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ABSTRACT
Electrospun nanofibrous membranes offer superior properties over
other polymeric membranes not only due to their high membrane
porosity but also due to their high surface-to-volume ratio. A pleth-
ora of available polymers and post-modification methods allow the
incorporation of "smart" responsiveness in fiber membranes. The pH-
responsive property is achieved using polymers from the class of
polyelectrolytes, which contain pH-dependent functional groups on
their polymeric backbone. Electrospinning macroscopic membranes
using polyelectrolytes earned considerable interest for biomedical
and environmental applications due to the possibility to trigger
chemical and physical changes of the membrane (swelling, wettabil-
ity, degradation) in response to environmental pH-changes. Here, we
review recent advancements in the field of electrospinning of pH-
responsive nanofiber materials. Starting with the chemical back-
ground of pH-responsive polymers at the molecular level, we high-
light the material-property transformation upon pH-change at the
macroscopic membrane level and, finally, we provide an overview of
recent applications of pH-responsive fiber membranes.
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1. Introduction

Smart polymeric based systems that can reversibly change their physical and chemical
properties to environmental changes are the focus of several studies for the development
of materials in the biomedical and environmental field. Environmental changes can
occur in response to different stimuli such as pH[1–3], temperature[4,5], light[5], elec-
trical-[6] or magnetic[7] fields as well as biological stimuli[8,9]. Amongst the aforemen-
tioned stimuli, pH is one of the most studied approach for designing stimuli-responsive
systems. Furthermore, nanofibers are emerging as novel substrates for the development
of pH-responsive materials and, in the present review, we focus on how polyelectrolytes
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can be used for the development of "smart" electrospun (e-spun) material or to decorate
e-spun substrates.
Polyelectrolytes are macromolecules capable of dissociating into highly charged polymeric

molecules upon immersion in water or other ionizing solvents.[10,11] These polymers respond
to changes in pH due to the presence of acidic or basic functionalities on their polymeric back-
bone, which either release or accept protons. Polyelectrolytes have been especially used for the
design of stimuli-responsive materials, such as nanoparticles or hydrogels.[12–16] While nano-
particles have remained the target of choice due to their inherent high surface area, planar sub-
strates were also considered for the design of pH-responsive systems.
To provide fast response time to changes in pH within the environment, porous and

permeable materials systems are desired. For this purpose, e-spun membranes combine
high surface-to-volume (S/V) ratio with high porosity, thus, facilitating the diffusion of the
surrounding media throughout the polymeric matrix. Over time, electrospinning has pro-
ven to be a robust and straight forward technology for the production of fibers with diame-
ters ranging from the nano- up to the micron-scale.[17–21] In addition, new methods such
as blend and composite electrospinning or surface functionalization of nanofibers have
emerged to engineer more innovative systems able to respond to environmental pH.
Due to their ability to be ionized in an aqueous environment, applications using poly-

electrolytes can be found across many disciplines, such as in medicine, mineral separ-
ation, paints, food industry, corrosion inhibition, water purification and filtration, or
cosmetics.[10,13,22–27] In the past decades, the design of pH-responsive biomedical sys-
tems has been the focus of many research groups as for example shown by responsive
lipid or polymeric nanoparticles using ionizable polymers.[28–33] This is attributable to
the wide range of pH-differences found within the human body and the numerous
pathological conditions inducing pH changes occuring for example in tumors, due to
inflammation or during the wound healing process.[14,15,34] The delivery of pharmaceut-
ical agents at specific locations within the body after administration can further prevent
systemic exposure to the patient or help overcome biological barriers within the human
body.[35] For environmental applications, such as water/oil separation, water purification
or sensors, pH-responsive polyelectrolytes can change the wettability of substrates in
response to the pH.[36–38] Controlling the diffusion of water or oil by changing the
membrane wettability in function of the pH allows for the design of membranes that
are both water- and oil-selective and, thus, reusable. Polyelectrolytes can also act as a
sensoring device to visibly indicate changes in the environmental pH.[15]

In the present review, we summarize and discuss the latest studies, which reported e-
spun pH-responsive nanofibers (Figure 1). In the first section, we provide an overview
of the mechanisms underlying the morphological changes of pH-sensitive polyelectro-
lytes at the molecular level, and a summary of the available polyelectrolytes as well as
the possible synthesis routes. Afterwards, a state of the art of the reported pH-respon-
sive e-spun nanofibers is considered. The mechanisms of response toward pH are pro-
vided by relevant examples from the recently available literature. A particular emphasis
is placed on systems involving composite electrospinning as well as the surface modifi-
cation of e-spun nanofibers and their high-value applications in future research. Finally,
we review different applications of pH-responsive nanofibers in the biomedical and the
environmental field, as well as for sensor applications. We conclude with a discussion
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of current challenges and the future of pH-responsive e-spun nanofibers in light of
these recent developments and applications.

2. pH-responsive polymers and their properties

pH-sensitive polymers are polyelectrolytes possessing in their structure acidic or basic
groups that will either accept or release protons depending on environmental pH.[39]

Such groups possess specific acid dissociation constants (pKa), which describes the
strength of the acid of the respective functional group in solution. Acidic groups are
negatively charged at neutral or high pH depending on the pKa, while basic groups
will be protonated in neutral or acidic pH and become positively charged. The
protonation or deprotonation of these ionizable groups results in selected response
mechanisms. A distinction is usually made between weak and strong polyelectrolytes.
Strong polyelectrolytes are not influenced by changes in pH, whereas weak polyelectro-
lytes contain weak labile groups, which strongly influence the charge density of the
polymer in dependendence of pH.[39] Polyacids contain acidic moieties attached to the
polymeric backbone such as carboxyl-, phosphate- or boronic-groups, which become
negatively charged after releasing protons in a basic environment. Polybasic polymers
contain basic groups, such as amines or pyridines, and become positively charged in
acidic pH.
Polyelectrolytes are unable to be completely ionized due to electrostatic repulsion

emerging from other adjacent ionized groups. This directly affects the dissociation con-
stant (Ka) which will be different from the one of the corresponding monoacid or
monobase, usually switching the pKa toward higher values.[13] The capacity of these
polymers to turn into highly charged macromolecules in different pH-environment
allows the user to obtain control over the physical properties of the polymer, i.e., the
polymer chain conformation, solubility or free volume. In fact, by manipulating the

Figure 1. Schematic representation of the pH-responsive e-spun nanofibers at the molecular and fiber
level, the membrane property changes upon changing the pH, and their use for different applications.
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charges of the polymer backbone one can change the hydrodynamic volume of the poly-
mer. Typical conditions that influence electrostatic forces are pH, ionic strength and
chemistry of the counterions.[12] This points out the importance to carefully plan
experimental designs when evaluating the impact of the environment parameters on
pH-sensitive materials as small changes in pH, ionic strength or counterion concentra-
tion can change the response of the entire system.
It is noteworthy that the charging and discharging of polyelectrolytes in solution is a

reversible phenomenon. Furthermore, once the polymeric backbone becomes charged,
electrostatic interactions at the molecular level force the chains to rearrange which leads
to changes in the properties of the polymer at the macroscopic scale. Such changes
include swelling of the polymer, solubility in a given solvent, switch in wettability,
changes in self-assembly or flocculation.[12,13,40–42] Swelling/deswelling is of particular
interest in biomedical sciences as diffusion of free molecules inside the polymeric matrix
can be tailored to the application, thus, allowing different kinetics for the diffusion of
entrapped agents.[10] The ability of a polyelectrolyte to swell is therefore a delicate bal-
ance between polymer-polymer and polymer-solvent interactions.
The ability of polyelectrolytes to be charged in solution makes them ideal candidates

to be adsorbed on charged surfaces via electrostatic interactions.[43] This process,
referred to as layer-by-layer (LbL), is used to deposit the desired number of polyelectro-
lyte layers onto a surface by sequentially adsorbing oppositely charged polymers. The
thickness of the final coating can be tailored by changing the number of layers depos-
ited as well as the ionic strength and the polymer concentration of the coating solu-
tion.[44,45] While the deposition of charged species remains the preferred approach, by
favoring hydrogen bonding or unconventional bonding between the materials, several
studies also report the adsorption of non-charged materials via inorganic-organic hybrid
assemblies, stereocomplexed materials or lithographic techniques, thus, expanding the
range to other materials than polyelectrolytes.[46–48] The aforementioned LbL-assemblies
allow for the incorporation of pharmaceutical agents within the coating film to obtain
control over the kinetics of the release of the incorporated agent using pH-driven
changes.[49–51]

The different synthesis routes for polyelectrolyte polymers include ionic polymeriza-
tion, group transfer polymerization, controlled radical polymerization (Atom Transfer
Radical Polymerization (ATRP), Reversible Addition Fragmentation chain Transfer
(RAFT)), emulsion polymerization and group transfer polymerization.[34,40,52,53]

Amongst the aforementioned techniques, emulsion polymerization and group transfer
polymerization are the most used techniques for the synthesis of polyelectrolytes while
controlled radical polymerization techniques have emerged as a new approach for the
synthesis of well-defined macromolecular architecture with low polydispersity. In par-
ticular, controlled radical polymerization techniques allow the covalent grafting of poly-
meric brushes onto substrates containing a polymerization initiator on the surface. The
polymeric brushes can then react promptly to changes in the pH of the surrounding
environment leading to an increase or decrease of the hydrodynamic volume of the
polymer chains. This approach has been used to functionalize planar substrates as well
as particulate or porous surfaces such as nanoparticles, silicon wafers or hydrogels with
pH-responsive polyelectrolytes.[54–56]
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Polyelectrolytes can also be polymers of natural origin such as pectin, chitosan or
alginate which are of great interest due to their abundance, biodegradability and bio-
compatibility.[57] These polymers are found in specific organisms as proteins, carbohy-
drates, nucleic acid, and membrane constituents.[58,59] On the one hand, this makes
their harvesting and purification difficult usually resulting in polymers exhibiting high
polydispersity and poor purity. On the other hand, their great abundance and the possi-
bility to obtain large quantities make natural polymers an interesting and “greener”
alternative to synthetic polymers. Perhaps, the most important property of natural poly-
electrolytes is their biocompatibility playing an important role in the development of
pH-responsive pharmaceutical formulations.[57] In fact, natural polyelectrolytes have
shown unique changes in morphology in response to external stimuli. Such changes are
usually undetectable until a critical threshold is reached, leading to a complete transi-
tion. This derives from the fact that the ionization of monomeric units does not impact
the global behavior of the polymeric chains until a majority of the ionizable groups are
charged.[40] As natural polymers are usually of high molecular weight, the apparition of
a high number of charges is inherently changing the conformation and assembly of the
polymer chains. Another advantage of natural polymers is their ability to be modified
by click chemistry allowing the incorporation of further functionalities to the polymeric
backbone.[40,57,58,60,61]

3. Electrospun pH-responsive nanofibers

pH-responsive systems based on nanofibers can be obtained through multiple pathways
such as direct electrospinning of polyelectrolytes as well as composite electrospinning
and surface modification of e-spun constructs. By electrospinning polyelectrolytes, the
intrinsic properties of the polymer can be translated within the e-spun nanofibers. In
this section, we summarize the state of the art about the generation of pH-responsive e-
spun nanofibers. First, the electrospinning technology is briefly described. Then, pH-
responsive e-spun nanofibers composed of purely polyelectrolyte polymers are
described. Furthermore, we provide an overview of composite e-spun nanofibers.
Finally, we provide methods for the surface modification of e-spun nanofibers to intro-
duce pH-responsive properties.

