulting in apoptosis [16]. Neuroprotective strate
gies often seek to slow neuron loss associated with neurodegenerative 
diseases, strokes, traumatic brain injury, spinal cord injury, etc [17]. 
Minocycline hydrochloride (MH) is a second-generation semi-synthetic 
tetracycline, with antibiotic properties that inhibit protein synthesis in 
susceptible organisms [16,18]. Beyond its antibiotic properties, MH has 
anti-inflammatory and antiapoptotic properties [19]. The neuro
protective effect of MH has been extensively reported in both experi
mental models and clinical trials [20–23]. Additionally, MH is reported 
to potentiate nerve growth factor (NGF)-induced PC12 neurite 
outgrowth, depending on concentration [24]. In experimental models, 
dosages for MH range from 10 to 50 mg/kg initial dosage (i.v., i. p., v. o.) 
with supplemental doses at 12–24 h (q12h-24h) [25,26]. Clinically, MH 
is administered for bacterial infections at 200 mg/day, followed by 100 
mg/12h (i.v., v. o., q12h). For acute spinal cord injury, 400 mg is given 
intravenously (i.v., q12h) with an 800-mg loading dose. In either case, 
repeated dosing is necessitated by the relatively short half-life of MH in 
vivo (plasma half-life ranges from 11 to 23 h) [27]. Therefore, 
controlled, and sustained drug-delivery is desirable for administration of 
MH. Material scientists can fabricate and modify synthetic polymers that 
leverage mechanical strength properties to customize their application 
as fibrous scaffolds for tissue engineering. An optimized drug delivery 
system from fibrous scaffolds should have homogeneous distribution of 
a drug (or other bioactive molecule) in the fibers, predictable drug 
release at a determined rate, and drug stability when incorporated in the 
system over a period of time [28]. Thus, the compatibility between drug 
and polymer is a critical consideration in designing these systems. 

We previously demonstrated poly (γ-benzyl-L-glutamate) (PBG) and 
poly (γ-benzyl-L-glutamate)-r-poly (L-glutamic acid) (PBGA) as bio
materials that can successfully promote neurite outgrowth [29]. In this 
study, we fabricated PBG and PBGA polypeptide scaffolds containing the 
neuroprotective drug MH. The release profiles of MH from the scaffolds 
were systematically studied which is related to the interfacial behaviors 
between drug and materials. We hypothesized that adding MH to the 
scaffolds would enhance NGF-induced PC12 neurite outgrowth. We 
predict that the extent of enhancement would depend on MH concen
tration in the scaffold. Here, we present results that show a tissue en
gineering scaffold-drug delivery system based on polypeptide-fibrous 
scaffolds containing neuroprotective MH for potential application in 
neural regeneration. 

2. Materials and methods 

2.1. Chemicals and materials 

Chemicals used for the synthesis of PBG, PBGA include L-glutamate 
acid-benzyl ester (99% purity; Flurochem), triphosgene (98% purity; 
Sigma), sodium (99% purity; Sigma), dichloroacetic acid (99% purity; 
Acros), 33 wt% HBr in acetic acid (99% purity; Acros), sodium hy
droxide (98% purity; Acros), trifluoroacetic acid (99.5% purity; Acros), 
tetrahydrofuran (THF, 99% purity; Macron), dimethylformamides 
(DMF, 99.8% purity; Macron), N,N-dimethylacetamide (DMAc, 99.8% 
purity; Sigma). Anhydrous solvents of ethyl acetate (EA; 99.5% purity) 
and benzene (99.7% purity; Sigma) were prepared from the dehydration 
of the purchased ones by drying with 4A molecular sieves (4–8 mesh; 
Acros) and N2 purging overnight. Polycaprolactone (PCL, mol. wt. 282 
KDa, PDI:1.3, Sigma) was used as a control polymer in this study. 
Minocycline hydrochloride (MH, 98.0% purity, cat. #M2288, TCI) was 
purchased from TCI company. 

Reagents used for cell culture including RPMI-1640 culture media 
(cat. # SH30011.02; Hyclone), nerve growth factor (NGF, cat. #N6009; 
Sigma), dimethyl sulfoxide (DMSO; cat. # SU01551000; Scharlau), 
trypsin-EDTA 10x (cat. #03-051-5B; Biological Industries), fetal bovine 
serum (FBS; cat. # 04-001-1A), horse serum (HS, cat. # 16,050,122; 
Gibco), antibiotic antimycotic solution 100x (PSA, cat #A5955; Sigma- 
Aldrich), PBS phosphate buffered saline solution (cat#BP3991, Fisher 
BioReagents). The solution of trypsin-EDTA 1x was prepared by diluting 
trypsin-EDTA 10x with PBS. 

