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In recent decades, wound dressings have evolved from the simple gauze to sophisticated, carefully designed
functional materials which can enhance wound healing and eliminate bacterial infections endangering the
wounded area. With an increasing number of multidrug-resistant strains, bacterial overgrowth of the injured
area poses a serious risk that can lead to severe conditions. Nanoparticles can exhibit remarkable antibacterial
properties thus incorporating them into biocompatible matrices, effective antibacterial wound dressings can be
fabricated. Utilizing electrospinning, nanoparticles could be easily incorporated into fibrous polymer meshes.
Next to nanoparticles, electrospinning allows the simultaneous encapsulation of small molecules as well,
resulting in complex nanocomposite meshes exhibiting antibacterial and anti-inflammatory and/or analgesic
properties. In the manuscript, we present a one-pot method for the synthesis of silver nanoparticles (AgNP) in
the presence of polysuccinimide (PSI) and a small molecule drug (paracetamol), followed by the fabrication of
an antibacterial wounddressing system. Thorough characterization of both theAgNP-containing colloidal system
and the meshes were performed. Results reveal the stabilizing effect of PSI and paracetamol enhancing the for-
mation of a monodisperse colloidal system. Mechanical studies confirm the reinforcing effect of silver-
nanoparticles, and antibacterial evaluation proves the applicability of the meshes. Drug-release measurement
shows prolonged three-step release kinetics.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Wound healing is defined as the process where damaged or lost tis-
sues are either regenerated or replaced. This process involves a complex
sequence of events and mechanisms composed of neural feedbacks,
chemical, andmolecular interactions as well as cellularmovement, pro-
liferation, and differentiation. Aberrations in wound healing, result due
to either local (e.g. moisture, oedema, infection) or generalized (e.g. di-
abetes, smoking, immunosuppression) conditions [1]. These factors can
delay or entirely prevent proper wound healing consequently resulting
in chronic conditions. In order to prevent the negative effect of these
factors and enhance the healing process, medical and scientific research
has been increasingly focusing on the functionalization and optimiza-
tion of wound dressings [2–4].

Wound dressings have evolved to sophisticatedmaterials with intri-
cate structures and specialized components, designed specifically to en-
hance and promote faster wound healing rates. While simple gauze
dressings are still widely used,wounddressings are nownot exclusively
composed of textiles. The research focus is now turning to advanced
pest, Hungary.
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materials, for example, films, hydrogels, foams, and nanofibers with an
emphasized objective on the prevention of bacterial infection, since
such an event can seriously delay the healing process and poses as a
major risk towards severe clinical conditions [3–7]. Each with its own
advantages and disadvantages, these modern materials are employed
as they are structurally designed to support the healing, absorb excess
wound exudate while preventing dehydration of the wounded area
and they can be combined with pharmaceutical agents providing anal-
gesia, and most importantly antibacterial agents preventing infections
[5,8,9].

While typically bacterial flora found on the skin poses no risk to a
patient, as the balance of the skin is disrupted due to chronic wounds
or immunocompromised conditions, even representatives of normal
bacterial flora can lead to pathological conditions [5]. Staphylococcus
epidermidis is part of healthy skin microbiota but is also known as
one of the leading causes of nosocomial infections and is rather hard
to eradicate with conventional antibiotics due to its biofilm-forming
characteristics [10–12]. Another bacterial strain typically acquired as
a nosocomial infection, Pseudomonas aeruginosa plays a crucial part
in impaired wound healing and exhibits extraordinary resistance to-
wards a wide range of antibiotics [13]. To overcome the widespread
antibiotic resistance of various pathogens, several strategies have
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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been continuously proposed and examined. These tactics include an-
tibacterial polymers, essential oils, and other natural antibiotics such
as honey, antimicrobial peptides, phage therapy, and nanoparticles
[5,13,14]. Nanoparticles (NPs) are particularly effective against bacte-
rial infections, and they seem to be a promising candidate to replace
antibiotics against multidrug-resistant strains. According to various
studies, three mechanisms are proposed for the antibacterial action
of NPs: a. release of metal ions b. oxidative stress c. non-oxidative
mechanisms. Due to these three modes of action, NPs can effectively
penetrate the bacterial membrane, disrupt biofilm formation, gener-
ate reactive oxygen species, or even destabilize ribosomes [12,13,15].

One popular compound investigated regarding wound dressing ap-
plications is silver, as it exhibits exceptional antibacterial properties. In
particular silver nanoparticles (AgNP) have been investigated and
their positive results have been demonstrated several times yet, some
controversy still surrounds the subject [16]. While overall effective,
modifications to augment their effect are still possible. Theirmechanism
of action involves damaging the bacterial cell membrane as well as the
bacterial DNA [17]. Recently the correlation between the nanoparticle
size and surface area/volume ratio to antibacterial effect has been exam-
ined. AgNP distribution and size directly affect the total “antibacterial
surface” and thus the overall silver ion release and antibacterial efficacy.
For a wound dressing material to be a proper template for silver nano-
particles an essential prerequisite is to facilitate the silver ion release.
In this regard, nanofibers – possessing a high specific surface area- can
provide an excellent carrier for silver nanoparticles.

Nanofibers have been widely utilized in regenerative medicine and
tissue engineering as they possess several advantageous features
[18,19]. Undeniably, besides their chemical compositions, a wound
dressing's physical structure can greatly impact thewound healing pro-
cess. Nanofibers have a microstructure resembling the extracellular
matrix innately found around almost every cell in the human body.
Nanofibrous meshes are typically composed of either naturally
occurring (e.g. chitosan, alginic acid, hyaluronic acid) or synthetic
(poly (ε-caprolactone), poly(lactic acid), poly(vinyl alcohol)) polymers
[20–22]. Even without antibacterial properties nanofibrous meshes
have some interesting properties that can be useful for wound care
such as absorbing wound exudate, the release of analgesic pharmaceu-
tical compounds, promoting haemostasis phase due to their high sur-
face area and also their structure leads to semi-permeability which
facilitates the respiration of the cells [23]. However, since bacterial in-
fection is one of the leading causes of impaired wound healing, without
antibacterial efficacy nanofibrous meshes couldn't eliminate the risk of
such an infection and their use in woundcare is rather limited.

