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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A systematically investigated storage 
stability and drug release behavior of 
polypeptide-based fibrous scaffold. 

• Gravity impact on PBG scaffold felt 
storage led to an increase in fiber 
diameter on the bottom side of the 
scaffold. 

• The tensile strength of both PBG and 
PBGMH4 scaffolds increases as the 
storage time increases. 

• PBGMH4 scaffolds exhibit superior 
storage stability due electrostatic repul
sion from MH. 

• The specific surface area of the scaffold 
plays a critical role in controlling drug 
release kinetics.  
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A B S T R A C T   

Electrospun poly (γ-benzyl-L-glutamate) (PBG) scaffold felt with aligned fibers shows promising nerve regener
ation and neurite growth capability due to the nerve stimulating moiety of glutamate in the PBG material. The 
nerve regeneration capability can be further enhanced by incorporating 4 wt% minocycline hydrochloride (MH) 
in the scaffold (PBGMH4). They are useful in the nerve tissue engineering to repair and regeneration damaged 
nerves in central nerve system or peripheral nerve system. Here we investigate the ambient storage capability of 
PBG and PBGMH4 by monitoring the changes over time of fiber dimension, mechanical properties of both 
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scaffolds and amount of drug release of PBGMH4. It is interesting to observe the diameter of fibers and me
chanical strength of scaffolds increases but the amount of drug release decrease with time. By carefully exam
ining the top view of the scaffolds using scanning electron microscopy (SEM), the fiber diameter of PBG increased 
by 58 % over the 12 months storage period, which is larger than the 32 % increase observed for PBGMH4. 
Furthermore, after storage for 12 months, the difference in fiber diameter between the top and bottom sides of 
PBG scaffold is 25.9 %, whereas for PBGMH4 is only 6.3 %. These results demonstrate that the PBGMH4 scaffold 
exhibits superior storage stability compared to that of PBG. Because the fibers of the scaffolds are aligned without 
any crosslinkage, the scaffolds are porous structure of felts. The porosity of PBGMH4 scaffold is decreased from 
90 % to 72 % which can be accountable for the decrease of drug release from initial 42 % to a stabilized 26 % 
after 9 months of storage. The results indicate the specific surface area of the scaffolds play an important role in 
governing drug release kinetics. This study thoroughly investigates the storage stability of PBG and PBGMH4 
electrospun fibrous scaffolds. The observed correlations between fiber diameter, mechanical properties, and drug 
release behavior hold implications for the design of advanced bioscaffolds. The long shelf life of optimal 
PBGMH4 scaffold shows potential application for the nerve regeneration and controlled drug delivery systems.   

1. Introduction 

Neural tissue engineering is recognized as a highly promising field to 
offer innovative solutions for treating various neurological diseases, 
including both central nervous system and peripheral nervous system 
pathologies [1–3]. Neural cells are initially cultivated on biomimetic 
scaffolds in vitro before being transplanted to damaged neural sites for 
repair and regeneration. These scaffolds play a crucial role as a sup
portive framework, facilitating cell growth, differentiation, and repair to 
aid in the restoration the function of damaged tissues [4–6]. Selecting 
the appropriate scaffold material is crucial for achieving optimal nerve 
regeneration [7–9]. 

Polypeptides are biomimetic polymers extensively employed in 
biomedical applications due to their excellent biocompatibility and 
biodegradability [10–14]. Different types of amino acids enable these 
polymers to possess specific functionalities [15–19]. Poly(γ-benzyl-L-
glutamate) (PBG) is a kind of polypeptide that comprises L-glutamate, 
known as a crucial neurotransmitter that stimulates nerve growth 
[20–22]. Additionally, the monomer of PBG contains a benzyl ester 
group to protect the COOH of glutamic acid side chain from undesired 
reaction during monomer synthesis and polymerization, resulting in 
PBG having a regular linear main chain with steady chemical properties 
[23–26]. The PBG can be used to fabricate fibrous scaffolds through the 
electrospinning process. The fibrous scaffolds have various applications 
such as mimicking the extracellular matrix or precise delivering drugs to 
promote nerve regeneration [27–31]. Scaffold fabricate from PBG can 
reduce the risk of immune and rejection reaction between the material 
and nerve cells. Our previous research results have shown that PBG 
scaffolds exhibit good in vitro [32] and in vivo [33] biocompatibility 
with slow biodegradation [34], making PBG an ideal choice for treating 
neurological diseases. On the other hand, in tissue engineering, a neu
roprotective antibiotic drug called minocycline hydrochloride (MH) has 
been proven to have beneficial effects in promoting the proliferation and 
growth of neural cells [35–37]. However, the half-life of MH in vivo is 