Chemicals for characterization of in vitro assays included Live/Dead 
viability/cytotoxicity kit (cat. #L3224; Molecular Probes), Alamar Blue 
cell toxicity assay (cat. #BUF102A; Serotec), bovine serum albumin 
(BSA; cat. #B4287; Sigma-Aldrich), formaldehyde (37 wt%; cat. # 50- 
00-0; ACROS Organics) and Triton X-100 (cat. #X198-07; J.T. Baker). 
The stock solution of phalloidin was prepared by dissolving 0.1 mg 
phalloidin-TRITC in 1 mL DMSO (76.6 μM). The stock solution of 4’,6- 
diamidino-2-phenylindole (DAPI, cat. #D8417, Sigma-Aldrich) was 
prepared by dissolving DAPI in DI water (1 mg/mL), phalloidin- 
tetramethyl rhodamine B isothiocyanate (phalloidin-TRITC, cat. 
#P1951, Sigma-Aldrich). 

Nomenclature 

Polycaprolactone is abbreviated as PCL. Two kinds of polypeptides 
are used in this study: poly (γ-benzyl-L-glutamate) (PBG) and poly 
(γ-benzyl-L-glutamate)-r-poly (α-L-glutamic acid) (PBGA). The monomer 
of PBG, γ-benzyl-L-glutamate N-carboxyanhydride, is named as BGNCA. 
The minocycline hydrochloride is named as MH. 

2.2. Polymeric material synthesis and characterization 

The polymeric materials were synthesized according to the literature 
[29] and briefly stated below. To synthesize BGNCA monomer, 6 g of 
L-glutamate acid γ-benzyl ester was added with 180 mL of anhydrous 
ethyl acetate. 3.75 g of triphosgene was added to the flux. The reaction 
was proceeded for 2 h at 105 ◦C under N2, and the solution was cool 
down to room temperature for 15–30 min after the reaction was 
completed. 

The NCA solution was poured into hexane, forming white BGNCA 
precipitate, and was stored at − 20 ◦C for 1 day. The crude NCA was 
filtered and dissolved in the least amount of anhydrous ethyl acetate, 
and enough hexane was added into the NCA solution until a little white 
NCA crystal appeared. The crystallization process was continued at 4 ◦C 
overnight. The recrystallize process was repeated 3–4 times until the 
NCA formed shining white crystals, indicating that the NCA was pure 
enough to be polymerized. The purified NCA was dried at 40 ◦C in 
vacuum oven (Thermo Scientific 3608) for 1 day. 

Three grams of BGNCA crystals were placed into the flask and dried 
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under vacuum for 1 h to remove moisture. 300 mL of benzene was 
transferred to the flask under N2. Afterward, sodium methoxide solution 
was added to the flask all at once with stirring (molar ratio of initiator: 
monomer = 1:100). The solution became clear and viscous after several 
minutes. The polymerization was conducted for 48 h and then was 
precipitated in ether. After precipitation, the polymer was dried in a 
vacuum oven at 40 ◦C overnight. 

To synthesize PBGA, 1 g of PBG was put in a 50 mL flask and 25 mL of 
dichloroacetic acid (DCA) was added to the flask. The PBG was dissolved 
in the solvent overnight. After the polymer was fully dissolved, 760 μl of 
HBr solution (33 wt% HBr in acetic acid) was added to the flask, reacting 
for 40 min at 31 ◦C. Then the reactant was precipitated in ether with a 
minimal volume of methanol, stirring for 10 min. To purify, the 
precipitated polymer was re-dissolved in the least amount of THF and 
precipitated in ether several times. The polymer was dried in vacuum 
oven in 40 ◦C, yielding PBGA. 

The chemical structures of synthesized PBG and PBGA were char
acterized by spectroscopies of NMR (Brucker; DPX400) and ATR-FTIR 
(PerkinElmer; Spectrum 100), respectively. 5–10% (w/v) of polymer 
was dissolved in trifluoroacetic acid d-solvent for 1HNMR analysis. The 
polymer films of PBG and PBGA used for IR measuring were made by 
drop casting of the tetrahydrofuran (THF) solution. The NMR and IR 
spectra of products are shown in supporting information (Fig. S1, 
Fig. S2, and Table S1). 

The molecular weight of PBG was determined by gel permeation 
chromatography (GPC) with 0.5% (w/v) polymer solution in dime
thylformamide (DMF). The average molecular weight of the PBG was 
controlled in the range of 200 K–300 K Dalton for the ease of electro
spinning process and good quality of the fibers. The results are listed and 
discussed below in Results and Discussion. 