3.1. Electrospinning

Electrospinning is a powerful method to produce non-woven fiber meshes/membranes
from polymer solutions or polymer melts and has been described in detail by several
research groups.[17,21,62] As the term electrospinning indicates, fibers are generated by
applying a high voltage in the range of kV to overcome the surface tension of a polymer
solution. The electrical force causes the pendant polymer droplet at the tip of the spin-
neret (blunt needle tip) to become charged and the accumulation of charges on the sur-
face of the droplet deforms it into a cone shape referred to as Taylor’s cone (Figure 2).
When the applied voltage produces a sufficiently strong electric field able to counterbal-
ance the surface tension of the polymer solution, a charged jet is ejected from the nee-
dle tip. While the polymer jet travels to the grounded/oppositely charged collector, the
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solvent evaporates and fibers are randomly deposited on the collector. In this way, a
non-woven mesh of fibers with diameters ranging from nano- to micrometers can be
generated.[17,62,63] These fiber membranes are highly porous materials and their S/V
ratio is among the highest in material science. Due to this high porosity, e-spun fiber
membranes have shown great potential for diverse applications in tissue engineering,
drug delivery, solar cells, membranes for environmental bioengineering, chemical sen-
sors and more.[20,64,65]

By varying process parameters (such as polymer molecular weight, chemical compos-
ition of the polymer, surface tension, viscosity, electrical conductivity, the force of the
electrical field, the distance between the tip of the spinneret and the collector, the tem-
perature and relative humidity, the type of collector) the morphology of the e-spun con-
structs can be tailored for specific structure and function. The fiber morphology is
highly dependent on the equilibrium between the surface tension and the electrical field.
If an equilibrium is not reached, the apparition of beads within the construct is inevit-
able and a broad distribution of the fiber diameter can be observed. The eruption of the
jet from the Taylor cone is described as chaotic and presents bending instability.[17,66]

Thus, using a typical electrospinning setup, only nonwoven meshes can be produced.
Nevertheless, more ordered constructs can be obtained by using different collector
morphology.[62,65,67] Such collectors are planar collectors, rotating drums or elec-
trode collectors.
An interesting application for e-spun membranes in the biomedical field is the design

of drug delivery systems due to the ease of drug encapsulation at high efficiency and
the availability for electrospinning of a large variety of synthetic and natural polymers.
Within the field of drug delivery, the drug release mechanisms play an important role.
There are three main mechanisms for the release of a drug from polymeric e-spun
nanofibers: (1) a diffusion-driven mechanism leading to the leakage of the drug through
or from the e-spun nanofibers; (2) a chemical or enzymatic reaction cleaving the drug

Figure 2. Basic electrospinning setup where a polymer solution (A) is pumped out of a syringe while
a strong electric field is applied with a high-voltage source on the needle (B) and the collector (C),
leading to the ejection of a fine fiber.
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from the system; and (3) the degradation of the polymeric matrix by the surrounding
environment leading to the release of the encapsulated drug.[68] A combination of these
mechanisms is also possible. Most of the drug delivery systems based on e-spun nano-
fibers rely on diffusion and solvent activation from the e-spun nanofibers as the drug is
generally dissolved within the polymer solution to entrap the drug within the polymeric
matrix during electrospinning.[69] Furthermore, solvent activation of the system leading
to swelling of the network is the predominant mechanism for pH-responsive e-spun
materials. The higher the swelling ratio, the more the diffusion of the drug from the
polymeric matrix is facilitated due to the better penetration of the surrounding fluid.
More sophisticated systems where drug/polymer interactions play a major role have also
been studied.[70]

These drug release mechanisms can be investigated using mathematical models.
When the release is only a function of time and occurs at a constant rate, a zero-order
release kinetic model can be applied. First-order kinetics usually describe absorption
mechanisms which states that the release is dependent on the drug concentration within
the carrier and time as the diffusion rate is not constant anymore.[71,72] More models
have been elaborated to elucidate more complex systems for example the Higuchi
model, the Hixson-Crowell model or the Ritger-Peppas/Korsmeyer-Peppas mod-
els.[73–78]. Such models incorporate other important parameters such as the shape of the
carrier, environmental stimuli or dissolution kinetics of the drug. For more details and
more complex pharmacokinetics and pharmacodynamics, the reader is referred to these
excellent references.[79,80]

3.2. pH-responsive nanofibers from e-spun polyelectrolytes

The most simple way to obtain pH-responsive nanofibers is to electrospin a solution
containing polymeric polyelectrolytes presenting pH-sensitive acid or basic pendant
groups. This section summarizes the reported studies ordered by the type of polyelec-
trolyte. Table 1 provides an overview over polyelectrolyte polymers defined by type,
class, chemical structure, their specific pKa and the type of response.

3.2.1. Poly(carboxylic acids)
Poly(carboxylic acids) have been extensively used for the production of pH-responsive
systems as their response to pH changes can be tuned by adjusting the length of the
polymeric backbone and the nature of the co-monomers if a copolymer is used.[14,114]

Several polymers with carboxylic acid functions were reported for the fabrication of
nanofibers via electrospinning. Due to its simple structure, polyacrylic acid (PAA) is
amongst the most studied poly(carboxylic acids). L. Li and Y. Hsieh have prepared thin
(80 to 500 nm) water-soluble fibers by electrospinning PAA from DMF/H2O solu-
tion.[115] The resulting fibers, after being cross-linked using b-cyclodextrin at 140 �C,
exhibited significant swelling with a swelling ratio of around 12% when exposed to a
weakly acidic pH of 4.3-5. Also, PAA can be blended with other polymers for the fabri-
cation of pH-sensitive nanofibers via electrospinning. For example, M. Boas et al. have
reported a pH-responsive system based on PAA and poly(allylamine hydrochloride)
nanofibers.[116] The obtained nanofibers exhibited significant reversible swelling/
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deswelling due to the ionization of the poly(acrylic acid) in acidic conditions (pH 1.8).
Furthermore, Zhang et al. have prepared chitosan-PAA nanofibers to create pH sensi-
tive membranes where the protonation of the amine groups of chitosan and the
hydroxyl groups of PAA allowed the water from entering the network and lead to sig-
nificant swelling of the constructs at pH 3.[91]

EudragitVR , an industrial pH-responsive polymer produced by Evonik Industries, has
also been used for the fabrication of responsive e-spun nanofibers while originally pro-
duced for tablet coatings.[1,105,117] EudragitVR are synthetic acrylic polymers deriving
from esters of acrylic and methacrylic acid. It is available in different forms where
Eudragit E is a cationic polymer consisting of dimethylaminoethyl methacrylate, methyl
methacrylate and butylmethacrylate (2:1:1) while Eudragit L and S are anionic polymers
presenting carboxylic groups on their backbone.[105,118,119] H. Li et al. have reported a
dual responsive (pH and temperature) drug delivery system based on a membrane com-
posed of two populations of nanofibers i.e., Eudragit L100 nanofibers and poly(N-vinyl-
caprolactam)/ethyl cellulose nanofibers.[1] The membrane was fabricated via dual source
and dual power electrospinning. At neutral pH (7.4) the cumulative release of a model
drug (Ketoprofen) appeared to be enhanced (90% after 24 h) compared to acidic pH
conditions (pH 4.5, 46% after 60 h). This resulted from a change in the drug release
mechanism. Below pH 6.0, all the COOH groups of carboxylic acid are protonated,
causing the polymer to precipitate and the drug release was mainly governed by Fick’s
law of diffusion. On the other hand, above pH 6.0, the polymeric network dissolved due
to the deprotonation of the carboxylic acid and the release was mainly due to the deg-
radation of the polymeric network. Eudragits were also used by D. Han and A. Steckl
for the design of core-sheath nanofibers via coaxial electrospinning.[50] The core of the
nanofibers was made of Eudragit L100 (dissolution at pH 6 or higher) while Eudragit
S100 (dissolution at pH 7 or higher) was used for the sheath. The authors were able to
analyze the dissolution of the fabricated pH-responsive core-sheath nanofibers precisely
by incorporating different dyes within the core and the sheath. No release was observed
at pH 5 while at pH 6 a significant amount of dye incorporated within the core was
released as well as a small amount of the dye incorporated in the sheath. At pH 7, the
measured cumulative release revealed a significant release of the dye from the core and
the sheath.
Another interesting triblock copolymer presenting carboxylic acids on its backbone,

poly(methyl methacrylate-co-2-di(ethylamino)ethyl methacrylate-co-methyl methacryl-
ate) (PMMA-PDEA-PMMA), was studied for the design of a pH-responsive system
based on e-spun nanofibers.[112,113] By studying the mesh using Small Angle X-ray
Spectrocopy (SAXS), the authors have proved that annealing the membrane using THF
vapor, the polymer chains were free to move and to rearrange in a more crystalline
matrix. This resulted in the formation of a more stable polymeric network in compari-
son to the polymeric chains, which were quenched during the electrospinning process.
By regulating the microphase arrangement, a reversible pH-responsive system was
obtained due to the protonation of the amino function of PDEA leading the polymeric
chains to expand in acidic pH. The nanofibers returned to their original collapsed state
in neutral/basic pH leading to a mesh able to switch reversibly between two states.
Interestingly, the e-spun nanofibers response to changes to pH was compared with the
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response of a similar gel and faster response times were observed in the nanofibrous
mesh due to a better diffusion of the free protons within the mesh than within the gel.
A similar comparison was made by Jin and Hsieh where the swelling of PAA/Poly(vinyl
alcohol) nanofibers was compared with films prepared by solution casting.[82] The films
exhibited comparable changes in thickness and surface expansion (3-fold from pH 2 to
10) while the nanofibrous scaffolds exhibited more drastic changes in thickness (4 folds
on the same pH range) and a less pronounced change in surface expansion (2-fold on
the same pH) range. This more pronounced change in thickness was explained by the
asymmetric distribution of the fiber in the e-spun constructs in planar and thickness
directions resulting from the electrospinning process, which is stacking layers of nano-
fibers. This stacking leads to more space between the fibers layers, which facilitated their
expansion.
Finally, another poly(carboxylic acid) polymer, poly(4-vinyl benzoic acid) (PVBA),

was used for the fabrication of pH-responsive nanofibers. PVBA can be synthesized via
reversible addition-fragmentation chain transfer (RAFT) polymerization and was
reported to have a pKa of 7.1.[96] Demirci et al. reported the fabrication of poly(4-vinyl
benzoic acid-co-(ar-vinyl benzyl(trimethyl ammonium chloride) (PVBA-VBTAC) nano-
fibers exhibiting a faster release of ciprofloxacin in acidic conditions.[86] The total
amount of drug released decreased with increasing pH values due to the increasing elec-
trostatic interactions between the VBA and VBTAC while such interactions did not
occur in lower pH values.