quite short, necessitating scientist to find suitable scaffolds to support 
MH for sustained drug delivery. Previous studies have found that PBG 
fibrous scaffold incorporate with 4 wt% of MH (PBGMH4) can release 
MH steadily, further enhancing its application value in neural tissue 
engineering [38]. 

Although PBG fibrous scaffolds combined with MH drugs effectively 
assist in neural differentiation and growth, considerations for success
fully applying these scaffold materials in clinical practice need to extend 
beyond their biocompatibility and functionality to include their stability 
during long-term storage in the ambient environment. Therefore, in this 
study, we conduct a comprehensive experiment of PBG and PBGMH4 
scaffolds over a storage period of up to 12 months. We explore various 
parameters including changes in fiber diameter, mechanical properties, 
porosity, and the capability to release MH over time. Through these 
detailed investigations, we aim to gain deeper insights into the perfor
mance characteristics of these scaffold materials. This knowledge will 
provide a more robust foundation for future clinical applications, 
ensuring the safety, effectiveness, and long-term stability in healthcare 
settings. 

2. Results and discussion 

The chemical structures of PBG and MH are shown in Fig. S1. In order 
to investigate the storage stability of PBG and PBGMH4 aligned fiber 
scaffolds felts, we prepared them via electrospinning and subsequently 
stored them under ambient conditions of 25 ± 1 ◦C and 50 ± 5 %RH. We 
monitored the variation in fiber diameter on the top side of the felts over 
a storage period of 12 months, as shown in Fig. 1, and summarized the 
diameter data in Table S1. Detailed SEM top view images of the fiber 
scaffolds for each month are available in Fig. S2. The initial fiber di
ameters of PBG and PBGMH4 scaffold were 880 nm and 720 nm, 
respectively. The smaller size of the PBGMH4 fiber diameter can be 
attributed to the presence of MH, which acts as a salt. MH enhances the 
conductivity of the PBG solution and facilitates easier fiber formation 

Fig. 1. Top side fiber diameter variation in PBG and PBGMH4 scaffold felts over a storage period of 12 months.  
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during the initial high-voltage electrospinning process. This charge ef
fect leads to a size difference of 22.2 % [=(880-720)/720] between PBG 
and PBGMH4 scaffolds. 

As the storage time increases, the fiber diameter of the PBG scaffold 
evidently increases. Under 25 ± 1 ◦C and 50 ± 5 %RH storage condi
tions, the fiber diameter of PBG increased by 58 % [=(1390-880)/880] 
over the 12 months storage period. On the other hand, the fiber diameter 
of PBGMH4 scaffold increases slowly, with only a 32 % [=(950-720)/ 
720] increase after 12 months of storage. The main reason for the dif
ference in fiber diameter increment is that with prolonged storage time, 
the weak van der Waals forces between PBG polymer chains gradually 
cause them to merge. In contrast, the presence of MH in the PBGMH4 
scaffold, along with minocycline carrying NH3

+ functional groups, leads 
to electrostatic repulsion between fibers and therefore prevents them 
from merging. This demonstrates that the PBGMH4 scaffold exhibits 
superior storage stability compared to that of PBG. 

As a result of extended storage, the fiber diameter on the top side of 
PBG scaffold felt has significantly increased. Consequently, we 
compared the SEM cross-section images of freshly prepared PBG scaf
folds with those that have undergone long-term storage, to observe 
whether there are changes in fiber diameter in the vertical direction of 
the scaffold felt. The SEM cross-section images are shown in Fig. 2. 
Analysis of these images reveals that the freshly prepared PBG scaffold 
has fine fiber diameter with minimal merging. However, after 9 months 

of storage, fibers are noticeably merging together. This is because, in 
addition to van der Waals forces, the gravity effect on each fiber also 
cause them to approach each other and sink downwards, ultimately 
leading to the merge of fibers in the PBG scaffold. 