2.3. Scaffold fabrication and characterization 

The set-up for electrospinning is shown in the supporting informa
tion (Fig. S3). The process typically involved for the polymer solutions of 
PCL, PBG, and PBGA with 2 wt%, 4 wt%, and 6 wt% of MH was prepared 
respectively using co-solvent of THF and DMAc overnight. A grounded, 
rotating collector was placed 15 cm away from the needle tip. For thick 
fibrous samples (scaffold mat) used in drug release test and mechanical 
properties test, the collector was first wrapped with aluminum foil and 
fibers were collected on it for about 20 min; then the mat was covered 
with wax paper, which made the scaffold mat easier to be removed. For 
cell test, aluminum foil was wrapped on the collector, and glass cover
slips were pasted on the aluminum foil to collect fibers. The preparation 
of solution and electrospinning parameters were listed in supporting 
information Table S2. The thickness of mat was controlled in 50–70 μm 
by the electro spinning time of the fiber fabrication. The thickness was 
determined by micrometer. The porosity of the mat was controlled in 
80–90% by varying the spinning time of fiber fabrication. The porosity 
was determined by Hg porosimetry. 

2.4. Drug release 

Thick scaffold mats were removed from the wax paper and cut into 2 
× 2 cm2 pieces. For each test scaffold pieces weighing at least 15 mg are 
placed in a sample bottle containing 10 mL PBS. For each time point (2, 
4, 8, 24, 48, 96, and 128 h), 1 mL PBS supernatant was removed from the 
sample bottle to measure the released MH, and an equal volume of 1 mL 
fresh PBS was added to the bottle. The concentration of MH released 
from the polymer scaffold was measured by UV–Vis spectrometer with a 
calibration curve made at wavelength 245 nm. Each test was repeated 
three times. The cumulative release was calculated by the following 
equation. 

Cumulative release(%)=
weight of the drug released

weight of the total drug
× 100  

2.5. Kinetic modeling for drug release 

The drug release profiles were fitted with either Higuchi equation or 
Korsmeyer-Peppas equation [30]. Linear or nonlinear fitting was applied 
on release profiles using software Origin (Orglab8, OriginLab USA). The 
cumulative release Qt at time t is defined as 

Qt =
Mt

M∞
× 100%  

where Mt is the cumulative amount of drug release at time t and M∞ is 
the total amount of drug release. 

The Higuchi equation is 

Qt =A
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
D(2C0 − Cs)Cst

√

where D is the diffusion coefficient, C0 is the initial drug concentration, 
Cs is the drug solubility in matrix. The equation can be simplified to 

Qt =KHt
1
2 

The Korsmeyer-Peppas equation is 

Qt =Ktn  

where parameter n characterizes the mechanism of release profile. 
When n < 0.45, the drug release mechanism follows Fick’s diffusion; 
when 0.45 < n < 0.89, it is non-Fick’s diffusion, involving skeleton 
dissolution [31–33]. 

2.6. Procedure for in vitro study 

Pheochromocytoma 12 (PC12) cell line was used for all the cell tests 
in this study. The cells were supplied by Dr. T. K. Tang of Institute of 
Biomedical Sciences, Academia Sinica, Taiwan. Cells were cultured in 
RPMI-1640 culture media with 10% (v/v) horse serum, 5% (v/v) fetal 
bovine serum, and 1% (v/v) penicillin/streptomycin/amphotericin B 
(PSA) at 37 ◦C under 5% CO2. The cell seeding density varied for indi
vidual experiment and are listed in Table 1. In the case of cell differ
entiation, the original culture media used to seed cells was removed 
after 1 day of culturing in RPMI-1640 culture media, and replaced with 
NGF (100 ng/mL) in RPMI to stimulate the outgrowth of neurites. The 
culture media with NGF was renewed every 3 days. 

2.7. Characterization for biocompatibility of scaffolds 

The biocompatibility of materials was characterized by using Live/ 
Dead Assay Kit (Molecular Probes). PC12 cells were seeded in sterile 24 
wells cell culture plates of polystyrene (cat. #351147, Falcon). At spe
cific time points (1, 5 days), culture media was removed, and samples 
were washed with PBS solution (Fisher BioReagents) at room tempera
ture. Then cells were stained with 0.05% (v/v in PBS) calcein-AM for 
live cells and 0.2% (v/v in PBS) ethidium homodimer-1 for dead cells at 
room temperature for 45 min. After staining, solutions were removed, 
and samples were washed with PBS. The samples were restored in 500 
μL PBS and were examined by fluorescence optical microscope (CKX41; 
OLYMPUS) at 100X magnification. For statistically relevant results, each 
material was repeated 3 times and 5–6 pictures were taken for cell 
counting. Cell counting was conducted using ImageJ software (U.S. 
National Institutes of Health, Bethesda, Maryland, USA). 

Table 1 
Cell seeding density for different experiments.  

