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Drug delivery systems (DDS) have extensively progressed over the past decades for eradicating the bacteria
embedded in biofilms while minimizing the side effects of antimicrobials on the normal tissues. They possess
potential in solving the challenges of intrinsic antimicrobial-resistance and poor penetration of antimicrobials
into biofilms. However, the guidelines for developing a controlled DDS for combating bacterial biofilms are
limited. In this review, classical mechanisms and mathematical models of DDS were summarized in order to lay
the foundation of controlled DDS development. Strategies for building controlled DDS were proposed based on
the process of biofilm formation, including surface coatings, fibers, nanoparticles as DDS to prevent biofilm
formation and eradicate bacterial biofilm-associated infections. The challenges that still remain in DDS design
were discussed and future directions were suggested. We hope this review could give a “road map” to inspire
readers and boost the development of the new generation of controlled drug release system for antimicrobial

applications.

1. Introduction

Conventional antibiotic treatments are becoming increasingly inef-
ficient in controlling bacterial infections, due mainly to the emergence
of antibiotic-resistant pathogens. In 2014, the World Health Organiza-
tion warned that by 2050, bacterial infections will surpass cancers being
the No. 1 killer threatening human health if no effective actions are
taken [1]. It is also sobering that the development of bacterial resistance
is much faster than the development of new antibiotics [2]. As a result,
many large pharmaceutical companies are no longer willing to invest in
the research and development of new antibiotics. If things go on like
this, we will enter the ‘post-antibiotic’ era [3], facing the situation of no
antibiotics available.

Bacteria living in their biofilm-mode of growth contribute greatly to
the emergence of drug-resistance [4-6]. A biofilm is a cluster of bacteria
and self-produced extracellular polymeric substances (EPS), such as
polysaccharides, extracellular DNA, and proteins [7]. Many factors
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contribute to the enhanced drug-resistance of biofilms. Firstly, a great
part of conventional antibiotics, such as aminoglycosides and poly-
myxins, possess positive net charge and can interact with the negatively
charged extracellular polymeric substances in biofilms, greatly hinder-
ing the penetration of antibiotics in biofilms. Secondly, bacteria
embedded in biofilms are in their slow-growing phenotype, which is
featured by reduced uptake of nutrition, as well as other toxic sub-
stances, such as antibiotics. Thirdly, there are a large number of enzymes
secreted by the embedded bacteria in biofilms, which could hydrolyze
and de-activate the antibiotics. Besides, there are also some other rea-
sons that account for the antibiotic resistance in biofilms as summarized
in literature [6]. Taken together, bacterial biofilms are around 10 to
1000 folds more resistant to antibiotics than their planktonic counter-
parts. What’s worse, biofilms account for more than 60% of bacterial
infections in humans [5], causing persistent and chronic infections.

To rejuvenate antibiotic treatments and solve the recalcitrance of
bacterial biofilms to antimicrobials, both local and systemic controlled
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DDS have been developed over the past decades. On one hand, the
controlled DDS as surface coating could inhibit the adhesion/growth of
bacteria on the surfaces of tissues or implants, reducing the formation of
bacterial biofilms (Fig. 1a). On the other hand, the penetration of loaded
antimicrobials into biofilms could be enhanced [5], as well as various
antimicrobials could be delivered, using multifunctional controlled
DDS. Meanwhile, some controlled DDS could smartly target the infected
sites and release antimicrobials inside of biofilms [8], efficiently
enhancing the bacterial killing efficacy and reducing the potential side
effects to normal tissues (Fig. 1b). However, as a drawback, some DDS
often show a fast then slow drug release once being administered [9].
This kind of drug delivery system often experiences an undesired
leakage of antimicrobials before reaching the infected sites, which could
promote the development of antimicrobial-resistance. An ideal drug
delivery system for biofilm treatment should maintain the concentration
of antimicrobials in blood or tissue around biofilms between minimum
effective concentration (MEC) and minimum toxic concentration (MTC)
for a certain duration, which will be beneficial in reducing the potential
toxicity of drugs and improving patient compliance [10]. However,
many factors such as matrixes of the carriers, the interactions between
drugs and carriers, and the physicochemical properties of drugs may
affect the release rate of DDS [11,12]. Meanwhile, more requirements,
such as smart, self-regulated release, and targeted delivery, are in direly
need for future antimicrobial applications [9].

In this review, classical mechanisms and mathematical models of
DDS were summarized in order to better understand the mechanisms
and lay the foundation to develop new DDS. Meanwhile, the recent
progress in the design and preparation of controlled DDS were studied to
propose strategies for building controlled DDS, including surface coat-
ings as DDS for preventing biofilm formation and eradicate local biofilm
infection, and nanoparticles as DDS for systemic infection treatment.
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The challenges remained in DDS design were discussed and future di-
rections were suggested, in order to give a “road map” to inspire readers
and boost the development of the new generation of controlled drug
release system for antimicrobial applications, particularly in combating
bacterial biofilms.

2. Classical mechanisms and mathematical models of drug
delivery system

In the process of the understanding mechanism of drug release
behavior from DDS, various theories have been established including
diffusion-controlled, swelling-controlled, osmosis-controlled, drug
dissolution-controlled, and chemically controlled mechanisms [12,13].
These theories summarized from certain cases promoted DDS from the
first generation, such as oral delivery and transdermal delivery, to the
second generation (smart DDS) [9].

In general, drug release behavior was affected by multiple complex
factors, including characteristics of the delivery system (e.g. the
composition of matrix, structure, and geometry), release environment
(e.g. pH, temperature, ionic strength, and enzymes), and properties of
the solutes (e.g. solubility and interaction with matrix). Among them,
there is usually a key factor as the driving force to determine the release
rate, called rate-limiting factor. Thus, in most cases, only the rate-
limiting factor needs to be considered when describing the drug
release rate. Mathematical models not only describe the drug release
profiles but also can predict drug release at a specific time point. DDS
can be classified by different mechanisms, herein the classical mecha-
nisms and their commonly used mathematical models were discussed,
including the drug diffusion-controlled, dissolution-controlled, erosion-
controlled, and multicomponent-controlled systems.