To verify the impact of gravity on the storage stability of scaffold felt, 
we also compared the top and bottom side SEM images of PBG and 
PBGMH4 scaffold felt, as shown in Fig. 3. Observation of samples stored 
for 12 months reveals a significant variance in fiber diameter between 
the top and bottom sides of PBG scaffold felt, with a difference of 25.9 % 
[=(1750-1390)/1390]. This indicates that beyond van der Waals forces, 
PBG scaffold felt is also influenced by gravity, causing fibers to merge 
together and resulting in thicker fibers on the bottom side compared to 
the top side. On the other hand, PBGMH4 scaffold felt shows only a 6.3 
% [=(1010-950)/950] difference in fiber diameter between the top and 
bottom sides. This suggests that while fibers in PBGMH4 scaffold felt are 
also affected by gravity and tend to merge, the electrostatic repulsion 
partially counteracts the effect of gravity, thus further demonstrating 
that PBGMH4 scaffold felt has better storage stability compared to PBG 
ones. 

In the field of neural tissue engineering, the mechanical strength of 
scaffolds plays a significant role in cell proliferation and growth. 
Therefore, the variation of scaffold mechanical strength with storage 
time is a crucial issue when investigating scaffold stability. It has been 
observed that the diameter of fibers increases with storage time, 

Fig. 2. SEM cross-section images of PBG scaffolds felts (a) just prepared by electrospinning and (b) after 9 months of storage.  

Fig. 3. SEM images of the top and bottom sides of PBG scaffold felts after 12 months of storage are presented in (a) and (b) respectively, while corresponding images 
of PBGMH4 scaffold felts following the same duration of storage are shown in (c) and (d). 
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indicating an expected change in the mechanical properties of scaffold 
felts. The variation of maximum tensile strength over storage time for 
PBG and PBGMH4 scaffold felts is shown in Fig. 4 and summarized in 
Table S2. The initial maximum tensile strengths of PBG and PBGMH4 
scaffold felts are 7.53 MPa and 6.30 MPa, respectively. The slightly 
lower maximum tensile strength of PBGMH4 scaffold felts compared to 
PBG ones is reasonable, given the smaller initial fiber diameter of 
PBGMH4 scaffold felts. With increasing storage time, both PBG and 
PBGMH4 scaffold felts exhibit a gradual increase in maximum tensile 
strength, consistent with the increase in fiber diameter. Ultimately, the 
maximum tensile strengths of PBG and PBGMH4 scaffold felts reach 
11.78 MPa and 9.86 MPa, respectively. 

The cumulative drug release profiles of PBGMH4 scaffolds with 
various storage times are depicted in Fig. 5(a). PBGMH4 scaffold felts 
were stored under ambient conditions of 25 ± 1 ◦C and 50 ± 5 %RH, 
with one sample taken out every month for a 7 days drug release test. 
The experimental results demonstrate that PBGMH4 scaffold can slowly 
and steadily release MH, indicating it as an excellent drug release car
rier. However, despite the increase in fiber diameter and mechanical 
properties with storage time, the amount of cumulative drug release 
after 7 days gradually decreases. The freshly prepared PBGMH4 scaffold 
felt exhibits a cumulative drug release of 41.8 % over 7 days, but after 9 
months of storage, the cumulative drug release decreases to 26.0 %. We 
speculate that since the fibers of both PBG and PBGMH4 scaffold are 
aligned without any crosslinks, they form a porous felt structure. With 
prolonged storage, fiber merging leads to an increase in diameter, 
resulting in a decrease in the porosity of PBGMH4 scaffold felt from 90 % 
to 72 % as measured by mercury porosimetry. This reduction in porosity 
decreases the specific surface area of PBGMH4 scaffold, consequently 
lowering its drug release capacity. 