Experiment Cell Density (cells/well) 

Live/Dead Assay 20,000 
Alamar Blue Assay 20,000 
Cell Differentiation 5000  
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2.8. Characterization of cell viability on scaffolds 

The scaffold effects on cell viability on was analyzed by Alamar Blue 
Assay IABA) (ABA solution, cat. #BUF102A; AbD Serotec). PC12 cells 
were seeded at initial density, then at specific time points (1, 3, 5 days), 
the culture media was removed, and then replaced with 500 μL of 10% 
Alamar Blue solution (v/v in DMEM) and put into the 37 ◦C, 5% CO2 
incubator for 4 h. Three wells with ABA solution without cells served as 
assay blanks. After incubation, the ABA solution was completely 
removed and then transferred by pipette to a 96-well plate with 100 μL 
per well. The remaining adherent cells were washed with PBS and fresh 
culture media was added prior to placement back into incubator. The 
reacted ABA solution was analyzed with an absorbance microplate 
reader (800 TS; BioTEK). The % reduction of Alamar Blue after the cell 
culture is calculated according to the following equation:  

% reduction of Alamar Blue = {[(O1-A1)-(O1-A2)]/[(R1–N2)-(R2–N1)]} × 100 

Here O1 = molar extinction coefficient (E) of oxidized AlamarBlue at 
570 nm = 80586, O2 = E of oxidized Alamar Blue at 600 nm = 117216, 
R1 = E of reduced Alamar Blue at 570 nm = 155677, R2 = E of reduced 
Alamar Blue at 600 nm = 14652, A1 = absorbance of test wells at 570 
nm, A2 = absorbance of test wells at 600 nm, N1 = absorbance of 
negative control well (blank) at 570 nm, N2 = absorbance of negative 
control well (blank) at 600 nm. 

2.9. Characterization for cell differentiation on scaffolds 

Cells were stained with DAPI and phalloidin for nucleus and F-actin. 
Formaldehyde (3.7% v/v in PBS) was added to fix cells for 15 min at 
room temperature. After fixation, Triton-X 100 solution (1% v/v in PBS) 
was added to permeabilize cell membranes for 10 min at room tem
perature. Then, phalloidin solution (1% v/v in PBS) was added to the 
samples to stain F-actin. After staining for 1 h at room temperature, 
DAPI solution (0.2% v/v in PBS) was then added to sample wells to stain 
cell nuclei for 5 min at room temperature. The samples were washed 
with PBS and restored in PBS for microscopy. 

F-actin labeling was used to measure neurite outgrowth. The neurite 
length was manually measured from the nucleus to the end of the neurite 
using ImageJ. Each experimental condition was repeated in triplicate, 
and 77–126 neurites were analyzed. 

2.10. Statistical analysis of data 

In this study, Kruskal-Wallis one way analysis of variance, H-test was 
used to determine the significant differences between data groups. When 

p-value <0.05 means significant difference between groups, indicated 
by *; p-value <0.01 means there is a high degree of difference between 
groups (highly significant), represent by **; p-value <0.001 means there 
is an extremely significant difference between groups (extremely sig
nificant), represent by ***. Differences between groups with p-value 
>0.05 are not statistically significant and are not marked. 

3. Results and discuission 

Three kinds of 3D scaffolds with aligned fibers were made from PCL, 
PBG, and PBGA respectively using electrospinning process. For each 
polymer, four kinds of samples were prepared that were incorporated 
with either 2 wt%, 4 wt%, 6 wt% MH or without any MH, respectively. 
PCL is a common biomaterial [34] which was used as a control scaffold. 
The materials properties and release profile for each scaffold (n = 12) 
were investigated. PC12 cell viability and proliferation on each of these 
scaffolds was studied and analyzed. Fig. 1 shows the schematic diagram 
of this drug delivery system. 

3.1. Characterization of polymeric materials for fibrous scaffolds 

The polymeric materials, PBG and PBGA, were synthesized accord
ing to the reactions shown in Fig. 2. The synthetic yield for PBG was 
good at 84.2%; we were able to produce partially hydrolyzed PBG 
(PBGA containing 20 M % of glutamic acid in PBG) with a reasonable 
yield of 74.4%. GPC was used to characterize the molecular weight of 
PBG with DMF as a mobile phase. The average molecular weight of PBG 
was controlled between 200 and 300 kDa for the ease of scaffold pro
cessing and good quality fibers. The results are summarized in Table 2 
indicating the synthesis of polymer is reproducible. The chemical 
structures of PBG and PBGA were confirmed by NMR and FTIR (sup
porting information, Figs. S1 and S2, Table S1). These results of char
acterization confirmed the successful synthesis of PBG and PBGA. 