Nanofibrous meshes containing silver nanoparticles have been pre-
viously investigated yet, to our knowledge AgNPs have not been com-
bined with poly(succinimide) (PSI) based nanofibrous systems.

Poly(succinimide) is a polymer produced by the thermal polycon-
densation of L-Aspartic acid. It is a water-insoluble polymer that hy-
drolyses in even mild alkaline environment, such as physiological
pH. Additionally, PSI is easily modified as it is prone to react with nu-
cleophiles under mild conditions, resulting in water-soluble poly
(aspartic acid) (PASP) and its derivatives. These features coupled
with its biocompatible and biodegradable nature, make it a promising
polymer for tissue engineering, cell cultivation, and other biotechno-
logical applications. Utilizing PSI, hydrogels, nanogels, films, fibrous
hydrogels, and also non-woven fibrous meshes can be prepared
[24–27].

Electrospinning is one of several methods (e.g. wet-spinning, dry-
spinning, etc.) that is currently used to produce non-woven nanofibrous
membranes. Using a high voltage, provided by a power supply, nanofi-
bers can be fabricated from polymer solutions as they are pushed
through a needle. This method is quite prevalent as it is straightforward
but also provides numerous possibilities for modification and adjust-
ments making it probably the most versatile and cost-effective out of
all the spinning methods [28–30].
2

In this manuscript, we are demonstrating how AgNPs as well as
pharmaceutical agents can be electrospun after a one-pot synthesis
method. The pharmaceutical agent of choice was paracetamol (APAP),
perhaps the most frequently used Non-Steroidal Anti-Inflammatory
Drug (NSAID). Our aim, by pairing paracetamol with AgNPs is to assess
the effect of a small-molecular drug on AgNP and how it could poten-
tially enhance or decrease the antibacterial effect of PSI based mem-
branes. Furthermore, PSI being a highly biocompatible polymer the
objective is to produce a functionalized biocompatible and biodegrad-
able wound dressing.

In the followingmanuscript,we present the synthesis and character-
ization of AgNPs and the fabrication and characterization of AgNP and
paracetamol containing PSI electrospun meshes. Silver nanoparticles
are known to be effective against biofilm-forming and multidrug-
resistant bacteria strains, therefore they are an excellent component
to incorporate inmodern functional wound dressings. Since the proper-
ties of these aforementioned particles depend on their colloidal proper-
ties, our aim was to develop an efficient one-pot method for the
synthesis of silver nanoparticles with tuneable properties in the pres-
ence of a polymer (polysuccinimide, PSI) and a small-molecule drug
as well.

This work incorporates both physical (Dynamic Light Scattering,
Scanning Electron Microscopy) and mechanical characterization of the
meshes but also the antibacterial effect of AgNPs on four different bacte-
rial strains (E. coli, P. aeruginosa, B. subtilis, S. epidermidis) as well as the
drug-release profile of the paracetamol and finally a method was pro-
posed to compare the antibacterial effect of meshes with different
composition.

2. Materials and methods

2.1. Materials

L-aspartic acid (reagent grade, ≥98%, Amresco), ortophosporic acid
(≥99%, Sigma Aldrich), N,N-dimethylformamide (DMF, anhydrous,
≥ 99.94%, Reanal), chromosulfuric acid (Sigma-Aldrich), silver-
perchlorate (AgClO4, Sigma-Aldrich), paracetamol (APAP, puriss,
98,0%, Alfa Aesar), phospate buffered saline tablet (PBS, Sigma-
Aldrich), Mueller-Hinton agar (Biolab Zrt.), E. coli ATCC 25922,
S. epidermidis ATCC 14990, P. aeruginosa ATCC 27853, B. subtilis ATCC
6633.

All reagents and solvents were used without further purification.

2.2. Synthesis of polysuccinimide

Polysuccinimide (PSI)was prepared by thermal polycondensation of
L-aspartic acid in the presence of orthophosphoric acid. According to a
previously reported method [31], L-aspartic acid and orthophosphoric
acid weremixed at a 1:1weight ratio in a rotating flask and themixture
was gradually heated up to 180 °C while the pressure was gradually re-
duced to 3 mbar using a rotary evaporator. The flask was constantly ro-
tated at 130 rpm for 8 h. The resulting polymer was subsequently
dissolved in 170ml dimethylformamide, then precipitated in deionized
water andwashed several times until a neutral pHwas reached. Finally,
the resulted PSI powder was dried at 40 °C until changes in mass were
not detectable. The polymer was stored in close containers at room
temperature.

2.3. Synthesis of silver nanoparticles

For the synthesis of silver nanoparticles, a one-pot method was de-
veloped based on a previously reported synthesis method [32]. First,
1 g of PSI was dissolved in 4 g of DMF to reach a polymer-
concentration of 20 w/w%. When the dissolution was complete, the so-
lution was saturated with argon after which 0.1 g of AgClO4 was added
to the mixture under the established inert atmosphere. Four different
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samples were prepared according to the concentration of paracetamol.
Table 1 summarizes the parameters of the prepared samples. In all
cases, reaction mixtures were kept in closed vessels under an inert
atmosphere and stirred for 72 h at 300 rpm and 60 °C (Radleys reactor,
IKA RCT Basic magnetic stirrer).

Sampleswere always stored under an inert atmosphere until further
processing.