Antimicrobial release mechanisms:

» Diffusion-controlled

» Erosion-controlled

/ooy Nanoparticles as
DDS

Antimicrobial release mechanisms:

» Diffusion-controlled
» Dissolution-controlled
» Swelling-controlled

» Multicomponent-controlled

[ eps @Q Live bacteria

OQ Dead bacteria

9 Antimicrobials

Fig. 1. Ilustration of the adhesion of planktonic bacteria to the antimicrobial delivery system modified substratum (a) and unmodified substratum followed by
biofilm formation (b). Two kinds of controlled drug delivery systems (DDS) and their probable release mechanisms are demonstrated. Surface coatings as DDS to
release antimicrobials for preventing biofilm formation and eradicating local biofilm infection (a) and nanoparticles as DDS to release antimicrobials for systemic

infection caused by biofilms (b).
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2.1. Diffusion-controlled mechanism

In the diffusion-controlled DDS, drug diffusion is the predominant
factor determining the drug release behavior. Fick’s law (1) and Fick’s
second law of diffusion (2) were used as the foundation to quantify
diffusion mass transport [14,15].

aCc
F=-Do ¢h)
ac ’Cc dCc C
Ef__l)(ﬁ;f+_5;?+-5;;) (2)

where F is the rate of transfer per unit area of section (flux), c is the
solute concentration, and D is the diffusion coefficient.

The following assumptions were proposed to simplify the release
environment and get the simplest cases for the further solution of Eq. (1)
and (2): diffusion coefficient of solute is constant, perfect sink conditions
are provided in the medium during the entire release period, the
swelling and eroding of drug carriers are negligible, and mass transfer
resistance is negligible [16].

The diffusion-controlled drug delivery system can be classified into
different categories according to the distribution of drugs in the carrier
material, initial drug content (concerning solubility of a drug), and ge-
ometry, as shown in Fig. 2. In the reservoir system, the drug is sur-
rounded by a matrix and located at the center of a carrier material. For
the monolithic system, the drug is homogeneously distributed in the
whole carrier. The relation between initial drug concentration (C;) and
drug solubility (C;) is a decisive factor in developing the mathematical
model. The geometry of the carrier also plays a critical role in the release
rate, in which slab, sphere, and cylinder were mainly studied geome-
tries. Appropriate mathematical equations were developed for each
category of diffusion-controlled DDS as shown in Fig. 2 [16]. Some
practical examples were studied and verified the validity of proposed
theoretical predictions, such as the release of diltiazemeHCI from three
types of spherical drug carriers, theophylline from ethylcellulose loaded
films, and diprophylline from matrix tablets [16].

2.2. Dissolution-controlled mechanism

Dissolution-controlled DDS usually refers to DDS where the drug
release rate is controlled by the dissolution of a polymeric carrier. Noted
that the dissolution of a drug also plays a major role when drug with
poor aqueous solubility and/or very low dissolution rate, but it is mainly
applicable for the administration of a solid drug [13]. The dissolution of
polymeric carrier refers to the process that polymer releases its contents
to the surrounding fluid when there is thermodynamically compatible
solvent, including two transport processes, solvent diffusion, and chain
disentanglement [17]. Several factors affect drug release behavior, such
as surrounding fluid, polymer molecular weight, polymer diffusion co-
efficient, solvent coefficient, and solvent-polymer interaction [18].

Narasimhan and Peppas developed a one-dimensional dissolution-
controlled DDS where the drug release is controlled by chain disentan-
glement in the amorphous, un-crosslinked, linear polymer. This molec-
ular mechanism-based mathematical model can be used to describe
transport in a film, slab, disk, or tablet in one direction. A steady-state
solution was obtained as shown in Eq. (3) [18].

(S—R)
B
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In Eq. (3), A and B were defined as:
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The cumulative release was expressed as:
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where (S-R) represents the gel thickness, which is the portion of the
polymer slab is in the rubbery state during the dissolution state. D; and
Dy are the solvent and drug diffusion coefficient in polymer, respec-
tively. v1eq and vqeq are the solvent and drug volume fractions,
respectively. v1* and vq* are the characteristic concentrations of solvent
and drug, respectively. kq is the disentanglement rate of the polymer
chains.

The release of cimetidine hydrochloride and diprophylline from poly
(vinyl alcohol)-based systems were studied, demonstrating that the
model developed by Narasimhan and Peppas could give an accurate
prediction of the experimental data [18].

2.3. Erosion-controlled mechanism

Degradable polymers are useful materials to construct smart DDS.
The drug release behavior in these systems is controlled by the degra-
dation of carriers, which strongly depends on the functional groups
within DDS. Many functional groups were relevant to this kind of drug
carriers, such as poly(cyanoacrylates), poly(anhydrides), poly(ketals),
polypeptides, poly(acetals), poly(carbonates), and poly(imino-car-
bonates). At the same time, the pH and ionic strength of the solvent can
significantly affect the degradation of polymers, which further decide
the drug release rate [19].

There are two erosion mechanisms for drug carriers formed by
degradable polymers, surface erosion, and bulk erosion-controlled DDS.
For surface erosion-controlled systems, degradation of polymer is much
faster than a solvent intrusion into a carrier, thus the erosion only affects
the surface of the carrier. In contrast, solvent intrusion into a carrier is
much faster than polymer degradation on the surface for a bulk erosion-
controlled system, resulting in the rapid disassembly of the entire carrier
[20].

The mathematical model developed by Hopfenberg was frequently
used to describe the release behavior of surface erosion-controlled DDS
[21], as shown in Eq. (4),

(-5)
Coa
where M; and M,, are cumulative of drug release at time t and infinite
time, respectively. co is the initial drug concentration in the system, a is
the radius of the carrier, n is a “shape factor” that for slab n = 1, for

cylinder n = 2 and sphere n = 3.

Another mathematical model of surface erosion for the sphere and
cylinder was developed by Cooney [22]. The cylinder was chosen for its
special geometry, which a range geometry from flat disks to slender rods
can be involved by changing the ratio of L/D (L is the length and D is the
diameter of the cylinder respectively). For a cylinder of initial length Lo
and diameter Dy, when L/D approaches zero, it represents a slab; When
L/D < 1, it represents a disc-like cylinder; when L/D > 1, it represents a
rod-like cylinder. Drug release rate f was quantified by Eq. (5) Where k is
a constant [22].