3.2. Characterization of scaffolds 

Photographic images of PBGA scaffold with different MH concen
tration are shown in Fig. 3. MH is distributed in the scaffolds as indicated 
by the color change from white to tinted yellow, with the yellow 
becoming more intense as the concentration of drug increased. The drug 
MH was incorporated into the polymer in the solution state by mixing 
them in a mixed solvent of DMAc and THF overnight. The solution 
compositions are shown in Table S2. Then the solution was used to 
fabricate fibers via electro spinning process. Thus, the drug is molecu
larly dispersed in the polymer and its amount will not be affected by the 

Fig. 1. Schematic diagram of drug delivery system made from electrospun fibrous polymer scaffold and minocycline hydrochloride (MH) for neural tissue 
engineering. 
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orientation of fibers. The result indicates the MH can be evenly 
distributed in the fibers which is important to interpret the drug release 
mechanism using good reproducible samples. It was been reported the 
PCL electrospinning fibers can be aligned by rotating collector at rate of 
more than 1000 rpm [35]. The morphology of electrospun fibers was 
studied by SEM as shown in Fig. S4 (supporting information). The fibers 
of polypeptides are straighter and more aligned than those of PCL fibers. 
We speculate that the polypeptides of PBG and PBGA contain aromatic 
benzyl group in the repeating unit and hydrogen bonds between peptide 
linkage of polymer chains make them relatively rigid and easy to align. 
On the other hand, PCL consists of aliphatic repeating unit of capro
lactone and no hydrogen bonds between ester linkage of polymer chains 
which makes PCL flexible and curvaceous. Thus, PCL is more difficult to 
align than PBG and PBGA. The results are consistent with the literature 

report that indicates the Young’s modulus of PBG is 4 times higher than 
that of PCL [36]. The thickness of scaffolds used in the cell culture 
experiment was in the range of 60 μm with the porosity in the range of 
90%. Thus, the scaffolds were indeed in a 3D porous structure to facil
itate nutrients flow in the cell culture experiments [29]. The fiber 
diameter was controlled to be larger than 500 nm for the ease of cell 
adhesion on the substrate [37] and it was measured by SEM imaging of 
fibers as shown in Fig. S5. The fiber diameter depends on the polymer 
type, concentration, conductivity and viscosity of the polymer solution 
[38]. The effects of MH addition and incorporation upon fiber diameter 
was investigated. Since MH is a salt, its addition can increase the con
ductivity of the polymer solution, making the fiber easier to spin and 
thus reducing fiber diameter. The extend of dimension reduction was 
decreased by increasing the polarity of the polymer. Therefore, the 
PBGA polymer exhibited the least amount of reduction in diameter 
compared to PCL or PBG. It is interesting to observe that the diameter of 
PCL increased when the concentration MH was increased up to 6 wt%. 
This might be due to an increase in viscosity, which overcomes the 
conductivity effect; which subsequently increased the dimension of PCL 
fibers. The alignment of the fibers in the scaffolds was evaluated and 
results are discussed in later sections below. 

Fig. 2. Synthetic scheme of (A) PBG and (B) PBGA polymers.  

Table 2 
Properties of polymeric material of PBG including number average molecular 
weight (Mw), weight average molecular weight (Mw), polydispersity, and yield.  

Sample number Mn (kDa) Mw (kDa) Polydispersity Yield (%) 

1 249.2 251.6 1.01 86.7 
2 199.9 226.2 1.13 83.5 
3 171.2 219.7 1.28 82.4  

Fig. 3. Photos of (A)PBGA (B)PBGAMH2 (C)PBGAMH4 (D)PBGAMH6 scaffold. The addition of MH can be directly observed by the appearance of yellow color. The 
yellow becomes intense as the concentration of MH increases. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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3.3. Drug release from scaffolds 

During drug release from scaffolds, a cascade of partitioning and 
diffusion with fibers and dissolution occurs while immersed in PBS. To 
understand the mechanism behind observed release profiles, known 
kinetic models of mathematics were used [15,30]. The drug release 
profile from electrospun fibers is dominated by drug diffusion and ma
terial degradation [31,32]. The release profiles from polymer scaffold 
with various concentrations of MH (2, 4, 6 wt%) within 7 days are shown 
in Fig. 4. For PCL scaffold, there was a burst of release in the first 24 h, 
releasing 81.20%, 78.98%, and 80.14% of the drug in 2 wt%, 4 wt%, and 
6 wt% MH scaffold, respectively. On the other hand, taking PBGMH4 
and PBGAMH4 for instance, the scaffolds only released 22.21% and 