Important to mention is that, before every synthesis, every glass-
ware was cleaned using concentrated chromosulfuric acid and
thoroughly washed with ultrapure water (Conductivity <0.1 μS/cm)
to avoid cross-contamination.
2.4. Dynamic Light Scattering

After the 72-hour reaction time, the size and polydispersity of the
silver nanoparticles within the PSI/DMF dispersion was evaluated
using a Malvern Nanosizer S instrument equipped with a 4 mW
He-Ne laser (λ = 632,8 nm). Samples were diluted with pure DMF.
The performed dilution was proportionate to the paracetamol con-
tent. In each case, samples were diluted to optimize the count rate
and the gyration coefficient. Approximately 200 μl of the diluted
sample was poured into a disposable cuvette suitable for organic sol-
vents. Details of the measurements were the following: 3 measure-
ments; the number of runs: 15 (each 15 s); backscattering method;
temperature: 25 °C. A general-purpose analysis model was utilized
for data processing then the Stokes-Einstein equation was used for
the calculation of size.
2.5. Electrospinning

For the fabrication of silver-nanoparticle (AgNP) containing PSI
meshes (denoted as AgNP/PSI) and for the fabrication of meshes con-
taining both silver-nanoparticle and paracetamol (denoted as AgNP/
APAP/PSI) a two-needle electrospinning setup was used. The setup
comprised of two 5 ml Luer-slip syringes (Chirana, Slovakia) with 18G
metal needles (Becton Dickinson, USA), two single-syringe infusion
pumps (KDS100, KD Scientific, USA) placed opposite to each other on
the two sides of the rotating collector as it is shown on Fig. 1, and high
voltage DC supplies (73030P series, Genvolt, UK) and a slowly rotating
cylindrical collector (RPM = 50, d = 12 cm).

The silver nanoparticle and polymer containing dispersions were
transferred to syringes to which metal needles were attached. Loaded
syringes were then secured to the infusion pumps. Positive electrodes
were attached to the tips of the metal needles while the negative elec-
trodes were clamped to the rotating collector. The electric potential
was provided by the high voltage DC supplies.

Meshes were fabricated within a week after the synthesis at room
temperature (T = 25 ± 2 °C) and at relatively low humidity (Humid-
ity = 22 ± 3%). The electrospinning parameters of all the fabricated
samples are summarized in Table 2.
Table 1
Parameters of reaction mixtures.

cAgClO4
(g/5 g 20 w/w% PSI solution)

cparacetamol

(g/5 g 20 w/w% PSI solution)

0.1 0
0.1 5
0.1 10
0.1 50
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In the Results and discussion section, cparacetamol is always given as
paracetamol content mg/5 g where 5 g always refers to the amount of
20 w/w% PSI/DMF polymer solution.

In the case of the sample designated as 0+10, 10mgof paracetamol
was added to a batch of 0mg paracetamol/5 g polymer solution after the
72-hour reaction and right before electrospinning to yield a physical
mixture. After the addition of paracetamol, these samples were stirred
for only 15 min at room temperature to achieve a homogeneous distri-
bution in the highly viscous colloidal system.

2.6. Scanning Electron Microscopy

To investigate the microstructure of the meshes, Scanning Electron
Microscopy was utilized. Images were taken with a JSM 6380LA scan-
ning electron microscope (JEOL, Japan). Samples were secured on an
adaptor with double-sided carbon tape and then coated with a thin
layer of gold using a JFC-1200 Sputter Coating System (JEOL, Japan) to
ensure the required conductivity for the measurement. The applied
voltage was 15 kV and the working distance was 10 cm. Pictures were
obtained at a 1000×, 5000×and 10,000×magnification. Fibre diameters
were determined using Fiji ImageJ software from at least 50 fibres and a
non-parametric one-way ANOVA analysis (Kruskal-Wallis test) was
performed on fibre diameter values to decide which samples have sig-
nificantly different diameter (p < 0.05). Statistical evaluation was per-
formed using STATISTICA 10 software.

2.7. Mechanical testing

The loading capacity of the meshes was evaluated with an Instron
4952 unidirectional mechanical tester (50 N measuring cell). As sum-
marized in Table 2. six different meshes were fabricated and examined.
1.5 × 6 cm test specimens (N=5)were cut fromeach electrospunmesh
parallel to the rotation of the collector as indicated in Fig. 2/a. Samples
were placed between the grips of Instron mechanical tester symmetri-
cally on both ends (Fig. 2/b). Measurements were performed at a
1 mm/min pulling speed until the complete tear of test specimens.
The exact size and mass of the test specimens were measured and
recorded.

The specific maximum load was attained by dividing the maximum
sustained load from the recorded force-deformation curve by the sur-
face mass density (mass/area) to obtain specific maximum load:

Specific maximum load N �m
2

g

� �
¼ Maximum load Nð Þ

mass gð Þ
Area m2ð Þ

A non-parametric one-way ANOVA analysis (Kruskal-Wallis test)
was performed on specific maximum load values to determinewhether
samples significantly differ from each other (p< 0.05). Statistical evalu-
ation was performed using STATISTICA 10 software.
Reaction parameters Paracetamol-addition

T
[°C]

Vstirring

[rpm]
t
[h]

60 300 72 –
60 300 72 Before AgClO4

60 300 72 Before AgClO4

60 300 72 Before AgClO4



Fig. 1. Two-needle electrospinning setup for the fabrication of nanofibrous meshes.
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2.8. Evaluation of antibacterial properties

Antibacterial activity was evaluated using the standardized Kirby-
Bauer disc diffusion method. Four ATCC (American Type Culture Collec-
tion) bacterial strains were used, namely: E. coli (Gram-negative),
P. aeruginosa (Gram-negative), B. subtilis (Gram-positive) and
S. epidermidis (Gram-positive).

Bacteria colonies from each strain were immersed individually into
5 ml of saline and then the suspensions were diluted to reach a 0.5
McFairland turbidity using a DEN-1 Benchtop Densitomer (Grant In-
struments). A sterile swab was then immersed into the bacteria-
containing saline after which the Muller-Hinton agar was covered
with the bacteria containing solution using the swab.