Mo

©

4

(Do — 2kt)* + 2(Dy — 2kt) (Lo — 2kt)
Dy +2DyLy

f= (5)

Based on Eq. (4) and taking radial and axial erosion into account,
Katzhendler developed a mathematical model for bulk erosion-
controlled DDS [23], as shown in Eq. (6)
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Fig. 2. Classification of diffusion-controlled drug delivery system and their mathematical equations of release behavior. (a) Classification of diffusion-controlled DDS
according to geometry, carrier material, and initial drug content. The orange shape indicates the carrier matrix without drug encapsulation, the blue shape indicates
drug and carrier matrix are mixed. (b) Mathematical equations of different classified diffusion-controlled DDS. M; and M,, denote the cumulative amounts of drug
released at time t and infinity, D is the diffusion coefficient of a drug, V is the volume of the reservoir, A is the surface area of a carrier. (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)
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where k, is the radial erosion rate constant, ky, is the axial erosion rate

constant. ag and by are the initial radius and thickness of the carrier,
respectively.

o

2.4. Swelling-controlled mechanism

Swelling-controlled DDS are usually composed of hydrophilic poly-
mers. There are two states in the swelling-controlled polymeric carriers,
namely the non-swollen state and the swollen state. In the non-swollen
state, the polymer network is dense and the mobility of the macromol-
ecules is restricted, upon contact with the solvent, the polymers “relax”
to a swollen state, which results in the significantly increased mobility of
macromolecules and volume of the carrier system. The drug release
behavior is controlled by the change of the physical state of the polymer
[24].

Nicholas Peppas developed a power-law approximation to quantify a
type of “purely swelling”-controlled drug delivery system, as shown in
Eq. (7) [16].

M.
My

— k" @

where M; and M, are cumulative of drug release at time t and infinite
time, respectively. k is a rate constant. n is a geometry factor, for a thin
film with negligible edge effects, n = 1; for a cylinder, n = 0.89; for a
sphere, n = 0.85.

2.5. Multicomponent-controlled mechanism

For many DDS, their release kinetics were controlled by not only one
factor, and often even more processes are simultaneously involved in
controlling drug release.

Peppas developed a model for drug carriers made of neat poly
(e-caprolactone) (PCL), neat poly (lactide-co-glycolide) (PLGA) and their
blends. For neat PCL, two factors were involved in this model: initial
burst (first part of Eq.(8)) and followed diffusion-controlled release (the
second part of Eq. (8)), and the drug release can be described as shown in
Eq. (8). For neat PLGA, three factors were involved: burst release (first
part of Eq. (9)), relaxation-controlled release (the second part of Eq. (9)),
and diffusion-controlled release (the third part of Eq. (9)). For blend
PCL/PLGA, the release from PCL or PLGA in blend follows the same
mechanism of its respective unblended state, thus the overall drug
release of the blend is a summation of drug release from the PCL phase
and PLGA phase, as shown in Eq. (10) [25].

M,
(M7[> = Opper {1 —exp(— kppert) b+ Ogper { 1
w0/ pcL

_ Z 1)2;1-2“[)(

n=0

8
(2n+

_DPCL (211 -+ l)zﬂz (l — lb.PCL)
e

Jj

M,
(Mi‘> = ¢b.PLGA{1 - exp( - kb.PLGAl) } + ¢r,PLGA{exP [kb.PLGA[} -1 }
©/ PLGA

(8

+ ¢d.PCL{ 1
_ i 8 xp —Dpiga (2n+ 1)2”2 (I - lb.PLGA)
n=0 (21’! + 1)2ﬂ2 412
(C)]
M, ) M, M,
- = frcL <—> + frroa <—) (10)
(Meo blend M ) per M/ pLoa
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where M; and M, are the cumulative of drug release at time t and
infinite time respectively. ¢, and ¢4 are the fractions of drug release
through burst phase and diffusion respectively (same for PCL and
PLGA), noted that (¢, + ¢q) = 1. fpcr and fprga are the fractions of drug
that partition into and are released from PCL and PLGA phases respec-
tively, noted that fpcr, + fprga = 1.

Paclitaxel was loaded into neat PCL, neat PLGA and a blend of PCL/
PLGA to study the release behavior. The applicability of the developed
model has been tested and proven effective on a range of different PLGA
and PCL ratios in the blend [25].

Siepmann and Peppas developed a model that simultaneously
considered the diffusion of water and drug with time- and position-
dependent diffusivities, moving boundary conditions, the polymer
swelling, polymer, and drug dissolution, as well as radial and axial mass
transfer within cylindrical tablets [26].

Water and drug diffusion are considered to follow Fick’s second law
of diffusion, as shown in Eq. (11). Cx and Dy are the concentration and
diffusion coefficient of the diffusing item respectively (k = 1 for water, k
= 2 for the drug), r is the radial coordinate of a cylindrical tablet, z is the
axial coordinate of a cylindrical tablet, 0 is the angular coordinate of a

cylindrical tablet [26].

0 0Cx Dy 0Cy 9Ck

— (rD,— ) Dy —~
{6r<rk6r>+ (r 00 * =

According to the free volume theory of diffusion, an exponential

dependence of the diffusion coefficients on the water content of the
system is taken into account, as shown in Eq. (12) Where, g is a
dimensionless constant characterizing this concentration-dependence.
Deq represents the diffusion coefficient in the equilibrium swollen state
of the system [26].

Polymer dissolution is taken into consideration by using a dissolution
rate constant kgijss, Which represents the polymer mass loss velocity
normalized to the actual surface area of the system. My, and M, are the
dry polymer matrix mass at time t and t = 0, respectively; A denotes the
surface area of the device at time t.

0

00

4
0z

ac, 1

o (an

— C]
Ck.eq

Dy = Dy exp{ — By (1 12)

Mp( = Mp() - kdissAlt (13)

Ideal mixing is assumed (no volume contraction upon mixing drug,
polymer, and water), and the total volume of the system at any instant is
given by the sum of the volumes of the single components [26].

The release of propranololeHCl from cylindrical hydroxypropyl
methylcellulose matrices was studied. The agreement between the pre-
diction by the above model and experiment was rather good [26].