3.2.2. Poly(amino acids)
This class of polymers contain repeating units that are composed of amino acids and
thereby mimic the properties of natural proteins. Their biocompatibility and biodegrad-
ability make them ideal candidates for biomedical applications.[120,121] They usually con-
tain at least two functional groups able to react with the environmental pH. The
electrospinning of poly(L-aspartic acid) was reported by Zhang et al. where the resulting
nanofibers swelling ratio increased from 14.8 g/g H2O to 128.1 g/g H2O when the pH
increased from 1 to 10.[88] In this study, polysuccinimide, one of the precursor of poly(-
aspartic acid) was e-spun into nanofibers and then cross-linked using a 0.15mol/L
ethylenediamine solution. The formed insoluble network was then hydrolyzed using
NaOH to open the residual imide rings of polysuccinimide. The obtained poly(L-
aspartic acid) nanofibrous mat exhibited a larger fiber diameter as well as a pH-respon-
sive swelling behavior when immersed in different pH buffers. At high pH, the swelling
appeared to be 3-fold higher than in acidic pH. This study opens the path to the devel-
opment of more pH-responsive e-spun nanofibers using poly(amino acid)s.

3.2.3. Poly(boronic acids)
Boronic acids are of great interest for biological applications as they exhibit a transition
pH around neutral pH (7.4). Y. Wang et al. have reported the fabrication of pH-respon-
sive nanofibers out of poly(3-acrylamidophenylboronic acid-co-2-hydroxyethyl meth-
acrylate) (p(AAPBA-co-HEMA)) to obtain a pH and glucose-responsive system.[2] In
this study, p(AAPBA-HEMA) nanofibers were electrospun with a photoinitiator and
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further cross-linked under UV irradiation. The resulting membrane was water-insoluble
but swollen in basic pH due to the protonation of the poly(boronic acid). As polybor-
onic acids are known to be able to capture diol molecules within the medium by form-
ing a cyclic boronate ester, glycopolymers were attached to the surface of the
p(AAPBA-co-HEMA) nanofibers by immersion in a basic environment. The successful
attachment of the glycopolymer was confirmed using fluorescence spectroscopy and
demonstrated the pH-responsiveness of the nanofibrous construct as the glycopolymer
could only be attached in a basic environment whereas no fluorescence signal was
reported when washing the mesh in acidic media. The attachment of lectins was then
put into evidence by fluorescence spectroscopy and was reversible.

3.2.4. Amine-based polymers
Polymers containing amine groups within their polymeric backbone can accept protons in
acidic environments leading to positive charges and electrostatic repulsions. The steric hin-
drance from the amine facilitates its protonation. Thus, primary amines and secondary amines
have lower pKa than tertiary amines. Several polymers include amines in their polymeric back-
bone such as poly(ethyleneimine), poly(N-isopropylacrylamide) or nylon. The polymer
poly(2-(dimethylamino) ethyl methacrylate) (PDMAEMA) contains tertiary amines capable of
such protonation. Because the transition pH of PDMAEMA is exactly lying between the
physiological pH (7.4) and the pH found in specialized cellular compartments, such as endo-
somes (pH 6.0) and lysosomes (pH 4.5), PDMAEMA polymers are frequently used for targeted
cellular uptake for drug or gene delivery applications.[122] Bornillo et al. have developed a pH-
responsive scaffold based on PDMAEMA for the capture of Cu(II) in different pH environ-
ments.[97] For electrospinning, polyether sulfone was added to the polymer solution. The
obtained nanofibers were used to capture and release Cu(II) ions in solution at different pH. It
was shown that in an acidic environment the protonation of the amino function prevented the
adsorption of metal ions onto the membranes. In more basic environment, the amino function
became deprotonated allowing the metal to diffuse and be adsorbed onto the membrane. The
opposite behavior was observed for the desorption of the metal ions where an acidic environ-
ment led to the release of the metal ions due to subsequent protonation of the amino functions
of PDMAEMA. Interestingly, the system exhibited both pH and temperature-dependent
behavior for the capture of metal ions. This study paves the way to develop pH-responsive e-
spun systems based on PDMAEMA and amine-based polymers.

3.2.5. Natural polymers
Natural polymers have become of great interest due to their high abundance, good bio-
compatibility, and also biodegradation as mentioned previously. Amongst natural poly-
mers, chitosan (b-(1,4)-2-amino-2-deoxy-D-glucose) is a cationic polysaccharide
obtained by the deacetylation of chitin, a natural polymer obtained from the exoskeleton
of crustacean, the cuticle of insects and the cell wall of fungi.[123] This deacetylation
step generates primary amine groups on the polymer backbone. Chitosan shows good
biocompatibility, biodegradability as well as bacteriostatic properties.[124] The primary
amine groups in the C2 position on the chitosan backbone undergo chemical changes
when submitted to different pH thus making it a good candidate for the fabrication of
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pH-responsive e-spun nanofibers.[125–127] Chitosan with its polycationic character exhibits
a rigid chemical structure due to inter- and intramolecular hydrogen bonding, thereby
restricting sufficient chain entanglement for the fabrication of nanofibers via e-spin-
ning.[125] Many researchers further modified chitosan via chemical treatments or gener-
ated polymer blends with different polymers to obtain e-spun nanofibers.[126,128–130] By
electrospinning a blend of poly(ethylene oxide) (PEO) and chitosan, W. Li et al. produced
pH-responsive nanofibers allowing a controlled release of 5-fluorouracil, an anticancer
drug.[131] The addition of PEO to the polymer solution allowed a reduction of the repulsive
forces between the polycationic chitosan chains, thus, leading to favored chain entangle-
ment and the formation of nanofibers. The measured release rate of the drug did not indi-
cate a burst release but a sustained release, which proved to be faster when switching the
pH from 7.4 to 5.4. F. Cheng et al. also reported the fabrication of chitosan/PEO e-spun
fibrous mat for controlled release of fluoroquinolone antibiotics.[92] Although the pH
response of the material was not reported, it is noteworthy that again no burst release was
observed but a sustained release of antibiotics.
Moreover, E. Shekarforoush et al. reported the generation of e-spun chitosan nanofibers

with incorporated xantham gum within the polymer solution to obtain a controlled release
of curcumin.[93] Here, a larger amount of curcumin was released at pH 6.5 rather than at
pH 2.2 and 7.4. This resulted from electrostatic interactions existing between xantham and
chitosan below the pKa of chitosan (6.5) that prevented the swelling of the network and
thus the diffusion of curcumin. Chitosan was also used to produce a pH-responsive drug
delivery system using e-spun nanofibers by grafting poly(N-isopropylacrylamide)
(pNIPAM) onto the backbone of chitosan via EDC/NHS chemistry.[103] To be able to e-
spin the solution, PEO was added and the resulting nanofibers and exhibited both tem-
perature- and pH-responsive behavior. The swelling ratio was higher in acidic pH due to
the ionization of the amino function of the chitosan-g-PNIPAM polymer. The same trend
was observed when studying the release of encapsulated bovine serum albumin from the e-
spun nanofibers and modeling the release showed a diffusion-driven process.
Another natural polymer for the design of pH-sensitive nanofibers is alginic acid, which

is a linear copolymer composed of homopolymeric blocks of (1-4) b-D-mannuronate and
a-L-guluronate moieties. Alginic acid is a polysaccharide typically extracted from brown
algae and forms salts with metal ions like sodium or calcium, which are referred to as algi-
nates. [94,132] The properties of alginates in solution are highly dependent on the proton-
ation of its carboxylic acid (pKa ¼ 3.6). While deprotonated in a neutral and basic
environment, alginates are negatively charged, they become protonated in acidic media
leading to charge neutralization and limited solubility. These properties of alginate can be
exploited for the design of pH-sensitive alginate-based electrospun nanofibers.
For example, M. Ghani et al. have reported the design of alginate nanofibers for the

removal of cationic and anionic dyes.[95] Alginate nanofibers were generated from algin-
ate/PEO (80:20 ratio) mixtures and subsequent crosslinking by carefully spraying a
CaCl2 solution over the fiber membrane. In this way, the PEO dissolved in water, while
alginate retained its structure as nanofibers to form a stable membrane. The mesh cap-
acity to adsorb cationic and anionic dyes was evaluated in dependence of the pH. In
basic pH, when alginate is deprotonated, the membrane showed considerable adsorption
of the cationic dye due to stronger interaction, while the adsorption capacity steadily
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diminished when lowering the pH. In an acidic environment, the protonation of car-
boxylic acid groups and the –OH groups to form –OH2

þ, led to better adsorption of
the anionic dye due to opposed interactions.[133]

3.3. pH-responsive nanofibers from composite electrospinning

Composite electrospinning is the introduction of one or several different materials,
sometimes inorganic compounds, within the polymer spinning solution to produce
hybrid e-spun nanofibers. When the compound is not soluble within the solvent system
(emulsion electrospinning) or if the different polymers are dissolved in specific, non-
mixing solvents, phase separation occurs leading to specific architectures for the e-spun
nanofibers such as core/shell structures, beads-in-strings or non-uniform struc-
tures.[134–136] For the design of e-spun nanofibers with pH-responsive properties using
composite electrospinning, both the incorporation of a pH-sensitive agent as well as
using a pH-sensitive matrix have been reported.
Many researchers utilize the specific properties of e-spun nanofibers as a vehicle to

carry pH-responsive structures such as nanoparticles. For example, C. W. He et al.
recently reported a multistage pH-responsive peptide delivery system based on Eudragit
L100-55 nanofibers composed of two levels of hierarchy.[137] First, an emulsion mixture
of poly(glutamic acid) and glycol chitosan was cross-linked using toluene diisocyanate
before adding a miniemulsion of Eudragit L100-55 to the mixture to produce nanopar-
ticles (Figure 3).The fabricated nanoparticles were then embedded within Eudragit

Figure 3. (A) Mechanisms of acid-responsive e-spun nanofibers loaded with sodium bicarbonate.
Adapted with permission from Ref. [138] Scanning electron microscopy pictures of EL55 nanofibers
containing cross-linked PEC NPs (B) and confocal laser scanning microscopy (C). (D) Release profiles of
fluorescently labeled NPs from nanofibers at different pHs. (E) Release profiles of fluorescently labeled
model peptide rat peptide YY labeled with fluorescein isothiocyanateincorporated incorporated within
the nanoparticles at different pHs. Adapted with permission from Ref. [137].
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L100-55 nanofibers via electrospinning. At low pH (pH¼ 4.5), the nanofibers showed no sign
of swelling or dissolution and no fluorescently labeled nanoparticles were observed in the
released media. At pH 6, the fibers dissolved, thus inducing the release of the incorporated flu-
orescently labeled nanoparticles leading to the release of 80% of the nanoparticles within
25min. At neutral pH (7.4) the fibers were easily wetted and showed complete and fast dissol-
ution within 5min leading to the release of 82% of the nanoparticles in 2min. Furthermore,
the release of a labeled model rat peptide encapsulated in the nanoparticles was evaluated in
different pH. As expected, in acidic pH (4.5) the membrane only released approximately 20%
of the encapsulated peptide after 100h, while in neutral pH (7.4) more than 45% of the peptide
was released within only 2hours. The authors suggested that the release profile of the nanopar-
ticles correlated with the contact time of the nanoparticles and the Eudragit L100-55 solution.
The contact time is also linked to the total time of e-spinning. Thus, with the same crosslinking
density, a low contact time (40minutes) had a suppressed leakage in the acidic medium com-
pared to long contact times (4 hours). This was explained by the deprotonation of Eudragit
L100-5 lowering the pH-value of the media leading to a leakage of the peptide over time.
In another study, Chen et al. have encapsulated chitosan/si-RNA nanoparticles within PLGA