Before the antibacterial evaluation, membrane discs with a diameter
of 6 mm were cut from the meshes (n = 3 per mesh and per bacteria
strain) and the mass of each disc was measured and recorded. Discs
were sterilized at 120 °C for 2 h using a dry heat sterilizer. These sterile
discswere placed onto the top of the inoculatedMuller-Hinton agar and
then the plateswere incubated for 24 h at 37 °C. After 24 h, the diameter
of the bacteria-free zone (diffusion zone) was measured for each disc.

This evaluation aimed to determine the effect of paracetamol con-
tent on the antibacterial properties of silver nanoparticles. Therefore,
to evaluate the effect of the silver nanoparticles within the meshes,
the antibacterial areas around the test discswere calculated and divided
by the silver- content (Specific antibacterial area).

Specific antibacterial area
cm2

mg Ag

� �
¼

dzone
2

� �2
� 3:14− dmesh

2

� �2
� 3:14

mAg

2.9. Drug-release kinetics

Drug-release kinetics of cparacetamol = 10 mg/5 g PSI solution and
cparacetamol = 5 mg/5 g PSI solution meshes were examined with an
Agilent 8453 UV-VIS Spectrophotometer. Samples of approximately
0.1 g were gently placed into dialyzing membranes (cut-off =
Table 2
Electrospinning parameters.

Type of the
mesh

cPSI
(w/w%)

cAgClO4
(g/5 g PSI solution)

cparacetamol

(mg/5 g PSI solution)

PSI 20 0 0

AgNP/PSI 20 0.1 0
AgNP/APAP/PSI 20 0.1 5

20 0.1 0 + 10
20 0.1 10
20 0.1 50

4

14 kDa). The dialyzing membranes containing the examined meshes
were closed tightly on both ends and immersed into 15 ml of
phosphate-buffered saline (PBS, I = 0.15 M, pH= 7.4) in a glass vessel.
Release media were kept at 37 °C while constantly stirred with mag-
netic bars. At predetermined time intervals, 2 ml of the media was re-
moved and the absorbance values were measured. The removed
volume was replaced with fresh PBS and it was followed for 1 week.
3. Results and discussion

3.1. Synthesis of silver nanoparticle in the presence of PSI

Silver nanoparticles were synthesized via a one-pot method based
on the reaction of silver salt and DMF. The schematic representation of
the whole synthesis procedure can be seen in Fig. 3.

This reaction has been well-documented for years now, however,
the addition of a stabilizing agent is required as DMF itself couldn't sta-
bilize the formednanoparticles.Without a stabilizing agent, aggregation
takes place immediately in the solution followed by precipitationwhich
results in macroscopic silver or in simple terms a silver-mirror (a thin
silver layer on the side of the glass synthesis chamber). This phenome-
nonwas also observed in our systemwhere silver-perchlorate and DMF
were mixed for 72 h at 60 °C. Silver precipitation was noticeably visible
on magnetic bars and the glassware.

On the contrary, in the presence of polysuccinimide (PSI), instead of
silver-precipitation, a clearly visible colour change was observed.

While the solution initially is transparent yellow (typical colour of a
PSI/DMF solution) it turns to dark brownduring the synthesis. The pres-
ence of paracetamol next to PSI during the reaction results in a dark dun
colour, different from the colour of the mixture without paracetamol
(sleek dark brown – characteristic of stable colloidal sols). This differ-
ence between the samples wasmost noticeable for the highest paracet-
amol content (50 mg/5 g polymer solution) (Fig. 4). The colour-change
upon increasing paracetamol content is an indirect proof for the grow-
ing particle size of the colloidal system. To prove this prediction, DLS
measurements were performed.
Spinning parameters

Voltage
(kV)

Distance
(cm)

Flow rate
(ml/h)

Specifications

15 10 0.8 Slowly rotating
collector, 1 needle

15 10 0.4 Slowly rotating
collector;
double-needle setup

12–13 10 0.4–0.5
12–13 10 0.4
12–13 10 0.4
12 10 0.4



Fig. 2. Sample preparation for mechanical testing: a) box represent test specimen cut from electrospunmesh (arrow indicates rotating direction of cylindrical collector), b) test specimen
under load.
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Based on previous measurements, reaction mixtures containing
0.1 g silver in 5 g 20 w/w% PSI (without the addition of paracetamol),
these colloidal systems retain their aggregative stability for more than
1month. During 6weeks no precipitationwas observed, evidently indi-
cating that PSI can prevent the aggregation and successfully stabilize the
formed nanoparticles within this period of time.
Fig. 3. Schematic representation of PSI synthesis an

5

To examine the contribution of paracetamol to this stabilizing effect,
reaction mixtures without PSI were also prepared. In this case, silver
precipitation was observed on the magnetic bar and on the glass vessel
indicating that paracetamol may have a contribution to the stabilization
but in itself is not effective enough to prevent precipitation (Fig. S1, Sup-
plementary Information).
d the following silver-nanoparticle synthesis.



Fig. 4. Colour of the synthesis mixtures: a) PSI/DMF solution b) PSI/DMF and 0.1 g AgClO4 reaction mixture after 72 h c) PSI/DMF, 0.1 g AgClO4 and 50 mg paracetamol after 72 h.
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3.2. Characterization of silver nanoparticles by Dynamic Light Scattering

Antibacterial properties of silver nanoparticles are known to be
strongly dependent on the size of the particles therefore size-
determination is a key aspect in designing effective silver
nanoparticle-containing matrices. For a thorough characterization, the
mean size of the silver nanoparticleswas calculated not just based on in-
tensity, but the size and volumedistribution aswell. The latter twowere
calculated from intensity distribution using Rayleigh (d < λlaser/10) or
Mie-theory (d > λlaser/10) [33].