3. Surface coatings

Despite the strict sterilization and aseptic procedures during sur-
geries, many local infections such as implant-associated and peritoneal
infections are still inevitable. In principle, biofilm infections are caused
by bacterial adhesion to a substratum surface, and certain attached
bacterial strains are capable of forming a biofilm [27]. The most direct
preventive strategy for biofilm infections is to interfere with bacteria
adhesion via modifying the micro- and nano-topology of the surfaces of
implants or other medical devices [28]. Surface modification using
surfactants or dense hydrophilic polymer brushes could generate anti-
fouling surfaces that resistant to bacterial adhesion. Moreover, consid-
erable intrinsically antimicrobial implants containing quaternary
ammonium-modified surfaces are capable of killing the microbes that
are attached [29,30]. Since these surface modification strategies have
been well-reviewed in literature [31-33], they are not the subjects of
this section. Here, strategies for surface coating were summarized based
on their release behavior (Fig. 3), and recently developed surface
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Fig. 3. The design strategies for the antimicrobial-releasing surfaces to control the release of antibacterial agents over space and time. (a) Passive approaches and
rapid burst release from the antimicrobial coatings. (b) Controlled approaches and the linear release from the antimicrobial coatings. (c) Active approaches and the
triggered local release of embedded compounds. (d) Bacteria-triggered approaches and bacteria-responsive coatings release antibacterial agents locally when

challenged by bacteria.

coatings that loaded antibiotics, antimicrobial peptides, nitric oxide,
metal ion as antimicrobials were summarized, as well as a special
triggered-release coating surface.

3.1. Antibiotic-releasing surfaces

Commonly used strategies to prevent implant-associated infections
are local delivery systems of antibiotics, in which antibiotics could be
released in a controlled manner for hours to months [34-36]. During
that period, the released antibiotics are capable of eradicating the sur-
rounding pathogens without provoking the drug-resistance. In general,
antibiotics could be immobilized on the surfaces of implants via either
covalent or non-covalent methods.

Many antibiotics, such as vancomycin, daptomycin, gentamicin,
ceftriaxone, and kanamycin, have been reported to be tethered onto the
surfaces of titanium, glass, quartz, gold, silicone, and silica [34] via
chemical bonds like amides. For this purpose, the surface of implants
needs to be functionalized first. For instance, pure titanium needs to be
oxidized with chromic acid or piranha acid or treated via hydrothermal
aging. Subsequently, chemical agents, in particular, amino-
propyltriethoxy silane (APTES), are applied to treat the aforementioned
surfaces, yielding the surfaces with flanking amines that could further
conjugate with antibiotics. Of note, the majority of these antibiotics
conjugated on the implant surfaces are not cleavable. Therefore, these
systems can prevent the attachment of bacteria and the formation of
their biofilms yet, not effective in eradicating the bacteria floating in

1107

interstitial fluid. Whereas, the antibiotics conjugated onto the surfaces of
implants via the hydrolyzable chemical bonds, such as esters [35] and
anhydrides [36], could be released in the presence of certain bacterial
enzymes.

Most of the antimicrobial implant coatings are constructed via dip
coating of polymers such as poly(lactic-co-glycolic acid) (PLGA), PCL,
hydroxyapatite, polyurethane (PU), and collagen, as well as directly
incorporate antibiotics to form the antibiotic-releasing surfaces. To this
end, it was quite difficult to tune the corresponding drug loading con-
tent, dosage, or release rate [27,37].

For controllable antibiotics release, layer-by-layer (LbL) is the most
commonly used strategy [38-40]. In general, there are several ap-
proaches to incorporate antibiotics into the LbL system. Firstly, the
charged antibiotics, such as gentamicin, could be directly used as part of
the coated layers to be deposited onto the surfaces. For instance, in the
pioneering work by Hammond and co-workers, polyelectrolyte multi-
layers were fabricated using the positively charged poly(#-amino ester)
(PBAE) [41], gentamicin, and polyanionic hyaluronic acid (HA) [38].
Encapsulation dosage ranging from 0 to ~150 pg/cm? could be easily
adjusted by changing the number of deposited layers and the PBAE used.
Also, the release rate of the loaded antibiotics could be adjusted by
polymer chemistry and film architectures. For instance, LbL films built
from the repeat {PBAE/polyacrylic acid (PAA)/gentamicin/PAA}
exhibited a burst release of gentamicin from the surface at a rate of 11
ng/cm?/day in the first few days, followed by sustained release of 4 pg/
cm?/day over serval weeks [39]. This is possibly due to freely absorbed
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gentamicin molecules on the top layers of the films, yielding a combi-
nation release profiles of rapid out-diffusion and slow hydrolytic
degradation of the deeper {PBAE/PAA/gentamicin/PAA} layers. Simi-
larly, vancomycin [42] was encapsulated in the LbL films for the sus-
tained release of antibiotics to control the formation of biofilms. Besides,
uncharged antibiotics could be conjugated to one of the polyelectrolytes
[43] and loaded into the LbL films.

3.2. Antimicrobial peptides-releasing surfaces

Antimicrobial peptides usually carry positively charged segments.
Therefore, antimicrobial peptides could be used as building blocks to
construct the LbL films that decorate the surfaces of implants. For
instance, seventy-five tetralayer (PBAE/polyanions/ponericin G1/pol-
yanions) films were deposited, where polyanions (e.g alginic acid,
chondroitin sulfate, dextran sulfate) were employed [44]. The films
composed of chondroitin sulfate and alginic acid exhibited similar
release profiles, where a burst release of 62% and 65% of the total
loaded antimicrobial peptide in the first 24 h, for chondroitin sulfate and
alginic acid films, respectively. Whereas, films derived from dextran
sulfate exhibited a linear release profile, especially in the first several
days. Moreover, all the films achieved sustained release up to 10 days,
thereby inhibiting the Staphylococcus aureus (S. aureus) attachment and
biofilm formation. Although antimicrobial peptides possess the advan-
tages such as being compatible, degradable, and less likely to provoke
the drug resistance, these peptides are usually quite sensitive to pro-
teases and of low cost-effectiveness, limiting their further application
and clinical translation.