28.32% of MH in the first 24 h respectively. The results indicate the drug 
release from PCL scaffolds are two functions (Fig. 4D black line) due to 
the burst release of drug initially then follows the logarithm of natural 
law (Fig. 4A, B, 4C red lines). The drug release of polypeptide scaffolds 
follows the logarithm of natural law (Fig. 4A, B, 4C blue and green 
lines), one function equation can be derived (Fig. 4D, E, 4F blue and red 
lines). The results are very reproducible as indicated in three sets of data 
of PBG based and PBGA based scaffolds that are compared with PCL 
scaffolds by varying the loading of the MH drug. The hydrophilicity of 
the polymers was measured by their water contact angle of dense films 
as shown in Fig. S6 (supporting information), the average contact angle 
was 75◦, 82◦, 76◦ for PCL, PBG, and PBGA respectively. In the aqueous 
culture solution, the water-soluble MH is released more readily from the 

Fig. 4. Minocycline hydrochloride release profile from PCL, PBG, and PBGA scaffolds with three different concentrations in 7 days and the kinetic model 
fitting results. Release profiles of % cumulative release versus time are shown in (A) (B) (C). Kinetic model fittings are done by plotting nature log value of cu
mulative release (ln) versus of nature log time (lnt) as shown in (D) (E) (F). Release time points are measured at 2, 4, 8, 24, 48, 96, and 168 h n = 3 for each group. 
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more hydrophilic polymer, PCL. Although the hydrophilicity of PBGA is 
close to that of PCL, MH release is slower for PBGA by the increased 
number of strong hydrogen bonds between PBGA and MH compared to 
PCL (amide chain versus ester chain). 

The release profiles were fitted with two mathematical kinetic 
models, Higuchi model and Korsmeymer-Peppas model (supporting in
formation, Table S3). The drug release profile can be affected by drug 
diffusion and carrier degradation [15,33]. The mechanism of drug 
release kinetics has been explained by several mathematical models, 
including zero-order equation, first-order equation, Higuchi equation, 
and Korsmeyer-Peppas equation. Since the drug release profiles show a 
faster release in the first 24 h and a relatively sustained release there
after, Korsmeyer-Peppas equation is the most appropriate model to fit 
the release profile in this study (Fig. 4D, E, F) with n < 0.45. The n value 
of Korsmeyer-Peppas equation can determine the release profile into 
Fick’s diffusion (n < 0.45) or non-Fick’s diffusion (0.45 < n < 0.89) 
[33]. The former indicates the release profile follows Fick’s diffusion, 
while the latter indicates the release profile is non-Fick’s diffuse n, or 
skeleton degradation. Our previous work demonstrated that the PCL, 
PBG, and PBGA scaffolds barley degrade in the release duration of 7 days 
[29]. These results clearly indicate that the MH released from scaffolds 
examined in this study follow Fick’s diffusion law. 

3.4. PC12 cell viability on scaffold 

The cytotoxicity of each scaffold was evaluated by Live/Dead Assay 
(Supporting information, Fig. S7). The left figure of Fig. 5 shows that 
there were more live cells on PBG and PBGA scaffolds than PCL scaffolds 
after 5-day culturing, denoting that the polypeptide-based scaffolds are 
less cytotoxic. Moreover, the number of live cells were more numerous 
on scaffolds with 2 wt% and 4 wt% of MH but, decreased as the drug 
concentration reached 6 wt%. After 5 days of culturing, the live/dead 
ratio of cells on PBG scaffolds with 2 wt% and 4 wt% of MH were above 
90%, indicating a high degree of biocompatibility. 

The right graph of Fig. 5 shows the results of cell viability over day 1, 
day 3, and day 5 for each scaffold. All the materials containing different 
MH concentration present increased cell viability index over 5 days of 
culturing as compared to respective bare scaffold, indicating all the 
materials are biocompatible. The cell viability was much higher on PBG 
and PBGA scaffolds than PCL scaffolds and coverslip control group, 
indicating better adhesion and proliferation on the polypeptide scaf
folds. When considering the addition of MH, the cell viability increased 
linearly for each scaffold. The effect of MH concentration upon viability 
was best between 0 wt% to 2 wt% and 4 wt%, demonstrating that adding 

MH promoted cell proliferation. However, when MH concentration 
increased to 6 wt%, the cell viability index decreases, showing high 
concentration of MH inhibited the proliferation. 

Among all the materials, cells cultured on PBGA scaffold had the 
highest cell viability. This is likely a result of engineering a polypeptide 
backbone using the neuron transmitter-like glutamic acid moiety. The 
PBG scaffold contains benzyl glutamate repeating unit which is different 
from glutamic acid and is not as effective as the neuron transmitter of 
glutamic acid [39]. This may explain why PBG shows slightly lower cell 
viability character than PBGA. Regardless, both the polypeptide PBG 
and PBGA exhibit better biocompatibility than that of PCL due to their 
biomimetic structures [29]. 