Three different weighting methods and four parameters (z-average
and intensity-mean, number-mean, volume-mean) can be utilized to
gain more precise and comprehensive information about the colloidal
system in question. One of the most important and most frequently re-
ported parameters of a colloidal system is Z-average which is an
intensity-based attribute determined by a fit to the correlation function.
Along with intensity-mean, these two parameters represent the mean
size of the nanoparticles that contributes most to the overall scattering
thus weighting bigger particles more heavily. On the contrary,
number-mean derives from the number of particles without taking
into consideration particle size, therefore particles of different sizes
are counted having equal numerical value. Therefore, z-average,
intensity-mean, and volume-mean are rather sensitive to the presence
of aggregates while the number-mean can be used to demonstrate the
individual (not aggregated) smaller particles of the system. These four
parameters alongside with polydispersity index (PDI) of the colloidal
system in question are shown in Fig. 5.
Fig. 5. Effect of paracetamol on properties of silver nanoparticles a) polydispersity in
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By plotting the polydispersity index (PDI) as a function of the paracet-
amol content (Fig. 5/a), it can be concluded that paracetamol can reduce
the value of PDI from 0.3 to below 0.1 indicating that increasing amount
of paracetamol facilitates the formation of a highly monodisperse colloi-
dal system. Compared to the PDI, Z-average (Fig. 5/a), namely the overall
average size of the colloidal system, demonstrates anopposingbehaviour:
initially due to the small amount of paracetamol content the z-average
size decreases then as the paracetamol content increases, nanoparticle
size increases accordingly. This behaviour and the size of the nanoparti-
cles are rather perplexing to interpret and it requires not only z-average
but intensity-, number- and volume-mean as well (Fig. 5/b). The cause
of the initial decrease is probably due to paracetamol being able to hinder
the aggregation of the nanoparticles in a more effective manner than PSI
in itself does. While PSI can prevent the precipitation of silver nanoparti-
cles, it also can not entirely impede particle aggregation indicated by the
initial gap between number-mean size and intensity-mean size. The
higher value of intensity-mean size (and z-average) suggests the pres-
ence of aggregates while the low value of number-mean size demon-
strates that the majority of the particles still have an average size of
37 nm. Upon addition of paracetamol, even in a small concentration
(5 mg/5 g PSI solution), intensity-, volume- and number-mean values
start to approximate each other which implies that an increase in the
paracetamol content results in a more well-defined, larger sized but
monodisperse colloidal system with narrow size deviations.

To further visualize the effect of paracetamol on the properties of
this complex colloidal system, intensity distributions were compared
to each other (Fig. 5/c). The intensity-distribution comparison is quite
dex (PDI) and z-average b) particle size and c) intensity-based size distribution.
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informative regarding the effect of paracetamol. Increasing paracetamol
content results in a narrower size distribution and a higher maximum
value indicating that paracetamol facilitates the formation of a highly
monodisperse colloidal system.

The results are quite promising since they evidently indicate that PSI
in itself can promote the synthesis of a colloidal systemwith a PDI value
no greater than 0.3. Furthermore, by adjusting the quantity of paraceta-
mol the parameters of this silver colloidal system can be altered in ac-
cordance with the desired properties. Additionally, the synthesis
method seemed to have a satisfying reproducibility (Fig. S2, Supple-
mentary Information).

3.3. Electrospinning

Due to the fact that the reaction mixture doesn't require further pu-
rification or processing, electrospinning could be performed right after
the 72-hour reaction. Noteworthy mentioning is that, while simple,
PSI-only meshes are white, AgNP/PSI and AgNP/APAP/PSI meshes are
bright yellows. In some cases, instead of bright yellow colour, a pale
beige – white colour was observed (Fig. 6). In these cases, the reaction
mixture was analysed with DLS in terms of PDI and particle-size to ex-
amine the possible cause of this pale colour. These DLS data showed a
rather high polydispersity and noisy raw correlation data (Fig. S3, Sup-
plementary Information) implying that the reduction of silver ions and
the consecutive nanoparticle-formationwasn't complete. Therefore, the
vibrant yellow colour seems to be a fast, simple, and reliable indicator of
the mesh and colloid system quality.

Meshes prepared from 50 mg/5 g paracetamol had a slightly darker
colour, but every mesh had the characteristic vibrant yellow colour. No
differences could be observed in texture or manageability nor between
samples containing different amount of paracetamol, nor between pure
PSI and nanoparticle-containing meshes.

Additionally, X-ray Diffraction studies were performed in order to
determine the crystallinity of silver nanoparticles and the physical
form of the encapsulated paracetamol within the meshes. Further de-
tails about the measurements could be found in Supplementary Infor-
mation. Briefly, the results suggest that the presence of paracetamol
enhances the formation of crystalline silver-nanoparticles instead of
amorphous form while crystalline paracetamol couldn't be detected in
the examined sample (Fig. S4, Supplementary Information)

3.4. Fibre morphology and size distribution assessment by Scanning Elec-
tron Microscopy

Scanning Electron Microscopy images confirm that the electro-
spinning method was successfully optimized for every sample. All
Fig. 6. a) PSI mesh b) characteristic yellow colour of AgNP/APAP/PSI mesh with go

7

samples have a homogenous, randomly orientated fibrous structure
without beads or other artefacts (Fig. 7).

By applying higher magnification, the surface of the fibres can be
evaluated more precisely. Fig. 7 shows a higher magnification only of
a mesh prepared from 0 mg/5 g paracetamol reaction mixture, of
which microstructure is representative and similar to those of the
other meshes as well. Higher magnification depicts a randomly orien-
tated structure and a particularly smooth surface without observable
clots or beads.

Based on fibre analysis, average fibre diameters were calculated for
each type of mesh (Table 3). The average diameter seems to increase
in accordance with increasing paracetamol content in case of samples
where paracetamol was present during the 72-hour reaction (5, 10,
and 50 mg/5 g paracetamol). In case of meshes prepared from
0 + 10 mg/5 g paracetamol mixtures (where paracetamol was added
to the 0 mg/5 g mixture right before electrospinning to yield a physical
mixture), the diameter is approximately the same as in case of 0mg/5 g.