3.3. Nitric oxide (NO)-releasing surfaces

To overcome the antibiotics resistance crisis, nitric oxide (NO) has
been regarded as an excellent candidate. NO is of low antimicrobial
efficacy itself. However, NO can react with oxygen and other reactive
oxygen species such as superoxide (02_) to generate more lethal species
that can damage the lipids and biomacromolecules of bacteria [45].
Particularly, NO has been demonstrated to exhibit both bactericidal and
biofilm-dispersal activities [46,47]. Since NO is a gas therapeutic and
has a very short life-time of only several seconds, which greatly limited
its biological application. To solve this dilemma, numerous NO donors
such as metal-NO complexes, organic nitrates, N-diazeniumdiolates,
and S-nitrosothiols have been developed. However, these donors
decompose spontaneously when they are dissolved in an aqueous solu-
tion. Fortunately, the half-lives of these donors could be prolonged from
seconds to hours by designing the structure of the amine precursor [48].
To achieve continuous NO release to prevent biofilm formation, NO-
releasing surfaces have been prepared. For example, dibutyhexyldi-
amine diazeniumdiolate (DBHD/N50,) was deposited in a PLGA layer
and further encapsulated in a silicone rubber top coating to form the NO-
releasing films. The PLGA layers could control the release of DBHD/
N0, by its intrinsic acid residues and hydrolysis products. The opti-
mized films achieved a controlled NO release for one week. Besides,
these NO-releasing films exhibited considerable antibiofilm properties
against both S. aureus and Escherichia coli (E. coli), reducing more than
98% of the biomass in those biofilms [49]. Similarly, S-nitroso-N-ace-
tylpenicillamine and polyurethane (PU) were doped to form the S-
Nitroso-N-acetylpenicillamine (SNAP)-textured PU films, which exhibi-
ted a lifetime of up to 10 days at flux levels above 0.5 x 1071% mol
min~! cm ™2 and inhibited the Staphylococcus epidermidis (S. epidermidis)
biofilm formation for >28 d [50]. Besides, block polymer such as poly
(ethylene glycol)-block-polycaprolactone (PEG-b-PCL) was also used to
top-coat the NO-donor layer. Of note, the PEG-b-PCL top-coated films
exhibited prolonged and well-controlled NO-release profiles, out-
performing the PEG or PCL coated films [51].

Besides, NO-donor could be covalently immobilized on surfaces to
inhibit the growth of bacterial biofilms. For example, SNAP was
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immobilized to poly(dimethylsiloxane) (PDMS) layer, yielding a highly
stable NO-releasing material that inhibited bacterial biofilm formation
for over 125 days [51]. Similarly, the NO donor N-diazeniumdiolates
were formed via the reaction of NO gas with polydopamine (PDA) layer,
and NO release from this PDA coating was observed for 2 days [52].

3.4. Metal ion-releasing surfaces

Metal ions have been applied for infection control for thousands of
years. Metal ions possess multiple antimicrobial mechanisms including
but not limited to inducing the generation of reactive oxygen species,
inhibiting enzymatic activity, and depleting antioxidants [5,53,54]. Free
ions were commonly incorporated into surfaces via the coordination
bonds. Therefore, the release rate of these free metal ions is considerably
difficult to control [55,56]. Recent strategies have been focused on the
construction of metal nanoparticles and polymer composite coatings
[57]. Metal ions are frequently released from the surfaces of their cor-
responding nanoparticles due to the high surface to volume ratios of
nanoparticles [54,57]. To this end, numerous metal nanoparticles such
as silver [58-60], titanium [61], zinc [37,62], gold [63,64], and palla-
dium [65,66] nanoparticles have been constructed to the surfaces of
titanium and stainless steel with the assistance of polymers. Although
most of these metal nanoparticle-embedded coatings could prevent the
initial attachment of bacteria and the subsequent formation of biofilms
in vitro over several months [60], their biological application is largely
limited by the potential concentration-dependent cytotoxicity of metal
ions, especially silver ions, to the normal mammalian cells and emer-
gence of drug-resistance strains.

3.5. Triggered-release surfaces

Polymers and polymer-based hydrogels can undergo volume varia-
tions (swelling, bending, or shrinking), structural transformations, or
even chemical bond cleavage upon the trigger of various stimuli, leading
to the efflux of the loaded antimicrobials from the matrix. Both external
and internal stimuli have been applied to design the triggered-release
surfaces, generating ‘on-demand’ antibacterial effects and extending
the lifetime of coatings [53,67]. Light [68], ultrasound [69,70], elec-
trical [71-73], magnetic fields [74] sensitive coatings/hydrogels have
been developed for bacterial biofilm-associated infection control.
Whereas, the main challenges facing stimuli-triggered coatings are to
maintain the release of antimicrobials with effective doses over multiple
cycles and to minimize non-triggered antimicrobial leakage from
surfaces.

Besides, bacterial infections are closely associated with physiological
factors such as low pH and over-expressed enzymes. These factors are of
great importance because they greatly implicate antimicrobial treat-
ments [75] and can be used to design the bacteria-triggered release
surfaces. For example, the LbL films formed by tannic acid and various
cationic antibiotics (tobramycin, gentamicin, and polymyxin B) were
found to be responsive to the acidic microenvironment produced by
pathogenic bacteria, releasing the loaded antibiotics in a ‘self-defensive’
manner [76]. A similar ‘self-defensive’ strategy has been used to
construct bacterial enzyme-responsive coatings [43,77]. For example,
cateslytin (CTL) was chemically conjugated to hyaluronic acid (HA),
which was deposited on a planar surface with positively charged chi-
tosan (CHI) to form the (HA-CTL-C/CHI) films [43]. The resulting HA-
CTL-C/CHI films completely inhibited the development of S. aureus
and Candida albicans (C. albicans) biofilms.

4. Electrospun fibers

Electrospinning is a popular fiber manufacturing technique in which
a strong electrical potential is utilized to draw and solidify polymer-
containing solutions or melts, yielding microscale or nanoscale fibers
[78]. This technique allows for the spinning of both natural polymers
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and synthetic polymers, incorporating both hydrophobic and hydro-
philic antimicrobials into the fibers [79] with diameters ranging from
100 nm to several microns. Electrospun fibers could be used as 1D
bundles/yarns, 2D membranes/films, or 3D scaffolds [80], potentiating
their applications in large scale antimicrobial DDS preparation and
application.