e-spun nanofibers.[139] The particles were formed by the electrostatic interaction between the
amino function of chitosan and the phosphate groups of si-RNA leading to the formation of a
polyelectrolyte complex. The authors studied the impact of the pH and the autocatalytic degrad-
ation of PLGA on the release of the nanoparticles. PLGA nanofibers released the nanoparticles
in a triphasic profile where a first burst release occurs, followed by a zero-order plateau and
another burst, typical for a PLGA-based drug delivery system. In neutral pH (7.4), the release
was as described previously, but in slightly acidic media, the release showed a faster initial burst
release and a shorter zero-order release with a second faster burst while less nanoparticles were
released. The first burst was explained by an acidic catalysis surface degradation and fewer
nanoparticles were released due to possible interactions between the carboxylate degradation
product and the nanoparticles. It was also shown that PLGA nanofibers treated with NaOH
(see Surface Hydrolyzation below) exhibited a faster and more pronounced burst release than
for regular PLGA nanofibers and a nearly zero-order release profile.
Another approach to the design of pH-responsive composite e-spun nanofibers is the

incorporation of sodium bicarbonate (SB) within the polymer spinning solution.
Sodium bicarbonate reacts with acids in aqueous environment and generates CO2,
which in turn triggers the release of another compound encapsulated within the
matrix.[140] Using this approach, Yuan et al. have doped poly(L-lactic acid) (PLLA)
nanofibers with SB presenting a faster release of ibuprofen in acidic pH.[141] The forma-
tion of CO2 caused a burst release of ibuprofen when the acidic solution entered into
the fibers. In another study by the same group, a composite PLLA nanofibrous scaffold
containing SB/doxubiricin-loaded nanoparticles and ibuprofen was produced via emul-
sion electrospinning.[142] This allowed for a pH-sensitive release of DOX and ibuprofen
with a faster release in acidic media compared to neutral pH.

3.4. Ph-responsive nanofibers from post-treated fibers

Electrospun membranes are ideal substrates for surface modifications due to their high
S/V ratio. This post-functionalization technique has emerged as an innovative approach
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for the design of pH-responsive nanofibers from non-responsive polymer materials.[143]

Current approaches for the surface modification of e-spun nanofibers include plasma
coating, chemical vapor deposition (CVD) or exploiting electrostatic interactions (Table
2). These techniques allow the introduction of pH-responsive properties on an originally
inert system.[43] In this section, we summarize surface-functionalized e-spun nanofibers
presenting pH-responsive properties, which have been reported within the last decade.

3.4.1. Chemical vapor deposition (CVD)
CVD is a process where materials react in the vapor phase or on the surface of sub-
strates leading to the formation of thin coatings. Due to their high S/V ratio and high
overall porosity, e-spun nanofibers are ideal candidates for CVD as the vapors can easily
spread and homogenously penetrate the membrane.[6,149,150] Using this process, Sayin et
al. reported a pH-responsive poly(vinyl alcohol) (PVA) nanofiber mesh coated with a
thin layer of poly(4-vinylpyridine-co-ethylene-glycol-dimethacrylate) (P4VP-EGM),
revealing a coating thickness of approximately 65 nm.[144] Due to the chemistry of the
surface, the diffusion of solvents inside/through the mesh was only achieved in an acidic
environment, where the protonation of pyridine groups of P4VP-EGM led to the swel-
ling of the coating, thus enhancing the diffusion of the acidic solution. On the other
hand, in neutral to basic media, the collapsed state of the polymeric chains within the
coating prevented the solvent from penetrating the mesh, thus, avoiding the degradation
of the mesh. When assessing the release of the dye rose bengal (RB) embedded within
the e-spun nanofibers, the authors showed that, in addition to the changes of free vol-
ume within the polymer, electrostatic interactions between the polymer coating and RB
resulted in a pH-dependent release. The release was faster in basic pH due to the col-
lapsed state of the chains leading to larger free volumes within the nanofibers but also
less electrostatic interactions between RB and the coating. By using a computational
model, it was calculated that the release from uncoated nanofibers was mainly due to
the degradation of the polymeric matrix, while the coated fibers appeared to release RB
through Fickian diffusion, thus, proving the influence of the coating on the release.

3.4.2. Surface polymerization
Another technique to introduce new functionalities to e-spun nanofibers is to poly-
merize monomers onto the surface to obtain homogeneous polymer coatings.
Polydopamine (PDA) has been studied in several studies as a coating for e-spun nano-
fibers .[151–153] PDA coating can easily be achieved by immersing the e-spun nanofiber
membranes in a solution of dopamine hydrochloride. PDA adheres to all types of sur-
faces due to the presence of catechol moieties and amino groups, which react with
nucleophiles and electrophiles.[154] J. Jiang et al. reported a mussel inspired system

Table 2: Different post-functionalization methods of e-spun nanofibers.
Method Nanofibers Surface functionalization Refs

Chemical vapor deposition (CVD) PVA Poly(4-vinylpyridine-co-ethylene glycol methacrylate) (P4VP-EGM) [144]

Surface polymerization PCL Polydopamine (PDA) [70,145]

Surface hydrolyzation PCL Functional groups (-COOH) / Doxorubicin (DOX) [146]

Surface deposition PI Silica nanoparticles/ Decanoic acid-TiO2 DA-TiO2
[147]

PA6 Polyaniline (PA) [148]
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based on poly(e-caprolactone) (PCL) nanofibers coated with PDA.[70,145] Therefore, by
functionalizing the PCL nanofibers with plasma treatment, functional groups (-CO-,
-COOH-) were deposited on the surface of e-spun nanofibers. Immersion of the
plasma-treated nanofibers within different concentrations of dopamine solutions led
to the polymerization of dopamine induced by the aforementioned functional groups.
In a follow-up study, J. Xie et al. studied the pH-response of PDA-coated PCL e-spun
nanofibers at selected pH values.[70] It was demonstrated that for rhodamine 6G and
DOX, the loading capacity increased with increasing pH values which was explained
by electrostatic interactions occurring between the negatively charged PDA coating
and the positively charged DOX at basic pH. Accordingly, the release of DOX was
faster in acidic pH where the aforementioned interactions were disrupted (Figure 4).
By fitting the data, the authors showed that the release kinetics was mainly governed
by desorption of the drug from the coating. In another study, polyaniline (PA) was
polymerized onto the surface of acid-treated nylon fibers for the colorimetric detec-
tion of HCl gases.[148] By treating the polyamide-6 (PA6) nanofibers in acidic media,
more amine groups became available to deposit PA via chemical oxidative polymeriza-
tion. It was confirmed that PA was polymerized in the emeraldine salt form, which
was then converted to emeraldine base form by ammonium hydroxide through depro-
tonation of PA. After exposing the membranes to acid vapors, a color change was
observed and the authors measured a limit of detection of 0.09 ppm for HCl vapor.

Figure 4. Surface-modified nanofibers. SEM (A) and TEM (B) images showing polydopamine tubes.
The hollow PDA tubes were obtained by dissolving the PCL core of the PCL–polydopamine core–-
sheath nanofibers in DCM. (C) Doxorubicin uptake and (D) release profiles of PDA-coated PCL fiber
samples in aqueous solutions at pH 2, 5, 7 and 9. The samples were first treated with air plasma and
then coated with PDA. The in vitro release data were fitted with a desorption model. Adapted with
permission from Ref. [70].
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The process also showed to be reversible and the concentration of HCl vapors could
be detected after 15 resets.
Similarly, ATRP has proven to be a method of choice to decorate e-spun nanofibers

with polyelectrolytes-based polymeric brushes.[143,155–158] The obtained brushes can then
switch from a collapsed to an expanded state in different pH environments providing a
system with the desired response. This technique has proven to be challenging as the
high curvature profile of e-spun membranes may affect the growth of the polymer
chains. Also, the amount of initiator that can be grafted onto the surface of e-spun
nanofibers is much lower than when compared to a bulk solution. This restricts the
number of initiation sites for the polymerization to take place. Therefore, the capacity
of the monomers to diffuse throughout the mesh is essential to obtain reproducible and
homogeneous coatings via si-ATRP. Several studies have proven the feasibility of grow-
ing polymeric brushes on nanofibrous substrates but the pH-responsiveness of such sys-
tems still need to be studied.[156,159]

3.4.3. Surface hydrolyzation
As e-spun nanofibers are polymer-based materials, the chemistry of the e-spun macro-
molecules can be modified using intra-/interchains modification by the use of strong
acids or bases. Thus, hydrolyzation of polyesters can be used to enhance the surface
reactivity by the introduction of -COOH end groups. Such groups are known to be pH-
sensitive and respond to changes in the environmental pH. Jassal et al. used a sodium
hydroxide (NaOH) solution to introduce carboxylic acid groups on a PCL scaffold.[146]

An 8 h treatment prevented the breakage of e-spun nanofibers while surface degradation
occurred after 24 h including hydrolysis of the PCL membranes. DOX was then grafted
to the surface by immersing the mesh in a DOX solution. The release was then assessed
under continuous flow, revealing a faster initial burst of the drug in acidic pH. This
could be explained by interactions between the amino function of DOX and the func-
tionalized e-spun PCL. The e-spun mesh was then incorporated within an acid-releasing
PVA hydrogel. It was shown that the release could be increased by increasing the acid
content of the PVA hydrogel.

3.4.4. Surface deposition
Several studies have focused on the development of coatings on e-spun nanofibers by
LbL assembly.[160,161] This approach allows a precise deposition of thin coatings onto
the surface of e-spun nanofibers, which can then respond to environmental pH to pro-
vide unique properties with steered thicknesses.[43] Using this approach, Ma et al. have
reported a pH- and ammonia vapor-responsive system based on polyimide (PI) e-spun
nanofibers dip-coated in decanoic acid (DA)-TiO2 mixture and a silica nanoparticle
pre-gel solution.[147] The obtained nanofibers exhibited pH-responsive wettability. By
measuring the contact angles of water and oil droplets on the nanofibrous membrane at
different pH, it was demonstrated that the membrane was hydrophobic and oleophilic
at pH 6.5 while being hydrophilic and oleophobic at pH 12. The switch from hydropho-
bic to hydrophilic under basic conditions was attributed to the cleavage of the bonding
between titanium and DA, which was formed during the coating. In basic conditions,

POLYMER REVIEWS 369



DA was ionized, thus, leading to the formation of ammonium carboxylate ions and
enhanced interactions with water leading to better wettability.
More techniques are emerging in the field of functionalization of e-spun nanofibers,

which could lead to the design of sophisticated systems based on polyelectrolytes. The
functionalization of e-spun membranes is an interesting approach to provide e-spun
nanofibers with better biocompatibility or new functionality.[162] For example, by using
photo-assisted perfluorophenyl azide chemistry, an amine-reactive surface functionaliza-
tion can be obtained allowing simple attachment of amine-containing molecules, such
as sensitive biomolecules, onto the surface of electrospun nanofibers.[163] Furthermore,
the deposition of biocompatible polymers or biomolecules also provides more biologic-
ally compatible systems.[164]

4. Applications of pH-responsive nanofibers

E-spun fiber materials that change their physicochemical properties upon pH change in
their surrounding have gained large attention for various applications in the biomedical
field, such as drug delivery,[165] and environmental fields, such as filtration [166] and
sensors. The large S/V ratio of nanofibers offers not only a stimuli-responsive property
for triggered release but also high porosity for filtration applications and high sensitivity
for sensors while at the same time ensuring mechanical stability. In this section, we
focus on applications of pH-responsive nanofiber materials that have been published
within the last decade.