To examine whether paracetamol content and/or particle size in the
colloidal state have a significant effect on the fibre diameter statistical
analysis was performed on fibre diameter values. The statistical results
suggest that fibre diameters significantly differ from each other except
for 0 (without drug) and 0 + 10 (physical mixture) samples which
two samples possess approximately the same average fibre diameter
(results concluded in Table S1, Supplementary Information). This im-
plies that a change in the microstructure occurs upon increasing para-
cetamol content but since 0 + 10 sample has the same diameter as 0
sample, the change is due to an indirect effect of paracetamol and not
solely its presence in the reaction mixture. Fibre diameter increases
with paracetamol content which is following the change of number
mean size of the particles upon growing paracetamol content (Fig. 5/
b). Subsequently, this comparison suggests that increasing paracetamol
content could have an indirect effect on fibre diameter through altering
particle size in the reaction mixture during the 72-hour reaction, and
therefore diameter increases in accordance with the number-mean
size itself. Since in the case of 0 + 10 mg/5 g sample, paracetamol was
only added to the system right before electrospinning, nanoparticle
size was the same as for 0 mg/5 g sample, thus fibre diameters of
these two compositions stay approximately the same.

When comparing particle sizes in colloidal state (Fig. 5) and fibre di-
ameter (Table 3) it is important to know that the size measured by DLS
is not equivalent to particle size inside themesh. Fig. 8 demonstrates the
particle size measured in the colloidal state by DLS and the schematic
hypothesised process of electrospinning at a molecular level. DLS mea-
sures not only the silver-nanoparticle but also the paracetamol and/or
PSI layers being adsorbed to the silver-core. During electrospinning,
the polymer chains and silver nanoparticles are aligned and rearranged
od quality DLS results c) AgNP/APAP/PSI mesh with poor quality DLS results.



Fig. 7. SEM micrographs of AgNP/PSI and AgNP/APAP/PSI composite meshes.

Table 3
Average fibre diameter of electrospun meshes.

Cparacetamol (mg/5 g) Fibre diameter (nm)

0 210 ± 40
0 + 10 210 ± 55
5 240 ± 40
10 275 ± 75
50 325 ± 50
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due to the applied voltage, and therefore the particle sizemeasured in a
colloidal state is not equivalent to the particle size within the fibres but
proportional to it.

Since the nanoparticle cores are smaller than the measured size in
the colloidal state, nanoparticles can easily fit inside the fibres without
creating any visible deformations on the surface. Furthermore, the par-
ticle aggregates present in the 0 and 0 + 10 samples (indicated by in-
tensity mean on Fig. 5/b do not influence the size of the fibres since
Fig. 8. a) schematic representation of particle size measured in colloida
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their quantity is overweighed by smaller particles (indicated by number
mean). To conclude, particle size is a key parameter which has a signif-
icant influence on the fibre diameter.

3.5. Mechanical testing and the effect of fibre diameter

To evaluate the effect of paracetamol on themechanical parameters,
tensile measurements were performed. Individual tensile curves of the
meshes were very similar for every test specimen (PSI and AgNP-
containing meshes with different drug concentrations as well) as it is
shown in Fig. S5, Supplementary Information. The maximum value of
the curves (maximum load) however is highly dependent on the thick-
ness of the test specimen therefore maximum load in itself is not a
proper value to compare the capacity of meshes of different composi-
tions. For this purpose, a specific maximum loadwas calculated. The re-
sults are concluded in Fig. 9.

Since results vary in a narrow range (between 0.15 and 0.18 N*m2/g
for specific maximum value in case of paracetamol containing samples),
l state b) particle and fibre rearrangement during electrospinning.



Fig. 9. Specific maximum load as a function of paracetamol content; * indicates significant
difference (p < 0.05) between samples.
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only a visual observation of the plotted graph is not sufficient to decide
whether paracetamol induces a significant change in the examinedprop-
erty. Therefore, statistical analysis (Kruskal-Wallis test) was performed
on specific maximum values as well (Table S2, Supplementary Informa-
tion). Results (Fig. 9) indicate that PSI and 0mg paracetamol/5 g samples
have a significantly different mechanical capacity from every
paracetamol-containing sample and from each other as well, while all
paracetamol-containing samples exhibit statistically similar mechanical
properties compared to each other. Based on these results, silver nano-
particles do indeed increase the specific maximum load of the meshes
when compared to pure PSI membranes and interestingly the addition
of paracetamol seems to further strengthen the membranes.

The underlying mechanism of the reinforcing effect of paracetamol
acts on two fronts. Firstly, according to the result of fibre analysis, the
presence of paracetamol in the reaction mixture alters the fibre diame-
ter of electrospun meshes (as it was presented in the previous chapter
Table 3) which can alter themechanical properties [34]. Secondly, para-
cetamol may induce mild secondary bonds between polymer chains
resulting in increased mechanical capacities.

To investigate the aforementioned reinforcingmechanisms,first, the
correlation between fibre diameter and specific maximum load was
examined.

Regardingfibre diameter, the increasingparacetamol content results
in an increasing mean value except in the samples denoted as
0 + 10 mg/5 g paracetamol (Table 3). Opposingly - according to statis-
tical analysis - the specific maximum load doesn't increase upon
increasing amount of paracetamol. Specificmaximum loads are approx-
imately the same in case of every paracetamol-containing sample
independently from the measured fibre diameter.

While fibre diameter is in correlation with the size of the nanoparti-
cles, therefore, depends indirectly on paracetamol content, the specific
maximum load seems to be independent on the paracetamol content
in the range of 5–50 mg paracetamol/5 g: when paracetamol is present
in even a small quantity (5 mg/5 g), specific maximum load increases.
According to the results, the specificmaximum load is also independent
on themoment of paracetamol-addition (after or before the 72-hour re-
action), since even in case of sample 0 + 10 mg/5 g specific maximum
load is elevated compared to meshes without paracetamol.