Typically, a setup for electrospinning contains three basic parts: a
high voltage power supplier, a spinneret, and a grounded collector, as
shown in Fig. 4. Since the recent developments in electrospinning
technologies have been extensively discussed in many reviews [81-83],
the subjects of this section are the electrospinning technologies to
facilitate the antimicrobial loading and release, as well as their biolog-
ical applications, especially in building antimicrobial surface. In gen-
eral, technologies such as wuniaxial electrospinning, coaxial
electrospinning, triaxial electrospinning, and multifluidic electro-
spinning have been used to prepare the antibiotics-containing fibers by
choosing different spinnerets, as illustrated in Fig. 4. Uniaxial electro-
spinning employs a mixed solution of a polymer and functional
component to generate monolithic fibers. Coaxial electrospinning uses
two-fluid side-by-side. Triaxial electrospinning can be carried out to
generate nanofibers using three (outer, middle, and inner) same liquid
as working solutions. As a result, the uniaxial fibers possess uniform
structures. Whereas, the coaxial fibers possess core-sheath structures,
and the triaxial fibers possess core-intermediate layer-sheath structures
(Fig. 4d-f).

The antimicrobial release from electrospun fibers largely depends on
the structures of electrospun fibers. Drug-loaded uniaxial fibers tend to
exhibit an uncontrollable initial burst of release. This arises for three
reasons: (1) the presence of large numbers of drug molecules at or near
the surface of the fibers; (2) the large surface area and high porosity of
the fiber mats; and (3) the fact that drug molecules in the center of the
fibers have to diffuse further to reach the bulk solution during the
dissolution process than those at the surface [86]. For example, the
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mefoxin-loaded PLGA fibers and tetracycline-loaded polyvinyl alcohol
(PVA)/Chitosan fibers exhibited a burst release of their cargoes in the
first several hours [87,88]. As we summarized in Table 1, most of the
antimicrobial-loaded uniaxial fibers exhibited the fast-then-slow
biphasic release profiles, with a subsequent antimicrobial release up to
several weeks.

Recently, coaxial and triaxial electrospinning technologies have been
developed and extensively used in drug delivery. The advanced elec-
trospinning approach allows for precisely tuning drug release from
nanoscale formulations. Normally, the coaxial and triaxial fibers can
achieve better-controlled drug release profiles compared to the uniaxial
fibers. Especially, triaxial electrospinning is possible to produce drug-
loaded fibers coated with a thin polymer shell layer by using two
unspinnable and a spinnable liquid as the outer, middle, and core
working fluids. The resulting core-shell nanofibers gave close to zero-
order drug release over periods which could be tuned simply by
adjusting the thicknesses of the shell [86]. Whereas, this technology is
still in its infancy and has not been widely used for the delivery of
antimicrobials.

As mentioned above, the electrospun fibers can be formulated in 1D,
2D, and 3D materials, which enable their applications as wound dressing
patches or other tissue engineering matrixes [101,102]. Therefore, most
of the recent studies have been restricted to pathogenic strains such as
Gram-positive bacteria (S. aureus, S. epidermidis) and Gram-negative
bacteria (E. coli, P. aeruginosa). Some conventional antibiotics with a
broad-spectrum bactericidal ability such as tetracycline [88,93,96],
ciprofloxacin [94,101], and ampicillin [98] have been loaded into
electrospun fibers. Other antimicrobials such as chlorhexidine [95] have
also been employed in fabricating antimicrobial fibers. However, the use
of antibiotics or antimicrobials may cause the emergence of bacterial
antimicrobial resistance. To solve this problem, several antimicrobial
proteins have also been employed in fabricating the antimicrobial
electrospun fibers. For example, zein, lysostaphin, and nisin were loaded
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= — . Antibiotics Y r— \L L Antibiotics
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Fig. 4. Schematic illustration of the setup for (a) uniaxial electrospinning, (b) coaxial electrospinning, and (c) multifluidic electrospinning with multiple spinnerets.
Exemplary TEM images showing the structures of (d) uniaxial fibers, (e) coaxial fibers, and (f) triaxial fibers. Panel d reprinted with permission from Ref. [84].
Copyright (2018), Elsevier Ltd. Panels e and f reprinted with permission from Ref. [85]. Copyright (2017), Elsevier Ltd.
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Table 1
Summary of the recent development of electrospun fibers for antimicrobial application.
Polymers Antimicrobials Loading Fiber Release profiles Target strains Ref.
wt% diameter
(nm)
Uniaxial
PLGA Mefoxin 5 700 Burst release, up to 1- S. aureus [871
week
PVA/Chitosan Tetracycline - 110-310 Burst release in the first 3 E. coli [88]
h S. epidermidis
S. aureus
PLGA Graphene oxide—Silver - 356 Burst release, up to 4-d E. coli [89]
P. aeruginosa
Chitosan Zein 10 192 - S. aureus [90]
Cellulose Lysostaphin 3 450 - S. aureus [91]
PLGA Metronidazole 0.1-40 600-1200 Cumulative release up to F. nucleatum, A. [92]
7-d actinontycetemcomitans, and P.
gingivalis
Halloysite nanotubes/PLGA Tetracycline 1-2 300-600 Sustained-release up to S. aureus [93]
42-d
PLGA/ poly(dioxanone) (PDO) Ciprofloxacin - - Sustained-release up to 7-  S. aureus [94]
d E. coli
Gelatin Chlorhexidine 0.5-25 4700 Sustained-release at pH7  E. coli [95]
Cross-linked and burst release at pH 2 S. epidermidis
PCL Tetracycline/whey proteins - 100-500 Sustained release up to E. coli [96]
14-d S. typhimurium
PCL/gelatin (6-Aminopenicillanic acid, - ~200 Sustained-release up to MDR E. coli [97]
APA)-coated Au NPs 14-d K. pneumoniae
Reduced graphene oxide (rGO)/poly Ampicillin or cefepime - ~400 NIR light-triggered E. coli [98]
(acrylic acid) (PAA) release S. aureus
S. epidermidis
Coaxial
Poly(lactic acid)/chitosan (core/shell) Chitosan 4 100-1500 - E. coli [99]
PCL/chitosan Ag NPs 4-10 100-750 - E. coli [100]
S. aureus
Polyvinylpyrrolidone (PVP)/ ethyl Ciprofloxacin (CIP) and Ag - 600-1000 >90% of CIP was E. coli [101]
cellulose (EC) polymer Janus fibers NPs released within the first S. aureus
30 min
Triaxial
PCL intermediate/ cellulose acetate Nisin 1-8.6 - - S. aureus [85]
sheath