To verify if the decrease in specific surface area causes the decline in 
drug release capacity, we randomly selected a PBGMH4 scaffold stored 

for an extended period and conducted a drug release test after under
going tensile testing (in this case, a sample stored for 7 months), as 
shown in Fig. 5(b). Since above results indicate that the fiber merging is 
due to physical factors including gravity and van der Waals forces rather 
than forming chemical bond, the merged fibers were pulled apart after 
tensile testing and increasing the specific surface area again. Conse
quently, the drug release capacity is restored to a level similar to that of 
the freshly prepared PBGMH4 scaffold felt. These results emphasize the 
crucial role of scaffold specific surface area in governing drug release 
kinetics. To overcome the problem of fiber merging and subsequent 
reduction in porosity leading to decreased drug release capacity over 
time, future research could focus on incorporating surface modification 
techniques into the scaffold fabrication process. Surface modifications 
such as crosslinking or introducing charged functional groups could 
potentially reduce the effects of van der Waals forces and gravity, 
thereby maintaining scaffold integrity over extended periods. 

3. Conclusions 

Through long term monitoring and analysis of the storage stability of 
PBG and PBGMH4 fiber scaffold felts, we have discovered that PBGMH4 
exhibits superior stability during storage. This is attributed to the 
presence of MH in PBGMH4, which induce electrostatic repulsion be
tween fibers and thus preventing their merging. In contrast, PBG fiber 
scaffold felts showed a significant increase in fiber diameter during 
storage, causing the fibers within the scaffolds to settle down due to 
gravity. We have observed the increase in fiber diameter leads to an 
increase in the maximum tensile strength of the scaffold. PBGMH4 
scaffold show promising potential as drug release carriers due to the 
slowly and steadily release of MH. However, the drug release capacity 
decreased over time due to reduced specific surface area caused from 
fiber merging. Nevertheless, our study indicates that the drug release 

Fig. 4. Maximum tensile strength variation of PBG and PBGMH4 scaffold felts over a storage period of 12 months.  

Fig. 5. (a) Cumulative drug release profiles of PBGMH4 scaffolds with various storage times. (b) Cumulative drug release profiles of PBGMH4 fresh electrospun 
scaffolds and storage 7 months after tensile strength test. 
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capacity can be restored by physically pulling apart merged fibers after 
tensile testing, emphasizing the crucial role of scaffold specific surface 
area in controlling drug release kinetics. Our research reveals that 
PBGMH4 scaffold felts possess excellent storage stability and drug 
release performance, providing important insights and guidance for 
further research and applications in the field of neural tissue 
engineering. 

4. Materials and methods 

4.1. Materials 

The experimental chemicals used in this study are listed as following: 
L-glutamate γ-benzyl ester (99 %, molecular weight = 237.30 g/mol, 
Sigma-Aldrich), propylene oxide (95 %, Acros), triphosgene (98 %, 
Sigma-Aldrich), sodium (99 %, Sigma-Aldrich), tetrahydrofuran (99.8 
%, Honeywell), N,N-dimethylacetamide (DMAc, 99+%, Acros), meth
anol (99.8 %, extra dry over molecular sieve, Thermo Scientic) and 
minocycline hydrochloride (MH, 98.0 %, TCI). Anhydrous solvents of 
ethyl acetate (EA, ≥99.5 %, Macron Fine Chemicals) and benzene (99.7 
%, Sigma) were prepared by dehydrating purchased solvents using 4A 
molecular sieves (4–8 mesh; Acros) and overnight nitrogen purging. 

4.2. Synthesis of monomer and polymer 

The monomeric and polymeric materials were synthesized according 
to the previous report [30] and illustrate below in brief. 

4.2.1. Synthesis of monomer (γ-benzyl-L-glutamate N-carboxyanhydride, 
BGNCA) 

6 g of L-glutamate γ-benzyl ester, 90 mL of anhydrous THF, and 7.8 
ml of propylene oxide were added and stirred in a three necks round 
bottom flask for 5 min. Then 3.7g of triphosgene was added, and the 
solution was stirred for 2 h at room temperature until clear. The solution 
was concentrated using a rotary evaporator at 30 ◦C in order to remove 
byproducts. Subsequently, 60 ml of anhydrous THF was added, and then 
n-hexane was added dropwise until precipitation occurred. After over
night crystallization at -20 ◦C, the solution was filtered to collect the 
precipitation. This recrystallization procedure was repeated three times 
and the crystals were dried in a vacuum oven at 40 ◦C. A yield of 82 % 
BGNCA was obtained with a molecular weight of 263.25 g/mol. 