4.1. Biomedical applications

For biomedical applications, e-spun nanofiber materials have shown great potential for
the development of drug delivery systems. The electrospinning method not only allows
to easily load and encapsulate a wide variety of drugs by in-situ spinning or post-treat-
ment processes, but also to gain control over drug release kinetics via the wide variety
of degradable and non-degradable polymers and via the possibility to tune the fiber
morphology.[165] Furthermore, the large variety of existing pH-responsive polymer
materials, and the possibility to load both hydrophobic and hydrophilic drugs and
therapeutic biomacromolecules (e.g., peptides and proteins), allows to specifically target
different tissues in the human body for therapeutic applications. The human body has
different sites and tissues with varying pH that can be targeted for a triggered release
and delivery of therapeutic agents by the use of pH-responsive fiber materials. Possible
locations with differences in pH for the use with pH-responsive fibers are for example
along the gastrointestinal tract (GI), within cancer tissues, skin wounds (inflammation),
and the female reproductive tract (Table 3). In comparison to hydrogel- and nanopar-
ticle-based delivery systems, which are mainly suitable for a short dosage form and a
burst release of the encapsulated active drugs, e-spun fiber membranes can offer a dur-
able and stationary reservoir with good control to achieve sustained release of thera-
peutic agents.
In addition, this stationary reservoir enables to gain spatial control to minimize drug

loadings as compared to systemic drug administration. Therefore, pH-responsive
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nanofibers are excellent candidates for drug delivery within specific sites in the human
body where a triggered release upon a pH-change is needed with the requirement of a
long-term and durable function of the material. The drug release kinetics can for
example be controlled by varying the fiber diameter to change the S/V ratio, the poros-
ity of the fibrous membrane/dressing to influence the accessibility of the surrounding
water, the introduction of pores within the fibers resulting in a faster fiber degradation
and water accessibility.

Table 3. Summary of pH-responsive fiber materials for biomedical applications.

Application
Polymer (e-

spinning system) Drug
Initial drug loss
(at initial pH)

Release (at
target pH)

Time until
max. release References

oral
colon-targeted

Eudragit L100-55 Diclofenac
sodium

3% (1.0) 98% (6.8) 4 h [111]

Eudragit S 100/
zein (blend)

Aceclofenac
Pantoprazole

6% (1.0) 60% (6.8) 8 h [167]

Eudragit L100-55/
PVP (core/sheath)

Helicid 52% (1.0) 46% (7.0) 6 h [109]

Eudragit L100-55 mebeverine
hydrochloride

15-25% (2.0) 80� 95% (6.8) 6 h [110]

Lipid / Eudragit S100
(core/shell)

Diclofenac 3% (1.0) 80% (7.0) 22 h [168]

PNVCL / Eudragit
L100 (blend)

Ketoprofen 15% (4.5) 50% (7.4) 60 h [1]

Eudragit L100-55 /
PNIPAAm (blend)

Ketoprofen 55% (4.5) 80% (7.4) 10 h [106]

Eudragit L100-55 Ketoprofen 73% (4.5) 92% (7.4) 100 h [106]

Duodenal stent Eudragit L100-55/
PU (1:1) (blend)

Paclitaxel <4% (4.0) 100% (6.0) 72 h [169]

Eudragit L100-55/
PU (1:2) (blend)

Paclitaxel <4% (4.0) 50% (6.0) 72 h [169]

Eudragit L100-55/
PU (1:3) (blend)

Paclitaxel <4% (4.0) 30% (6.0) 72 h [169]

Drug delivery PLA / PNIPAAM/
chitosan
nanoparticles
(blend)

Fluorescein
(model drug)

ND ND ND [127]

Protein delivery Eudragit L100 /
water (emulsion)

HRP and AP <5% (2.0) 90� 100% (7.0) 1 h [107]

Intravaginal
delivery

Cellulose
acetate phthalate

Rhodamine B
(model drug)

0% (4.2) 100% (7.0) �2min [170]

PU / cellulose
acetate phthalate
(core/shell)

Rhodamine B
(model drug)

0% (4.2) 100% (7.0) �1min� [171]

Piperazine-PU siRNA-lipid
nanoparticles

28% (4.5) 59% (7.0) 24 h [172]

mPEG-b-PLGA:PBA-
co-PAA (blend)

Griffithin (GRFT) 3% (4.4) 43% (7.0) 72 h [173]

Wound healing PLLA / SB (blend) Ibuprofen 32% (7.4) 78% (5.0) 48 h [138]

PCL-SB / Chitosan-
PEO (core/shell)

Lidocaine (shell) /
Curcumin
(core)

54% / 30% (7.4) 80% / 68% (5.4) 72 h [174]

Cancer therapy PVP / Eudragit S100
(core/shell)

5-fluorouracil �40% (1.0) 100% (6.8) 6 h [175]

PDA
functionalized
PCL

DOX 46% (7.4) 75% (5.5) 2 weeks [152]

PLLA / SB (blend) 5-fluorouracil 30% (7.4) 85% (5.0) 48 h [176]

PLLA / SB (blend) DOX@MSN 20% (7.4) 36% (5.0) 40 days [142, 177]

Gelatin / SB Ciprofloxacin 59% (7.4) 80% (5.0) 30 h [178]

ND: not determined�Temperature not reported.
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Furthermore, the wettability of the fiber material can be influenced by either choosing
a more hydrophilic polymer or a polymer blend. Additionally, different spinning techni-
ques can be used, such as co-axial- and multi-axial-, or multi-fluid electrospinning,
emulsion electrospinning and side-by-side electrospinning to bring different architec-
tures for the nanofibrous network.[134,179–181] Regarding safety issues, several require-
ments need to be considered. These are the choice of biocompatible and, depending on
the application, biodegradable polymers, ensuring the complete removal of toxic sol-
vents used for electrospinning from the fiber material, and the test for cytotoxic effects
of the final fiber membranes. In addition, important release parameters such as release
kinetics and release upon pH-trigger need to be determined. Table 3 lists studies
according to the application as well as the polymer and e-spinning system used.
Furthermore, the encapsulated drug and its initial loss from the fibers and the release
percentage with its target-pH are also provided.

4.1.1. General drug delivery
pH-responsive nanofiber materials are ideal candidates for drug delivery applications.
High drug loading efficiencies result in the possibility to design a system not only offer-
ing sustained release but also switching between on-and-off states, thus, preventing sys-
temic exposure for the patient. However, most of the reports on pH-responsive
nanofiber materials for drug delivery use model drugs showing that research is still at
the stage of optimizing and controlling the release kinetics. Within the field of drug
delivery, one of the main challenge of such systems, including e-spun fiber materials, is
to deliver therapeutically relevant concentrations of drugs precisely controlled with time
to provide the desired therapeutic effect. While a systemic administration usually causes
the release of high drug doses (initial burst release), the use of a stimuli-responsive sys-
tem overcomes this drawback and a smart delivery system can be designed.
Shen et al. were one of the first to generate pH-responsive e-spun fiber meshes by

the use of Eudragit polymers as an oral colon-targeted drug delivery system.[111] The
authors used Eudragit L100-55 loaded with diclofenac sodium, a drug to reduce inflam-
mation and pain, and analyzed its pH-dependent release. The release could be con-
trolled by showing very limited release at pH 1.0, whereas the drug was completely
released within 3 h of incubation at pH 6.8. The same Eudragit polymer nanofibers
were used by Illingakoon et al., who observed similar release kinetics for the drug
mebeverine hydrochloride (MB-HCl).[110] To stabilize the Eudragit polymer nanofibers
to be used as drug-eluting duodenal stent cover, Aguilar et al. electrospun a polymer
blend of PU and Eudragit L100-55 containing the drug paclitaxel.[169] The addition of
PU greatly increased the mechanical properties of the fibers, and Eudragit provided a
pH-responsive release behavior at pH 6.0, which is optimal for targeting the duodenum.
Moreover, Karthikeyan et al. incorporated zein proteins into Eudragit S100 nanofibers
for the dual delivery of aceclofenac and pantoprazole into the GI tract.[167] The zein
protein was shown to be a suitable carrier for oral delivery due to its good ability to
withstand the gastric pH environment.[182] No release was observed within simulated
gastric fluid at pH 2.0, while the drug release was triggered when the pH was increased
(pH 6.8), mimicking the colon fluid. Further in-vivo studies in rats showed preserved
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gastric tissue when drug-loaded nanofibers were administered, showing no release and
no gastro-intestinal toxicity compared to the administration of the drugs in solution.
Nanofibers were also designed to achieve a biphasic drug release, i.e., the release of a

drug at two different time points. The advantage of multiple-phasic systems is that dif-
ferent tissues can be targeted by either adding one or multiple drugs within one system.
This was for example achieved by applying a co-axial electrospinning setup with a
hydrophilic PVP shell around an Eudragit L100-55 core.[109] The release of a model
drug, helicid, a poorly water-soluble, plant-derived drug encapsulated within both poly-
mers was shown to release 50% at acidic pH due to the dissolution of PVP and the
remaining 50% at pH 6.8 due to the dissolution of Eudragit L100-55. A tri-axial electro-
spinning setup was used to generate core-shell nanofibers from the pH-responsive poly-
mer Eudragit S100 (ES100) with an unspinnable core comprised of the drug diclofenac
sodium mixed with phospholipids to enhance trans-membrane permeation within the
intestine (colon).[168] Since ES100 is deprotonated at acidic pH, the fibers can be used
as an advanced oral drug delivery formulation, where the polymer shell is precipitated
within the acidic environment of the stomach, while the drug will be released within
the colon of the intestine, where the pH is steadily increasing toward neutral pH. Upon
the release from the fibers, the lipid undergoes a self-assembly process, protecting diclo-
fenac within the hydrophobic core of lipid particles. The authors propose this hybrid
drug/lipid system for the delivery of Class IV drugs, which are poorly water-soluble and
also have poor colon permeation properties, where the lipid formulation helps the drug
to be effectively absorbed by the colon.
A pH- and thermo-responsive nanofiber-based drug delivery system was reported by

Li et al., who generated fiber mats from the thermo-responsive polymer blend (poly(N-
vinylcaprolactam) (PNVCL) and ethyl cellulose (EC) alongside with fibers from the pH-
sensitive polymer Eudragit L100.[1] They loaded a model drug (ketoprofen) into both
types of fibers and showed controlled release via either temperature (below 33 �C), pH
(pH 7.4), or both. In a follow-up study, the same authors used the thermosensitive poly-
mer poly(N-isopropylacrylamide) (PNIPAAm) co-dissolved with the pH-sensitive poly-
mer EudragitVR L100-55 (EL100-55). In this way, they were able to electrospin fibers
from the blend of both thermo-/and pH-sensitive polymers[106] obtaining the same
results as in the previously mentioned study. Also, a thermo-/and pH-responsive system
has been obtained by �Stular et al., who encapsulated PNIPAAM/chitosan hydrogel
nanoparticles within e-spun PLA microfibers.[127] The hydrogel nanoparticles responded
to changes in temperature and pH by a volume-collapse resulting in the influx of water
into the fibers. In this way, a fluorescent-model dye was loaded within the fibers and its
release could be controlled by temperature and pH.
By using emulsion electrospinning, sensitive therapeutic proteins can be encapsulated

into pH-responsive fibers. Frizzell et al. encapsulated the model enzymes horseradish
peroxidase (HRP) and alkaline phosphatase (AP) into Eudragit L100 fibers for peroral
delivery (Figure 5).[107] The authors could demonstrate that only 5% of proteins were
released at a pH of 2.0 within 4 h, which simulated the physiological pH conditions of
the GI tract. After increasing the pH to 6.0, a sudden burst release occurred, which was
due to fiber dissolution. However, this sudden pH increase does not reflect the physio-
logical pH-change along the GI tract, which rather shows a steady increase over the
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length of the GI tract, and would cause the nanofibers to slowly dissolve over time
without an expected burst release. On the other hand, the authors could show that the
emulsion electrospinning process could successfully be used to retain protein activity

Figure 5. (A) Schematic of emulsion electrospinning process leading to aqueous, protein-loaded cores
within a pH-sensitive polymer fiber. B) TEM images of core/shell architecture of emulsion e-spun fibers
showing the aqueous core within Eudragit fibers at 5% (left) and 20% (right) aqueous phase emulsions.
C) pH-controlled release kinetics of horse radish peroxidase (HRP, left) and alkaline phosphatase (AP,
right) from Eudragit nanofibers in PBS pH 2 and 7 over 24 h. Adapted with permission from Ref. [107].