Abbreviations: Fusobacterium nucleatum (F. nucleatum), Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans), Porphyromonas gingivalis (P. gingivalis),

Salmonella typhimurium (S. typhimurium), Klebsiella pneumoniae (K. pneumoniae).

into the chitosan and cellulose electrospun fibers [85,90,91], respec-
tively, to combat the S. aureus. Also, metal nanoparticles, such as Au and
Ag nanoparticles [97,100], have been encapsulated into polymeric
electrospun fibers, which demonstrated excellent antimicrobial ability.
Some novel antimicrobial materials such as graphene oxide can damage
bacterial cell membranes via its special lipid extraction mechanism [5]
and be compatible with electrospinning technology [89]. Of note, a
combination of two antimicrobial agents has also been applied to
enhance the antimicrobial ability and minimize the emergence of anti-
microbial resistance. For instance, PLGA—chitosan mats functionalized
with graphene oxide and silver nanoparticles (GO—Ag) exhibited
excellent bactericidal effect against both Gram-negative and -positive
bacteria [89].

To achieve stimuli-triggered antimicrobial release from the electro-
spun fibers, several systems have been developed. For example, glutar-
aldehyde (GTA) was used to cross-linked the gelatin electrospun mats,
yielding the pH-responsive, tunable drug release property [89]. More-
over, reduced graphene oxide (rGO) was embedded poly(acrylic acid)
(PAA) fiber mats, where rGO exhibited photothermal property upon NIR
irradiation at 980 nm. This local heat produced by rGO upon light
irradiation triggered the pulse release of antibiotics ampicillin or cefe-
pime to inhibit the growth of planktonic E. coli K12 and S. epidermis [98].
Of note, all these antimicrobial electrospun fibers were used to inhibit
the growth of bacteria in their planktonic mode of growth. Therefore,
their study on eradicating bacteria in their biofilm-mode of growth is
highly desired.
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5. Nanoparticles
5.1. Biological barriers

To access the systemic infection, the antimicrobial-delivery systems
need to overcome several biological barriers. Firstly, the delivery sys-
tems are requested to be stable enough when they are injected into the
blood and minimize the absorption of opsonin proteins to avoid the
recognition and clearance of immune cells. Moreover, it has been re-
ported that nanoparticles with a size smaller than 5 nm are prone to be
cleared via renal filtration [103]. Whereas, particles bigger than 500 nm
are easy to recognize by the reticuloendothelial system (RES) [104].
Therefore, particles ranging from 5 nm to 500 nm might be suitable for
antimicrobial delivery [5,105]. Moreover, in inflammatory conditions
induced by microbe infection, the pathogens may secrete factors that
increase the permeability of blood vessels [106]. Therefore, the nano-
particles with diameters less than 200 nm could passively accumulate at
the infected sites due to the enhanced permeability and retention (EPR)
effect [107], similar to that found in tumor sites [108]. Upon reaching
the sites of infection, the antimicrobial-loaded delivery systems need to
penetrate the extracellular polymeric substances of biofilms efficiently
and bind to the embedded bacterial cells. The loaded antimicrobials
should be released inside biofilms to exert their bactericidal efficacy.
The use of nanotechnology to overcome the biological barriers of
treating systemic infections has been well-summarized in literature
[109-113]. Here we summarized the main strategies for designing
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antimicrobial-releasing nanoparticles, based on their different release
mechanisms and release behaviors (Fig. 5).

5.2. Diffusion-controlled systems

Unlike the local delivery systems that can release their cargoes for a
long period, the nanoparticles administered systemically usually have a
short half-life of only a few minutes to a few hours. Therefore, the time
window for drug release from their carriers is quite short. Besides, the
local concentration of antimicrobial is requested to higher than the
minimal inhibition concentration of that specific strain in order to
achieve a satisfactory bactericidal effect. To this end, a fast release of the
loaded antimicrobials at an infected site is highly desired.

Nanoparticles such as liposomes, micelles, mesoporous silica nano-
particles, dendrimers, metal nanoparticles have been investigated for
eradicating bacterial biofilms [114,115]. Hydrophilic antimicrobials
such as most of the conventional antibiotics and antimicrobial peptides
can be encapsulated in the aqueous cores of liposomes [116] or the
aqueous channels of silica nanoparticles [117]. Whereas, hydrophobic
antimicrobials can be loaded in the hydrophobic cores of micelles [8] or
shells of liposomes [116]. The interactions of antimicrobials with their
carriers are usually non-covalent bondings such as hydrophobic, n-n
stacking interactions, electrostatic attractions, and coordination
bonding [5]. In general, these weak interactions allow the fast diffusion
of antimicrobials when the nanocarriers reach their targets. Particularly,
liposomes composed of the lipid bilayer can undergo lipid fusion [118]
with bacterial cell membranes and release the loaded antimicrobials
directly into the bacterial cells [119]. Therefore, these systems usually
possess considerably efficient bactericidal efficacy. One major drawback
of these free diffusion systems is that they start to release the loaded
antimicrobials once they are suspended in aqueous solutions (Fig. 5a),
causing premature drug leakage and potential side effects. For example,
we loaded the hydrophobic antimicrobial triclosan into mixed-shell
polymeric micelles (MSPMs) that composed of poly(ethylene glycol)-
block-poly(e-caprolactone) (PEG-b-PCL) and poly(B-amino ester)-block-
poly(e-caprolactone) (PAE-b-PCL). The formed triclosan-loaded MSPMs
exhibited a drug leakage when they were suspended in phosphate-
buffered saline (PBS) solution [8], albeit at a considerably low rate.
To prevent premature drug leakage, strategies such as drug conjugation
[120,121], cross-linkage [122-124], and core-shell structure [125-127]
have been developed. In these cases, additional stimuli (either external
or internal) are needed to trigger the release of cargoes, achieving the so-
called ‘on-demand’ site-specific drug release, which are the subjects of
the following sections.
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5.3. External stimuli-triggered release nanoparticles

As aforementioned, external stimuli including light, heat, electric,
and magnetic fields can be used to control the release of antimicrobials
from their carriers spatiotemporally (Fig. 5b).