4.2.2. Synthesis of polymer (poly(γ-benzyl-L-glutamate), PBG)) 
All three-neck flasks used for polymerization need to be vacuumed 

overnight to remove moisture before used. Add 3 g of BGNCA into the 
100 ml flask and perform three cycles of vacuum and nitrogen purge. 
Afterward, inject 300 ml of dry benzene to disperse BGNCA. For the 
polymerization, sodium methoxide was used as the initiator, which was 
prepared by dissolving 75 mg of sodium in 10 ml of benzene and 5 ml of 
anhydrous methanol. Initiate polymerization by adding 0.344 ml of 
sodium methoxide into as-prepared BGNCA solution. After reacting at 
room temperature for 48 h in nitrogen atmosphere, the resulting poly
mer solution was precipitated and filtrated from ethyl acetate, followed 
by drying in a vacuum oven at 40 ◦C overnight. A yield of 91 % PBG was 
obtained with Mw = 631 kDa, Mn = 528 kDa and PDI = 1.19. 

4.3. Scaffold fabrication 

4.3.1. Preparation of PBG and PBGMH4 solution for electrospinning 
The PBG solution for electrospinning was prepared by dissolving 

PBG in a co-solvent of THF and DMAc (7:3 v/v) overnight to achieve a 
concentration of 15 wt%. Similarly, the PBGMH4 solution was prepared 
by incorporating 4 wt% of MH (relate to the amount of PBG) to the same 
co-solvent of THF and DMAc (7:3 v/v) overnight, and also reaching a 
solution concentration of 15 wt%. 

4.3.2. Electrospinning of PBG and PBGMH4 
The electrospinning scaffolds were prepared under ambient condi

tions of 25 ± 1 ◦C and 50 ± 5 %RH. The setup involved placing a 
grounded rotating collector at a distance of 10 cm from the needle tip. 
An applied voltage of 20 kV and a flow rate of 5 ml/h were employed. 
The collector was enveloped in aluminum foil and rotated at a speed of 
1500 rpm, while fibers were collected on it over a span of around 30 
min. The final thickness of the resultant felt was within the range of 
30–50 μm controlled by adjusting the collection time. The stability test 
was conducted by electrospinning one batch of PBG and PBGMH4 so
lution at one time. Subsequently, the electrospinning scaffold was 
divided into 12 pieces. The fibrous scaffolds are stored at 25 ± 1 ◦C and 
50 ± 5 %RH for the 12 months stability experiments. One piece of 
scaffold was taken out for examination each month. 

4.4. Characterization 

4.4.1. Characterization of electrospinning scaffolds 
The fiber diameter and the cross-section images of PBG and PBGMH4 

scaffold was measured by SEM (SU-8010, Hitachi). The porosity of 
scaffold felt was determined by mercury porosimetry (micromeritics 
AutoPore IV 9520). The mechanical properties of the scaffold felts were 
measured by the tensile test machine (YH–H31B7, Yang Yi Technology). 
The sample size for tensile strength test was 2 cm in width and 15 cm in 
length. 

4.4.2. Drug release 
The UV–vis absorption spectrometer (UV-1900, Shimadzu) was used 

to establish calibration curves (as shown in Fig. S3) at wavelength 245 
nm of MH in phosphate buffered saline solution (PBS) solution to esti
mate the cumulative drug release of PBGMH4. The electrospinning 
scaffold samples were cut into 2 cm × 2 cm in pieces and immersed in 
PBS solution. The cumulative release of drug over a specific storage 
month can be calculated by following equation [30]: 

cumulative release(%)=
Mt

M∞
× 100%  

where Mt stands for the cumulative amount of drug release at time t and 
M∞ denotes the total amount of MH drug. 
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