374 J. SCHOELLER ET AL.



through the encapsulation in the aqueous phase within the fibers. In this way, sensitive
and therapeutically-relevant enzymes can survive the low pH of the stomach and are
released fully- functional in the small intestine.

4.1.2. Intravaginal delivery
E-spun pH-responsive fibers have demonstrated promise for intravaginal applications,
with the potential to conserve the active agents until release is needed as recently
reviewed by the group of Steinbach-Rankins.[183] pH-responsive fiber materials are ideal
candidates for the delivery and triggered release of for example acid-labile therapeutic
agents against sexually transmitted infections with sustained protection against Herpes
Simplex Virus 2 (HSV-2) and Human Immunodeficiency Virus 1 (HIV-1) infections.
While nowadays only topical delivery platforms are provided, such as gels and films,
the main drawback of such systems is their transient release requiring frequent applica-
tion. Besides, many drug delivery platforms undergo an initial burst release phase,
which limits their long-term application. Therefore, the delivery of drugs with pH-
responsive polymeric e-spun fibers may serve as an alternative topical delivery platform
to offer a sustained release system that is efficacious and independent of administration
and time.
A recently reported concept to provide a triggered release system within the female

reproductive tract is to take advantage of the acidic pH of the vaginal fluid, which has a
stable pH of around 4.5. During sexual intercourse, the neutralization of the pH by
semen, which has a physiological pH of 7.0, triggers the release. This sudden pH change
in the female reproductive tract causes the release of either contraceptives or antiviral
drugs against for example HIV-1 or HSV-2 from an e-spun pH-responsive fiber mesh
material. Huang et al. used e-spun cellulose acetate phthalate (CAP) fibers loaded with
the anti-viral drug tenofovir disoproxil fumarate, a water-soluble antiretroviral prodrug,
for "semen sensitive (intravaginal) drug delivery".[170] The generated nanofibers with
diameters of 500� 800 nm were stable at acidic pH but were immediately dissolved
when the pH was increased, for example upon exposure to simulated human semen
fluid. Interestingly, not only encapsulated antiviral drugs were shown to inhibit HIV
infection of cells in a pH-dependent manner but also the CAP polymer itself showed
infection inhibition, however, at a reduced efficacy. In order to improve the mechanical
stability of these drug-releasing nanofibers, the same group introduced a polyurethane
core into the CAP polymer fibers generated by the co-axial electrospinning process.[171]

Although mechanical stability was improved, the system was still a one-time use mater-
ial only, as 100% of the drug was released within a few seconds upon contact with a
solution at pH 7.0. However, the polymer dissolution rate can potentially be tuned by
increasing the fiber thickness and the overall thickness of the fiber material.
Nanoparticles incorporated into e-spun fibers offer another way to increase the preci-

sion of the release properties and to encapsulate drug molecules, which are otherwise
immiscible with the intended polymer. To this end, Kim et al. encapsulated siRNA-
loaded polystyrene (PS) nanoparticles into an interconnected, pH-responsive PU nano-
fiber mesh (Figure 6).[172] The polymer consisted of piperazine units, which are
positively-charged at acidic pH resulting in a swollen fiber mesh. In addition, the posi-
tive charge of the mesh was used to encapsulate negatively-charged nanoparticles. As
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shown by zeta-potential measurements, the polymer mesh collapsed due to the loss of
ionic charges within the polymer mesh upon pH increase from 4.5 to pH 7.0 (Figure
6B). The authors demonstrated that around 60% of the nanoparticles were released
within the first 24 h (Figure 6C). In vitro cell studies of the pH-responsive nanofiber
membranes showed neither any cytotoxic effect nor any increase in inflammatory
markers. The fiber mesh could present a material for intravaginal rings providing a pH-
triggered release of drug-loaded nanoparticles (Figure 6).

Figure 6. (A) Diagram of the proposed use of the e-spun porous pH-responsive PU membrane as a
“window” membrane in reservoir-intra vaginal ring (IVR) for controlled release of anionic nanoparticles
release: (a) window membrane; (b) drug reservoir. pH-responsive change in electrostatic interaction
between the pH-responsive membranes and the anionic nanoparticles and morphology of the mem-
brane contribute to the smart release of nanoparticles. (B) Influence of streaming pH on the zeta-
potential of the e-spun PU membranes at pH ranging from 3.5 to 8.5. (C) In vitro nanoparticle perme-
ation studies of porous pH-responsive PU (PEG-HEP-MDI-PG) membrane. Cumulative release of the
nanoparticle from the porous pH-responsive PU (PEG-HEP-MDI-PG) membrane for 24 h was evaluated
at pH 4.5, pH 5.5, and pH 7.0. Anionic blue-dyed nanoparticles (PSNs, 200 nm) were used.
Temperature was maintained at 37 �C. Adapted with permission from Ref. [172].
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Besides small molecular drugs, biologic-based antivirals, which are either small pepti-
des or small proteins with therapeutic effects, were explored for the encapsulation and
delivery by e-spun fibers.[184] Griffithin (GRFT) for example has the potential to inhibit
HIV-1 and other viruses by inactivating the virus through virus-surface inactivation.
Due to their inherent instability, especially at acidic pH occurring in the female repro-
ductive tract, such peptidic or protein-based drugs would need to be encapsulated and
protected within e-spun fibers, which release the sensitive molecules under pH-condi-
tion that mimic semen introduction. To this end, Tyo et al. generated fibers composed
of a blend of PLGA or mPEG-b-PLGA mixed with varying ratios of the pH-responsive
polymer poly(n-butyl acrylate-co-acrylic acid) (PBA-co-PAA).[173] A blend of 9:1
mPEG-b-PLGA:PBA-co-PAA showed optimal GRFT loading efficiency together with
stable protection within the simulated vaginal fluid (pH 4.5) and with triggered release
upon exposure to buffered simulated semen solutions.

4.1.3. Wound healing
E-spun fiber materials are ideal candidates for wound healing applications, since they
offer both water vapor transport through their highly porous structure for humidity
control and avoid pathogen-contaminated water droplets from entering thus protecting
against infections.[185] Wound healing, however, is a complex process also involving
measurable pH differences according to the stage or type of wound healing. It is
accepted in literature, that the pH value in wounds is dynamic and that it changes
quickly with therapeutic treatment .[186–189] While chronic and infected wounds are
characterized by an alkaline pH, the pH of intact skin is acidic supporting natural bar-
rier functions and helping against bacterial colonization. Also acidic pH are found in
acute wounds which supports the healing process. Therefore, pH-responsive fiber
patches that are aiming at a targeted wound pH milieu are promising approaches in the
field of wound care. To deliver anti-inflammatory drugs, SB-functionalized PLLA fibers
were loaded with ibuprofen (IBU).[138] Upon contact at a decreased pH of 5.0, IBU
showed fast release kinetics, while at pH 7.4 the drug release was slow. The effect on
the release in-vivo was measured on a rat muscle wound model, which showed a lower
inflammation compared to patches without IBU. Furthermore, lower levels of inflamma-
tory factors and an increase in repair factors were found, showing the supportive acid-
response of the patches for wound healing. In a follow-up study, the same group
investigated the supportive effect of the IBU-loaded patches for scarless healing of the
skin wounds, proven by regulated collagen deposition and optimal biological factors
that promote or suppress scar formation.[141]

Guo et al. generated core-shell nanofibers for the encapsulation of lidocaine hydro-
chloride (Lid), a pain relief drug, within the shell and curcumin, an anti-inflammatory
drug, within the core.[174] The core polymer PCL was doped with SB for pH-responsive-
ness, while the shell consisted of chitosan/PEO polymer blend (Figure 7). Under acidic
conditions, the chitosan becomes protonated resulting in swelling releasing Lid from the
shell, and at the same time, SB releases CO2 generating holes within the core as previ-
ously described, and, thus, releasing curcumin. Furthermore, a rapid release of Lid was
observed, while the release kinetics of curcumin was more sustained, which is beneficial
for wound healing where immediate pain relief is required together with a long-term
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antibacterial property. Even after 48 hours, the nanofiber mats showed optimal antibac-
terial efficiency. Together with excellent hemo- and cytocompatibility, these fiber mats
are ideal for the encapsulation of hydrophilic and hydrophobic drugs.

4.1.4. Cancer therapy
One ideal strategy for pH-responsive fiber-based membranes is to target the acidic
environment found in tumor tissues to release antitumor drugs in response to the local
pH difference found between the healthy, natural tissue (pH 7.4) and cancer tissue,
whose pH is usually below 7.0.[190] This reduced pH is mainly caused by incomplete
glucose oxidation due to hypoxia, causing the generation of lactic acid.[191] The acidic
pH microenvironment found in tumor tissue has been widely used in the field of nano-
medicine to selectively target and trigger the release of anticancer drugs to increase the
therapeutic efficacy.[192]

Illangakoon et al. used 5-fluorouracil (5-FU)-loaded nanofibers, comprised of a drug-
loaded PVP/Ethyl cellulose blend core surrounded by the pH-responsive shell polymer