To investigate the effect of MH concentration on cellular activity, 
MH concentration after 24 h in vitro was estimated using the fitted 
release kinetic data above. It is assumed that both release test and cell 
tests were under similar condition, suggesting the release results can be 
correlated with the results of cell viability and differentiation. Literature 
reported that PC12 cells maintain good cell viability and differentiation 
when the concentration of MH was at 30 μM [24]. We found PC12 
viability increased incrementally with MH concentration up to 4 wt% 
but decreased in cell viability at 6 wt%. After 24 h in vitro experiments, 
the scaffold contained 4 wt% MH is estimated from the kinetic model to 
be 38.3 μM for PBGMH4, 49.5 μM for PBGAMH4. For the scaffold con
tained 6 wt% MH, the estimated value is 94.8 μM for PBGMH6 and 78.6 
μM for PBGAMH6 (supporting information, Table S4). Thus, we specu
late that the high concentration of MH may induce cytotoxicity thus 
lower the cell viability. To sum up, both Alamar blue test and live and 
death assay performance show the PBGA scaffold with 4 wt% MH 
exhibited the highest cell viability. 

3.5. PC12 cell differentiation and neurite growth on scaffold 

Cell differentiation and neurite outgrowth were investigated by SEM 
(Fig. 6) and cytoskeletal staining of PC12 cells (supporting information, 
Fig. S8). PC12 was stimulated by exogenous NGF for five days and 
neurite elongation was assessed. To quantify the results of neurite for
mation and extension, neurite lengths were measured by software 
ImageJ and statistically analyzed (Fig. 7). The results of cell differenti
ation are similar as those of cell toxicity and cell viability. The effects of 
material type of scaffolds on cell differentiation demonstrate that PC12 
have longer neurites on PBG and PBGA scaffolds than PCL scaffolds. The 
neurite lengths increased with MH increment up to 4 wt% but decreased 
when the MH concentration exceeded 4 wt%. The neurite lengths of 
PC12 cells were significantly longer on PBGA scaffold with 4 wt% of MH 

Fig. 5. Biocompatibility of PC12 cells on polymer scaffold after 5-day culture in terms of mean average ratio of live cells to dead cells (left) and cell 
viability index (right). PBG series scaffolds show higher live/dead ratio than control group (coverslip) and PCL series scaffolds, indicating better biocompatibility. 
Each group was repeated three times. 5–6 pictures were taken at different spot for each group, then the average value was used to make the plot as shown in the left 
of Fig. 3. The cell viability was determined by normalizing the percentage of cell reduction on each scaffold to the coverslip as control at day 1. Each group was 
repeated for 3 times. H test: *** indicates p ≤ 0.001, ** indicates p ≤ 0.01, and * indicates p ≤ 0.05. 
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Fig. 6. SEM images of PC12 cell growth and cell differentiation (with 100 ng/mL NGF) for five days on PBG, PBGA, PBGMH4, and PBGAMH4 scaffold. PC12 cells 
demonstrate good adhesion on the scaffolds. With the addition of NGF, the neurite outgrowth extends along the direction of the fibers. Scale bar = 10 μm. 

Fig. 7. Box chart of PC12 neurite lengths after 5-day differentiation. Each group was repeated for 3 times. 10–20 fluorescence pictures were taken from different area 
of each group. Neurite counts = 77–126 in each group. H test: *** indicates p ≤ 0.001, ** indicates p ≤ 0.01, and * indicates p ≤ 0.05. 

Fig. 8. Diagrams of the average median neurite length and longest neurite length of PC12 cells after 5-day differentiation. Each group was repeated for 3 times.10–20 
fluorescence pictures were taken from different area of each group. Neurite counts = 77–126 in each group. The only one neurite length ranking in the middle was 
selected as the median neurite length (left figure). The longest 10% of neurites of each group were selected and averaged as the longest neurite length (right figure). 
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than other groups. Moreover, if comparing median and longest neurite 
length among different scaffolds with various MH concentration, the 
same conclusions is found. That is the cell culture on PBGA4MH pro
duced longest and highest median neurite length (Fig. 8). The trend of 
neurite length follows the results of cell viability. 

Misdirected axonal regeneration and the failure of long range axonal 
regeneration challenge the restoration of disrupted nervous systems. 
The neurite outgrowth orientation was analyzed and plotted by polar 
chart (supporting information, Fig. S9). The neurites are more aligned 
on PBG and PBGA scaffolds with various concentration of MH than PCL 
scaffolds and the control group coverslips. This directionality most likely 
results from an increased guidance by aligned fibers in polypeptide 
scaffolds (Fig. S10). Indeed, others have reported the effects of align
ment and contact inhibition of neurite extension [34,40]. Increased 
alignment of neurites extending on PBG and PBGA suggests that neurites 
can extend along the polypeptide scaffolds successfully, and the addition 
of MH does not affect the direction of neurite on the fibers. 