This indicates that paracetamol doesn't alter maximum mechanical
capacity through changing particle size and consequently fibre diame-
ter, but rather through inducing weak secondary bonds.
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3.6. Antibacterial properties

Silver nanoparticles are known to be effective against both Gram-
positive and Gram-negative bacteria strains, however, their antibacte-
rial spectra and properties are highly dependent on their silver-ion re-
leasing capacity which could be hindered by the macroscopic carrier
itself or even by a small-molecule drug. To evaluate whether paraceta-
mol and/or PSI hinder or enhance the antibacterial properties of silver
nanoparticles four bacteria strains were utilized. S. epidermidis and
P. aeruginosa pose a high risk of wound healing as they are easily ac-
quired and hard to eradicate with antibiotics. B. subtilis and E. coli on
the other hand are frequently utilized Gram-positive and Gram-
negative model strains.

PSI in itself did not prove to be effective against bacteria strains,
although in some cases slightly visible, narrow clear zones around the
meshes could be observed (Fig. 10/a), which might be due to PSI alter-
ing the pH locally due to its hydrolyzation [24]. The antibacterial effect
of silver nanoparticles derives from silver-ion being released from the
surface of nanoparticles. The efficacy against bacteria and other micro-
organisms is therefore dependent on the surface area: smaller nanopar-
ticles release higher concentration of silver-ions rendering them more
effective against bacteria strains [35]. Accordingly it is paramount to
examine the effect of particle size on the antibacterial properties.

In addition, apart from the size of particles, shape [15] and – in our
case more importantly - surface coverage also influences their antibac-
terial properties [36,37]. Consequently, the effect of paracetamol con-
tent can't be neglected, since increasing paracetamol content can
decrease the free surface area of silver nanoparticles by increasing
surface coverage. In other words, paracetamol content can have a direct
effect on the antibacterial efficacy. Therefore, to visualize the effect of
paracetamol on the antibacterial properties of silver nanoparticles
themselves, specific antibacterial area (diffusion zone divided by silver
content) was plotted as the function of composition (Fig. 10/b).

As it is indicated by the photos - showing themost and least effective
compositions (Fig. 10/c and d) - and the calculated specific antibacterial
area values, paracetamol content changes the antibacterial efficacy of
the silver nanoparticles both in case of Gram-positive and Gram-
negative bacterial strains. The antibacterial efficacy as a function of
paracetamol content has a maximum value at 5 mg paracetamol/5 g
PSI solution for every bacteria strain. Interestingly S. epidermidis seems
to be more susceptible to the antibacterial effect of the synthesized sys-
tem and in this case, the maximum peak is not as obvious as for the
other three strains. The correlation between paracetamol content and
antibacterial efficacy is not linear, therefore, it is worth to compare the
particle size itself and the specific antibacterial area as well.

Fig. S6 (Supplementary Information) compares the intensity-based
and the number-based particle size of the nanoparticles measured by
DLS and the specific antibacterial area. Although the size measured by
DLS indicates particle size in a colloidal state (Fig. 5/b) (instead of the
actual size inside the mesh), a correlation can be observed between
intensity-based particle size and antibacterial area. In the case of sam-
ples where intensity-based particle size (intensity mean) was large
due to aggregation, the antibacterial property seems to be hindered.
The two most effective samples – 5 and 10 mg paracetamol/5 g – have
the lowest intensity-mean values (5 mg/5 g: 113.6 ± 1.3 nm; 10 mg/
5 g: 119.9 ± 2.1 nm), indicating small particle size and low tendency
for aggregation.

The number-mean size has a less obvious correlation with the anti-
bacterial area, although, in the case of 5, 10 and 50 mg paracetamol/5 g
samples, as the numbermean size increases antibacterial area decreases
(Fig. S6/b, Supplementary Information).

The samples with the highest paracetamol content (50 mg/5 g)
didn't exhibit measurable bacterial inhibition. Since the intensity-
mean size belonging to this highest paracetamol content is smaller
than those of 0 and 0 + 10 samples, the lack of inhibition can be ex-
plained with the surface interaction (chemical or physical adsorption)



Fig. 10. a) Kirby-Bauer or Disc diffusion method using PSI membranes b) Specific antibacterial area of silver nanoparticles within electrospun meshes and diffusion zone of c) the most
effective sample: 5 mg/5 g APAP meshes d) the least effective sample: 50 mg/5 g APAP meshes with all tested bacteria strains.
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of silver nanoparticles and paracetamol. Small molecules can adhere to
the surface of nanoparticles and therefore can affect the release of silver
ions into the surrounding medium [37]. Since upon the addition of
50 mg paracetamol, antibacterial activity is completely hindered, it
can be assumed that paracetamol adheres to the surface of the particles
and hinder silver-ion release. The same reason can cause different spe-
cific antibacterial areas for 0 and 0 + 10 samples. While the size of the
nanoparticles is the same for these two samples and therefore similar
antibacterial effect would be expected, the additional paracetamol
causes a slightly smaller specific antibacterial area for 0 + 10 samples.
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These results highlight that the addition of a small molecule drug
such as paracetamol can act in three possible ways: a. hinder the aggre-
gation of nanoparticles which increases the surface area and therefore
the antibacterial efficacy b. the increased amount of paracetamol caused
an increase in the size of the nanoparticles making them less effective
against bacteria c. small molecules can hinder antibacterial effect by de-
creasing the free surface which inhibits the silver ion release.

Results show that designing effective antibacterial nanocomposites
roots in the thorough adjustment and measurement of the colloidal pa-
rameters as they have a great effect on the efficacy of the macroscopic
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system. The antibacterial properties can be tuned by adjusting the size
of the nanoparticles but also simply by the addition of a small molecule
drug, the antibacterial efficacy could be altered.