Figure 7. (A) Illustration indicating wound healing with the help of microenvironment-responsive
dual-drug-loaded wound dressings and the different steps in wound healing, where during inflamma-
tion, the pH at the wound decreases to pH 5.4 and triggers the release of the curcumin (Cur) in the
core and lidocaine (Lid) from the shell of the nanofiber patch. (B) SEM image of CS-PEO-Lid/PCL-Cur-
SB (diameter ¼ 355 ± 51 nm) core-shell nanofibers. Inset. TEM image showing the core-shell structure.
C) pH-dependent Cur release curves from the core of CS-PEO-Lid/PCL-Cur fibers with different concen-
trations of SB within the core. Adapted with permission from Ref. [174].
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Eudragit S100 (ES-100).[175] Since the small-molecular weight drug 5-FU has an
enhanced solubility at acidic pHs, it is not suitable to be delivered intravenously. Thus,
the delivery of 5-FU directly to the cancerogenic tissue can greatly enhance the uptake
into cancer cells. However, due to the small molecular weight of the drug, 5-FU was
even released at very low pH (pH 1.0), even though the pH-responsive polymer ES-100
should have blocked the release. This was also attributed to the fact that the fibers were
broken after 2 h immersion into acidic solution resulting in a porous fiber structure,
which led to a leakage of 5-FU from the nanofibrous network. Tiwari et al. generated a
dual-functional platform for the release of doxorubicin (DOX).[152] To this end, DOX
was encapsulated within PCL fibers, which were further surface modified with polydop-
amine (PDA). The specific PDA-coating not only responds to pH, but also to near-
infrared absorption (NIR), which allows the fibers to absorb energy and convert it into
heat to increase the local temperature. This resulted in an improved DOX release at
acidic pH and the release could be enhanced upon NIR exposure. Another double stim-
uli-responsive fiber system was presented by Chen et al., who used, besides thermo-
responsiveness, a pH-responsive PDMAEMA-containing block copolymer blended
within a mechanically stable poly(3-hydroxybutyrate) (PHB) polymer.[193] The release of
the drug tetracycline hydrochloride (TH) was compared in buffers at pH 7.4 and pH
5.0 and showed a slight increase when the fibers were immersed in the acidic environ-
ment. However, the release at pH 7.4 was already reaching around 65% within 10 h,
while at pH 5.0 the release increased to 75%. This can be attributed to the fact that
PDMAEMA is protonated at pH 7.4 and, thus, cannot perfectly entrap the drug result-
ing in a burst release upon contact with water.
Zhao et al. showed on a cancer cell model that the release of 5-FU loaded within SB-

containing PLLA nanofiber scaffolds was proportional to the concentration of SB
(sodium bicarbonate) and that the cell growth was inhibited.[176] In further studies by
the same group, Yuan et al. generated PLLA fibers with encapsulated SB to introduce
the pH-responsiveness as previously described, to provide a controlled release of DOX
for the treatment against cancer cells and ibuprofen (IBU) against inflammation.[142,177]

In addition, DOX was encapsulated within mesoporous silica nanoparticles (MSNs) for
long-term pH-sensitive release, while IBU encapsulated simply within the PLLA fibers
was intended to achieve an initial short-term release. With this system, the authors
showed inflammation inhibition in the initial stage of tumor occurrence in a liver-
tumor-bearing mouse model, while tumor recurrence was prevented over a 10-week
examination period. The authors state, that this degradable implant could be used as a
locally acting implant immediately after tumor resection to prevent tumor recurrence.
In a similar way, but with different polymers, Sang et al. analyzed the effect of polymer
hydrophobicity on the release of a model drug.[178] They generated fibers from hydro-
phobic PLCL and the natural, hydrophilic polymer gelatin to generate nanofiber meshes
and analyzed the pH-responsiveness upon the addition of SB.[178] While SB/PLCL fibers
did not show any pH-responsiveness, gelatin/SB fibers showed a higher release of the
encapsulated drug ciprofloxacin, an antibacterial drug. However, the fibers showed a
burst release within the first 6 h and the pH-responsive effect of SB was rather low,
which was also shown on antibacterial inhibition, which showed no significant differ-
ence between fibers with or without SB.
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The above shown examples of pH-responsive nanofiber for applications in the bio-
medical field show the potential for novel smart systems that respond to pH changes in
the body. However, the relatively low number of publications with a large variety of
pH-responsive polymers and different measurement setups used in those studies (Table
3) makes it difficult to compare the most important release parameters between the dif-
ferent studies. Important parameters are for example the release kinetics, the efficiency
of release upon reaching the target pH, the stability of the overall membrane, the effi-
ciency of drug encapsulation within the fibers, the initial drug loss after immersion at
the non-targeted pH value, etc. In the latter case, many studies reported a relative high
loss of drugs when the fiber membranes were immersed in an aqueous solution whose
pH is far away from the targeted release pH value. These drug losses are most probably
caused by simple Fickian diffusion, erosion of the polymer, and desorption of drug mol-
ecules that are surface-exposed or adsorbed on the surface of the fibers. This causes a
high loss of drug and, of course, greatly reduces the drug delivery efficacy. As can be
seen from Table 3, the initial drug loss spans a very large band and reaches up to 70%,
while other studies showed successful and stable drug encapsulation without any initial
drug loss. Also, the highest drug losses were observed where the application targets only
a narrow pH bandwidth, causing a partial de-/protonated state of the pH-respon-
sive polymers.
Further investigations such as a closer look at polymer – drug affinities as well as

fiber morphological properties are needed to solve the problems of burst release deliv-
ered by nano-scaled moieties. While core-shell fibers have the advantage of having a
tight polymer shell around the drug-containing core, they also are prone to undesired
drug loss in case of broken fibers. Broken fibers can occur when the membrane is dam-
aged resulting in exposing the core to the aqueous environment, and, thus, releasing the
drug. Also, the polymer molecular weight and the hydrophilicity at certain pH of the
drug have a substantial effect on the drug encapsulation and their release properties as
discussed by Illangakoon et al.[175]

4.2. Environmental applications

The use of pH-responsive nanofiber membranes for technical applications is of great
interest due to their potential in selective adsorption of contaminants in water and their
sensing, respectively. In this section of this review, the recent advancements in pH-
responsive, e-spun fiber membrane technology will be discussed based on their applica-
tions within the environmental field, which includes membranes for wastewater purifi-
cation, separation of oil/water emulsions, and for sensors.

4.2.1. Water purification
The pH-responsive swelling behavior of fiber membranes made of polyionic polymers is
an attractive property for the adsorption of contaminants in wastewater treatment.
Besides heavy metal ions, especially industrially used dyes and colorants, which cannot
be effectively oxidized by conventional technologies due to their stable aromatic struc-
tures, require effective, low-cost filtration systems to avoid their disposal into the envir-
onment.[194] The reversible change between charged and uncharged states allows pH-
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responsive fiber membranes to adsorb charged molecules and to release/desorb the mol-
ecules by simply changing the pH of the liquid waste. On the one hand, the waste can
be concentrated and further disposed, and on the other hand, the filtration system is
regenerated. However, due to the hydrophilic and water-soluble property of polyionic
polymers, the stability of these e-spun fiber membranes makes it necessary to crosslink
the polymers or to use either blended polymer compositions or copolymers (block-
copolymers), where one polymer/monomer unit contains the pH-responsiveness and the
other provides mechanical stability to the construct. In general, important parameters to
be considered in membrane filtration are mechanical stability, maximum adsorption
capacity, adsorption/desorption cycles, optimal pH.[65,195] Since the adsorption capacity
mainly depends on the membrane surface properties, such as surface area and concen-
tration of available ion exchange sites, membranes based on e-spun nanofibers offer
these advantages.
In an early example of such a pH-responsive filtration membrane, Min et al. fabri-

cated poly(ether sulfones)/poly(ethyleneimine) (PES/PEI) polymer blend fiber mem-
brane that can change the charge density based on the pH due to the amine groups on
PEI.[196] The authors could show that the adsorption of anionic dyes increased with
higher pH values with an optimum pH of 1.0, while the adsorption of heavy metal ions
(positively charged species) increased with increasing pH with an optimum pH of 5-7.
Furthermore, the adsorption capacities reached up to 1000mg of dye per gram of mem-
brane, and up to 450mg/g for the adsorption of Pb (II) and 160mg/g for Cu (II) ions.
Another membrane for the removal of Cu (II) ions was made of PES/PDMAEMA,
which further incorporated a thermo-responsive property.[97] Maximum adsorption val-
ues were also found at pH 6.5 with a maximum adsorption capacity of 160mg/g for Cu
(II), which is very similar to the membrane described by Min et al. using another
amine-containing polymer.[196] Another example of nanofiber membranes for the
adsorption of cationic and anionic dyes was generated by using the amphoteric soy pro-
tein, which exhibits both negative charges at basic pH and positive charges at acidic pH
with an isoelectric point at pH 4.5.[197] High mechanical stability could be achieved
through fiber cross-linking by temperature-annealing via exposing the e-spun fibers to
heat at 150 �C. The stabilized membrane was then stable upon exposure to extreme acid
and basic pH and resisted to water boiling conditions. The pH-responsiveness was dem-
onstrated by adsorption of model dyes with repetitive adsorption/desorption cycles for
the recovery and reuse of both anionic and cationic dyes.
Another membrane using electrostatic interaction mechanism for the adsorption of

the cationic dye methylene blue (MB) was achieved by blend electrospinning of p(N-
Isopropyl acrylamide-co-b-cyclodextrin) (p(NIPAM-co-b-CD)) and p(N-Isopropyl acryl-
amide-co-Methacrylic acid) (p(NIPAM-co-MAA)).[198] Not only the pH-responsive
block (PMMA) adsorbs charged MB at basic pH, but also b-cyclodextrin and
PNIPAAM were able to adsorb large amounts of MB. However, the pH-responsive poly-
mer only played a minor contribution to the adsorption capacity, since it was blended
into the fibers with relatively small quantities. Nevertheless, the adsorption capacity
reached up to 1800mg/g in optimal conditions, i.e., high MB concentrations, 55 �C and
pH 9.0. In the olive oil industry, relatively large amounts of toxic phenol compounds
are found in the waste-water from olive mills.[199] A way to remove the phenol by the
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use of pH-responsive fiber membranes was shown by Pretscher et al., who used pH-
responsive diblock copolymer comprised of PVA and P2VP.[200] The degradation of
phenol was then performed by phenol-degrading bacteria, encapsulated within the
aforementioned e-spun fibers. By using core-shell fibers, the bacteria were encapsulated
within a PVA core, while the pH-responsive block copolymer was used as the outer
shell, which was UV-cross-linked to achieve better mechanical stability. The bacteria
were able to degrade phenol even at pH 4.0, conditions where free-floating bacteria
would otherwise not survive. However, the degradation of phenol was limited to 30% of
total phenol in solution.
Due to the ability to switch between swelling ratios of pH-responsive nanofiber mem-

branes, the water permeability can be adjusted depending on the pH of the aqueous
solution. By using an amphiphilic block copolymer, Shi et al. generated PS-b-P2VP
e-spun fiber membranes to gain control over the membrane porosity.[100] Soaking the
as-spun thin fiber membrane into hot ethanol changed the fiber morphology into three-
dimensional perforated fibers. Immobilized on a stable PVDF porous substrate, the per-
meability could be tuned between �6000 L m�2 h�1 bar�1 at pH above 4.5 and down
to �500 L m�2 h�1 bar�1 at pH below 3.0, which is a factor of 10 reduction. The filtra-
tion efficiency was measured with 22 nm-sized Si nanoparticles and reached up to 88%.