3.6. Comparing the orientation of neurite extension with the orientation 
fibers in scaffold 

Normal neurophysiology requires developing neurons to target and 
form appropriate synapses with target cells, often over great distances 
(such as from retinal ganglion cells to the brain cortex). Neurons 
communicate using neurotransmitter that are synthesized and then 
transported from soma to the axon tip. As such, restoration of compro
mised nervous systems and accompanying cytoarchitecture can be 
enhanced by the engineering the alignment of neurite outgrowth. This 
alignment and directionality can be controlled by the orientation of fi
bers in the scaffold. Others have shown that in the context of the pe
ripheral nervous system, aligned fibrous graphene based scaffold 
produce the anisotropic structure of the native sciatic nerve [41]. The 
degree of orientation of fibers in our scaffolds was determined by soft
ware ImageJ using polar chart derived from SEM photos of scaffolds 
shown in Fig. S4. The results are shown in Fig. S10. The degree of 
orientation of fibers and neurites in scaffold are defined as the per
centage of fibers or neurites aligned in the degree of 0 ± 15◦ and 180 ±
15◦ of the images. The results are summarized in Table 3. The degree of 
orientation of fibers in each scaffold was all above 50%, indicating that 
fibers were well aligned. The result of neurite orientation also demon
strates that the outgrowth of neurite extends in specific direction, 
especially for PBG scaffold and PBGA scaffold, demonstrating that the 
polypeptide scaffolds with aligned fibers could successfully guide the 
outgrowth of neurites. 

4. Conclusions 

We have established a drug delivery system composed of 
polypeptide-based electrospun fibers and the neuroprotective antibiotic 
MH for neural tissue engineering. Two polypeptides PBG and PBGA were 
studied, which contain neuronal stimulant glutamate and glutamic acid, 
and PCL was used as a comparative control. The release profiles of MH 
from the scaffolds were systematically studied. Due to the strong 
hydrogen bonding of PBGA scaffold and hydrophobicity of PBG scaffold, 
MH showed sustained release from these novel scaffolds with significant 
improvement over the transient release from PCL scaffold. The release 
profiles follow Fick’s diffusion law. Cell viability and differentiation on 
the scaffolds were investigated using neuronal PC12 in in vitro experi
ments. Comparing different materials with various MH concentrations, 
PBGA scaffold with 4 wt% MH demonstrates the highest cell viability, 
suggesting that neurotransmitter-like functional group and adequate 
MH concentration enhances biocompatibility. Cell viability and the 
neurite length were seen to decrease as MH concentration increases to 6 
wt% although this cytotoxicity could differ in animal rather than cell 
culture models. After five days of cell differentiation, the neurite 
outgrowth was best on the PBGA scaffold with 4 wt% MH. The neurite 

length median of this scaffold reaches 62.71 μm, and the maximum 
length was 190.29 μm. This represents a four-fold increase over median 
neurite length produced on pristine PBGA scaffold (47.07 μm). Alto
gether, the results indicate that the PBGA scaffold with 4 wt% of MH 
(PBGAMH4) represents a promising drug delivery system without 
external stimulations in cell culture for neural tissue engineering. This 
novel biocompatible and bio-functional scaffold is quite simple in 
chemical composition which has never been reported in the literature. 
The scaffolds are fabricated from polypeptide which contains built in 
drug MH and nerve stimulating moiety of glutamate. They have po
tential applications in neural tissue engineering to repair and regener
ation of central nervous system or peripheral nervous system. 
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Table 3 
Degree of orientation of fibers and neurite outgrowth on different scaffolds.  

Material % Orientation of fibersa % Orientation of neuritesb,c 

PCL 76.92 49.41 
PCLMH2 67.92 29.05 
PCLMH4 66.67 30.84 
PCLMH6 57.14 36.94 
PBG 63.64 67.74 
PBGMH2 73.68 80.02 
PBGMH4 60.87 80.52 
PBGMH6 72.50 79.52 
PBGA 72.22 51.56 
PBGAMH2 82.35 64.82 
PBGAMH4 71.05 71.73 
PBGAMH6 63.13 77.12  

a Degree of orientation of fibers is defined by the percentage of fibers ori
ented in the range of 0 ± 15◦ and 180 ± 15◦ of the polar images of fibers. 
Showing the fibers of scaffolds are aligned well. 

b Degree of orientation of neurite outgrowth on different scaffold. 
Showing the neurites grown along the orientation of fibers in scaffolds. 

c Degree of orientation of neurite outgrowth on coverslip is 24.99%. 
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