3.7. Drug-release kinetics

For drug-release measurements two different compositions were
examined, 5 and 10 mg paracetamol/5 g samples were chosen since
they exhibited the highest antibacterial effect, therefore they hold
promise for future applications. Drug release measurements were per-
formed for 8 days. The kinetics could be divided into three consecutive
steps with different release speed indicated by the slope of curves
(Fig. 11).

In the first 1,5 h, the release occurs in a fast manner. In this period,
being immersed into a physiological buffer, PSI absorbs water and an
8-fold increase in the mass of the meshes can be measured (data not
shown here). Due to this water uptake and the high surface to volume
ratio of the fibres a burst release of the encapsulated drug can occur
(Fig. 11/a, 1st fit) [38]. In the third and second hour a slightly slower re-
lease is observed and the released amount of drug reaches approxi-
mately 40% of the encapsulated content for both composition (Fig. 11/
a, 2nd fit). Subsequently, a slow release begins after 24 h (Fig. 11/b,
3rd fit). At physiological pH, PSI slowly undergoes hydrolysis and
water-soluble poly(aspartic acid) is formed. During this hydrolysis, the
superficial layer of the meshes starts to slowly dissolve, therefore fur-
ther slow release can be observed in the following 6 days. In the case
of 5 mg/5 g sample, there's a sudden increase in the released amount
from 80 to 90% after 168 h. This sudden increase only occurs in the
case of this smallest paracetamol content (but not in case of 10 mg/5 g
paracetamol samples) indicating that increasing the paracetamol con-
tent can increase the hydrolytic stability as well. Mechanical measure-
ments suggested that paracetamol might induce mild secondary
bonds that can strengthen the membranes. These secondary bonds
can have an effect on hydrolytic properties as well: higher paracetamol
content can reduce the swelling capacity of meshes and increase their
hydrolytic stability through the aforementioned mild secondary bonds.

Drug release studies revealed that more than 70% of the encapsu-
lated drug can be released from electrospun PSI-AgNP nanocomposite
meshes depending on the exact composition. For higher paracetamol
content (10 mg/5 g) only 70% of the encapsulated drug was released,
which might indicate the physical or chemical adsorption of paraceta-
mol on the surface of silver-nanoparticles. To investigate the possible
adsorption of paracetamol and reaction between the drug and silver-
nanoparticles, drug-release measurements with 0 + 10 g paraceta-
mol/5 g meshes was performed. Results are presented in Supplemen-
tary Information. Briefly, in case of physical mixture (0 + 10 mg/5 g
Fig. 11. Release kinetics for chosen
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paracetamol) release occurred in a faster manner (Fig. S7, Supplemen-
tary Information) and based on the performed measurements the
amount of release drug was also higher in case of 0 + 10 g/5 g paracet-
amol meshes. These data indirectly prove that during the 72-h reaction
of silver nanoparticles paracetamol can adsorb chemically or physically
on the surface of the nanoparticles which alters the drug-release profile
of the macroscopic mesh. In case of physical mixtures, a rather sudden
and fast release occurswhichmight be unfavourable for severalmedical
applications. These findings were further proved by HPLC measure-
ments performed on the release media of the aforementioned samples.
The HPLC chromatogramswere compared to those of pure paracetamol.
Further results can be found in Supplementary Information.

4. Conclusion

In this work, we presented a one-pot synthesis method and
electrospinning procedure to synthesize silver-nanoparticles with
tuneable properties and subsequently fabricate polysuccinimide nano-
composite meshes with antibacterial properties. Silver nanoparticle
synthesis was based on the reaction between DMF and silver-salt re-
ported by Pastoriza-Santos et al [32,39]. Here we presented a method
for the synthesis of silver nanoparticles in the presence of paracetamol
and PSI at a high concentration (20 w/w%). This method results in a
highly viscous polymer-nanoparticle colloidal system that is suitable
for electrospinning without any further modification or addition. As it
was indicated by DLS results, AgNP synthesis was successfully per-
formed and PSI, together with paracetamol, facilitates the formation of
a highly monodispersed silver colloidal system of which properties
(size, aggregative stability, PDI) could be tuned by adjusting paraceta-
mol content. A two-needle electrospinning set up proved to be success-
ful for the effective fabrication of silver nanoparticles and paracetamol
containing PSI meshes. The microstructure was observed with SEM for
every composition and a correlation between particle size and fibre di-
ameter was established. Themechanical evaluation indicated that silver
nanoparticles can reinforce pure PSI membranes, and interestingly, the
addition of paracetamol can further enhance the mechanical properties
of the nanocomposite meshes. Antibacterial evaluation suggested that
antibacterial efficacy is a function of the paracetamol content highlight-
ing that the addition of a small molecule can change the antibacterial
properties of nanoparticles which is in accordance with previous find-
ings [36,37]. Release kinetics showed a four-stage drug release. The re-
leased amount of drug (%) was a function of exact composition as
paracetamol seems to alter the hydrolytic stability of the meshes as
well.

Functionalized PSI has been previously used to prepare silver-
nanoparticle containing hydrogels [40], but to our knowledge, this is
samples: a) first 3 h, b) 7 days.
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the first attempt to combine AgNP and PSI nanofibers for a drug-
containing multifunctional nanocomposite. Nanoparticle containing fi-
brous meshes have been widely investigated [41] even using similar
synthesis methods [42,43], but a comprehensive investigation both on
a colloidal and macroscopic level and the comparison between nano-
scale and macroscopic properties are rather rare. Additionally, this pro-
posed synthesis and electrospinningmethod could be further combined
with other pharmaceutical agents, moreover PSI fibres can be even
combined with entirely different electrospun polymers without un-
wanted interactions utilizing co-electrospun technique to improve me-
chanical and drug-release properties [44].
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