4.2.2. Oil-water separation
pH-responsive fiber membranes offer the advantage of switching between hydrophobic
and hydrophilic state allowing to control the separation of oil and water by using one
single filtration membrane, which is important to simplify the filtration device and thus
to reduce material costs.[201,202] Effective oil/water separation has become especially
important due to oil spill accidents and oily wastewater discharges into the sensitive
environment. Furthermore, the recycling and recovering of valued materials from for
example aqueous cleaners and machining coolants, has become more and more import-
ant due to the increased prices of these specialized components for the heavy indus-
try.[203] Therefore, novel membrane types are sought to improve filtration efficiencies of
especially surfactant-stabilized emulsions with small droplet sizes (< 20 mm), where
conventional gravity separation techniques are incapable to separate these emul-
sions.[203,204] Besides other nanofiber-based membranes for water/oil separation that
were recently reviewed[166,179,203,205,206], pH-responsive nanofiber membranes offer the
advantage of a complete reversible water/oil selectivity.[179]

Li et al. prepared PMMA-b-P4VP e-spun fibers on a stainless steel mesh.[37] The pH-
dependent filtration efficiency was shown by a gravity-driven separation process, where
the oil-phase effectively passed through the membrane while water was retained. By
changing the pH of the water in the oil/water mixture to pH 3.0 the membrane became
protonated and hydrophilic, thus, letting water pass the membrane, while the oil-phase
was blocked. Separation efficiencies of different oils (hexane, gasoline, diethyl ether, pet-
roleum ether) were found between 98� 99%. However, flow rates were not measured,
as this would be an important factor for the efficiency of a separation membrane. In a
follow-up study, the same authors used a PDMS-b-P4VP block copolymer to generate
the e-spun fiber membrane.[99] Membrane thicknesses of around 250 mm exhibited
good wettability for oil/water mixtures and optimal mechanical stability for the
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separation experiments. At pH 7, the membranes were highly hydrophobic, while at pH
4 they turned hydrophilic. Gravity driven experiments revealed high flux rates, which
were around 9000 L h�1 m�2 for oil (hexane) and 27 000 L h�1 m�2 for water. Also
here, separation efficiencies were between 98� 99%. Both examples, however, did not
investigate the possibility to separate surfactant-stabilized oil/water emulsions. Another
polymer was used by Liu et al., who generated thermally cross-linked polybenzoxine
nanofiber membranes.[207] Within oil/water mixtures at pH 14, the membrane showed
selectivity for oil, while in acidic pH (pH 1) water was passing the membrane in a grav-
ity-driven setup at high fluxes (Figure 8). The authors also tested the separation effi-
ciency of surfactant-stabilized toluene/water emulsions with very small water droplets of
around 0.92 mm in diameter. It revealed that the initial pore sizes of 5.9 ± 0.4 mm was
too large and resulted in a low separation efficiency of the emulsion. By reducing the
pore sizes, the separation efficiency was improved, but still reached non-satisfying values
with water contents in the toluene of 380 to 1500 ppm and the flow rate dramatically
decreased by a factor of 100 lower compared to the oil/water mixture. Furthermore,
high pressures had to be applied (up to 70 bars for the smallest pore size) to allow for
the flow, which reduces the applicability for low-cost filtration membranes.
In another study, Ma et al. generated polyimide (PI)-based nanofiber membrane,

which was further dip-coated in decanoic acid/TiO2 and silica nanoparticles solution to
render the membrane superhydrophobic/superoleophilic (Figure 8).[147] At pH 6.5, the
membrane was superhydrophobic, while in basic aqueous environment (pH 12) the
membrane turned hydrophilic. In addition, the membrane revealed high fluxes of up to
6500 L.m�2.h�1 and separation efficiencies above 99% with oil concentrations of less
than 1 ppm in the water phase.

4.2.3. Sensing
For sensing applications, the high S/V ratio of e-spun nanofibers are considered promis-
ing for improving sensing performance and reaching low detection limits. One polymer,
that shows pH-tunable luminescence, is the heterocyclic poly(phenylquinoline) (PPQ),
which upon protonation of the imine-like nitrogen changes its color from green to yel-
low.[209] Kuo et al. generated e-spun fibers of a PS-based block copolymer containing a
pH-sensitive PPQ block.[210] Interestingly, the luminescence property was not homoge-
neously distributed within the fibers, but rather formed domains of aggregated PPQ-b-
PS, ranging between 1 to 4 mm in length, and strongly depended on the type of solvent
used. Upon changing the pH of the aqueous media from pH 7 to pH 1, the luminescent
color changed from green (532 nm) to yellow (560 nm), which was the strongest change
with a red shift of 28 nm when CH2Cl2 was used as the solvent for electrospinning. The
stronger color change compared to the two other solvents used (chlorobenzene and
CHCl3) was attributed to the smaller aggregation size of the PPQ domains when
CH2Cl2 was used and to the higher porosity of the fibers. Furthermore, the color change
was not linearly dependent on the pH, where the strongest red-shift was observed
between pH 3 and 1. While this example was based on the sensing of aqueous solutions,
the sensing of gaseous acidic or basic molecules would be beneficial for the visual detec-
tion of these toxic molecules in the air.
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Therefore, the sensing of acidic or basic molecules, such as HCl or ammonia (NH3),
are probably the most obvious molecules to be detected by pH-responsive polymers.
For example, HCl is a common byproduct of industrial processes and colorimetric
detection at workplaces exposed to this hazardous gas is very important. Therefore,
novel types of simple, sensitive, reusable, and cost-effective sensors are anticipated with
detection limits down the lower ppm scale, whereas the legal airborne permissible
exposure limit (PEL) is 5 ppm.[148,211,212] To this end, pH-sensitive porphyrin fluoro-
phores were covalently attached to polyimide to generate an electrospinnable porphyri-
nated polyimide (PPI).[213] The obtained fiber membrane appeared as red/brown and
changed its color to green upon exposure to 100 ppm HCl with intermediate color
appearances in between. However, the visual sensitivity was not satisfying at 5 ppm, but

Figure 8. (A) Schematic illustration of the pH-responsive behavior surface-coated PI nanofibrous
membranes. (B) SEM image of the modified membrane. Contact angle of water (black) and oil (red)
at (C) pH 6.5 and (D) pH 12. Oil-water separation at (E) pH 6.5 and (F) pH 12 with water and hexade-
cane dyed with methylene blue and oil red, respectively. Adapted with permission from Ref. [208].
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could be very well detected with UV/VIS and fluorescence spectroscopy. Also, the color
change was reversible when the membrane was flushed with nitrogen. By grafting polya-
niline (PANi) onto the surface of e-spun nylon fibers, Thornton et al. generated a fiber
membrane for the colorimetric detection of HCl gas at sub-ppm levels.[148] The lowest
concentration of HCl of 0.04 ppm was detected via the CIE LAB color space analysis
using diffuse reflectance spectroscopy, which resulted in a 5x better detection limit than
by visual detection (0.2 ppm HCl). Furthermore, the color change of the membrane was
reversible, i.e., the sensor could be reused up to 15 times. However, the detection is
unspecific to HCl, because other studies also reported the detection of e.g., NH3 or H2S
with PANi, since the color change is simply due to the protonation of the PANi back-
bone.[214] In order to further improve the detection limit of HCl, quartz crystal micro-
balance (QCM) sensors were coated with PANi nanofibers. In this way, the detection
limit of HCl could be decreased down to 7 ppb with linear dependency between the
response and the HCl concentration.[215] Due to the large surface area and the high
porosity of the nanofibers, the HCl-sensitive sensors further showed good stability and
reproducibility together with a rapid response.
The electrospinning technology allows the generation of membranes, which offer

both extremely large S/V ratios and specific membrane pore sizes, properties that are
combined within one process for filtration- and sensing applications. Despite the great
achievements in oil-water separations and water purification, several challenges remain
to be solved. Especially the mechanical stability of the overall membrane and also the
stability of the fine nanostructures are prone to the loss of functionality if used mul-
tiple times.

5. Conclusions and outlook

In the present review, we summarized the recent advancements of e-spun, pH-respon-
sive nanofibers for the generation of "smart" membranes and their possible applications.
Taking advantage of biological or environmental pH-changes, pH-responsive mem-
branes are able to respond to external stimulus that triggers a membrane property
change resulting in a swelling process, change in wettability, or degradation process.
This smart functionality was introduced as an extension to the already well-known
properties of e-spun membranes, which are the high porosity and large surface-to-vol-
ume ratios. As an alternative and further development to conventional pH-responsive
nanoparticle formulations, nanofiber membranes have been shown to also offer solu-
tions within the biomedical field for drug delivery, cancer treatment or wound healing.
Within the environmental fields, these membranes can be used for wastewater treat-
ment, oil-water separation or sensors.
Nevertheless, the ability of pH-responsive polymers to respond to pH-changes is a

sensitive process and different strategies to generate pH-responsive membranes were
presented. Besides the e-spinning of pure polyelectrolyte polymers, composite and func-
tionalized e-spun scaffolds, which are tailored to incorporate pH-responsive properties
are advanced systems to overcome for example biocompatibility issues. Furthermore, we
discussed how post-spinning functionalization can be challenging although the high
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porosity and S/V ratio of e-spun constructs makes them ideal substrates for
such techniques.
Future research on e-spun pH-responsive systems will be oriented toward the modifi-

cation of nanofibers via LbL assembly or by covalently bonding polyelectrolytes brushes
onto the surface of the constructs, as it has been thoroughly investigated on hydrogels
or nanoparticles. This could lead to more accurate systems that could be reused and
incorporate more advantages such as better biocompatibility or incorporate further
stimuli. Also, surface modifications allow the design of more stable systems with for
example an inert and mechanically stable polymer as the basis for pH-responsive surface
functionalization.
Electrospun nanofibers offer crucial advantages for biomedical applications as they

allow the encapsulation of both hydrophilic and hydrophobic agents within the mem-
brane as well as their high porosity and S/V ratio, which facilitates the diffusion of
entrapped agents. Moreover, a sustained release within a desired pH-environment
reduces systemic drug exposure for the patient and restricts its release only at the target
location in the human body. The scientific community has shown the applicability of
pH-responsive e-spun nanofibers for the biomedical field. However, the relatively low
number of publications as well as the large variety of pH-responsive polymers used in
those studies is challenging to provide clear comparisons between the different poly-
meric systems.
Moreover, a certain lack of in vivo studies are largely missing for electrospinning and

biomedical applications. Drug delivery systems sometimes exhibit different kinetics in
vivo when compared to in vitro. Therefore, more animal studies should be conducted to
better understand the different pH-responsive nanofibrous systems used for biomedical
applications.
In the field of environmental science, pH-responsive nanofibers have especially shown

great potential as oil/water separation membranes and for wastewater treatment. The
ability to switch from superhydrophobic to superhydrophilic membranes by simply
changing the pH allows better reusability and long-term usage. For water treatment, e-
spun membranes showed great particle de-/and adsorption capabilities and are already
being developed at an industrial scale. The distinct properties of e-spun membranes are
also highly relevant for sensing to obtain clear values for changes in environmental pH,
for example by colorimetric detections.
With the recent sensibility for a "greener" chemistry, electrospinning, due to its reli-

ability and use of process, can provide solutions toward more environmentally friendly
systems. The development of biodegradable and biologically compatible systems has
been investigated in the field of electrospinning mainly by using water as a solvent for
the process but other options with "green" solvents are emerging. On the other hand,
for selected biopolymeric materials, environmentally friendly solvents need to be consid-
ered in the future and are one of the targets for future research and applications. It is
also important to consider the biocompatibility of such e-spun membranes. Further in
vivo studies are required to fully assess the biomedical potential of pH-responsive e-
spun membranes. Particularly, the mechanical stability of the e-spun membranes in vivo
needs to be properly assessed to fully cope the degradation mechanisms involved. Thus,
e-spun scaffolds incorporating pH-responsive properties can appear as ideal candidates
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but many challenges still have to be tackled specifically the cytotoxicity of pH-respon-
sive membranes based on newly synthetic polymers to ensure their biocompatibility.
Finally, while pH-responsive nanofibers have been widely studied, novel research is now
providing more in depth information about the mechanisms involved during the
changes in pH and allows for the development of innovative e-spun membranes for
both environmental and biomedical applications.
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