Light has been extensively explored to enhance the bioavailability
and drug efficacy [128], due to its non-invasive and easily manipulated
nature. For example, visible light with a wavelength of 600 nm was used
to trigger the release of NO from the manganese nitrosyl loaded in
porous nanocarriers [129]. Of note, the release of NO from these ma-
terials was steady under constant illumination while periodic exposure
resulted in the release of pulses of NO. Furthermore, the systems
exhibited successful eradication of both drug-susceptible and drug-
resistant Acinetobacter baumannii in a soft-tissue infection model
[129]. The major drawback of UV/visible irradiation is the low tissue
penetration depth, less than 1 cm, restricting their applications to su-
perficial tissues instead of the bulk tissues. Near-infrared (NIR) light
with a wavelength ranging from 650 to 900 nm can penetrate tissue to a
depth of several inches (>500 pm to cm), rendering the NIR light
promising for triggering the antimicrobial release in deep tissues
[128,130,131].

Photothermal agents such as gold nanoparticles, graphene nano-
materials, and polypyrrole (PPy) nanoparticles are able to generate local
heat when they are irradiated by NIR light [132]. This local heat (>45
°C) is lethal to the surrounding pathogens [133] and also used to trigger
the release of the loaded antibiotics, synergistically eradicating patho-
gens. For example, the core-shell-structured hollow microspheres pos-
sessing a shell of PLGA and a core of vancomycin and PPy nanoparticles
were prepared. The PPy nanoparticles heated the solution to approxi-
mately 60.0 °C within 5 min upon NIR irradiation, changing the state of
PLGA from glassy state to rubbery state and concurrently triggering the
release of vancomycin. Ultimately, the resulting hollow microspheres
exhibited synergistic bactericidal efficacy in abscesses via the combi-
nation of photothermal therapy and antibiotic therapy, outperforming
the sum of the two treatments alone [127]. A similar strategy has been
applied to construct the gold nanoparticle/silver composites [134]. For
example, gold core/silver shell (Au@Ag) nanorods have been developed
to combine photothermal therapy and silver toxicity for eradicating
S. epidermidis or E. coli [135]. Recently, a liposome system composed of
NIR photothermal agent (cypate), antibiotics (tobramycin) and lipids
was fabricated to eliminate P. aeruginosa biofilms [136]. In this case, the
local heat produced by cypate upon NIR light irradiation induced the
dissociation of liposomes resulting in the burst release of antibiotics.

(@)
(5) =3
3]
o o 2
o £
= ——
o 2 >
o
T
Q
g A
O O ) / \
o
o o o /
[5) = ’
o @ | e
o O 7
Time

Fig. 5. Main strategies for designing antimicrobial-releasing nanoparticles to control the release of antibacterial agents over space and time. (a) Diffusion-controlled
DDS and their antimicrobial release behavior from nanoparticles. (b) Stimulus-controlled DDS and their antimicrobial release behavior from nanoparticles, external
stimuli include light, heat, electric, magnetic fields, et al.; internal stimuli include pH and enzymes.
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5.4. Internal stimuli-triggered release nanoparticles

Several physiological factors at infection sites could be used as in-
ternal stimuli for the release of antimicrobials, as summarized in
Table 2.

pH-Responsive nanoparticles. The local acidic microenvironment of
a bacterial biofilm has been applied to trigger the release of antimicro-
bials. In these cases, acidic pH could trigger the protonation of certain
segments, inducing the hydrophobic-to-hydrophilic transition which
caused the release of the loaded cargoes. For example, block polymer
poly(dimethylaminoethyl =~ methacrylate)-b-poly(dimethylaminoethyl
methacrylate-co-butyl ~ methacrylate-co-propylacrylic ~ acid)  (p
(DMAEMA)-b-p(DMAEMA-co-BMA-co-PAA)) was used to construct the
pH-responsive polymer nanoparticle carriers (NPCs) which was further
used to load farnesol [137,138]. Farnesol was released via a pH-
dependent manner with t;,» = 3 and 15 h for release at pH 4.5 and
7.2, respectively. The loaded farnesol in NPCs was 4-fold more effective
in disrupting Streptococcus mutans biofilms than free farnesol [137]. We
recently developed a pH-responsive antifungal-inbuilt metal-organic-
framework to eradicate C. albicans biofilms [139]. Antifungals were
built-in through the coordination-binding between zinc and antifungals
bearing electron-donor segments. The resulting voriconazole-inbuilt
zinc 2-methylimidazolates frameworks (V-ZIF) exhibited the pH-
dependent zero-order drug release in vitro. In an open wound murine
model infected by C. albicans, V-ZIFs efficiently eradicated the inhabit-
ing fungi and accelerated the wound healing [139]. Besides, pH is also
an important factor to influence the assembly and disassembly of
nanoparticles in infection control [140,141]. For example, pH-
responsive polymer poly(ethylene glycol)-poly(aminopropyl imid-
azole-aspartate)-polyalanine (PEG-PSB-PALA) was used to condense
silver nanoparticles, yielding the silver nanoclusters (AgNCs) that can
disassemble in the acidic microenvironment of a biofilm [140].

Enzyme-triggered release systems. Similarly, bacterial lipases
[142-145], penicillin G amidase (PGA) and p-lactamase (Bla) [146],
phospholipase/phosphatase [147] and hyaluronidase [148] -sensitive
DDS have been developed. Lipases can hydrolyze polyesters, such as PCL
[8,145,149,150] and polyurethanes [151] that provide a hydrophobic
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environment to stabilize the hydrophobic antimicrobials or confine the
hydrophilic antimicrobials to the aqueous interior of a nanocarrier.
Therefore, these nanocarriers can be rationally designed into a core-shell
polymeric micelle [150,151], a three-layered nanogel [145], or poly-
mersomes [149]. Phosphatases/phospholipases degrade poly-
phosphoesters that possess a hydrophilic polymer backbone and are
suitable for loading hydrophilic antimicrobials [147]. Some notorious
bacterial enzymes such as p-lactamases were also used to trigger the
release of antibiotics specifically to eradicate the multi-drug resistant
pathogenic bacteria and selectively preserve the probiotics [146]. Be-
sides, natural hyaluronic acid could be degraded by hyaluronidase,
enabling the construction of the hyaluronidase-responsive antimicro-
bial-release system. For example, nanoscale metal-organic framework
(nMOF) decorated with Ag™ and porphyrins exhibited a positive surface
charge, which was neutralized by the hyaluronic acid decoration. The
hyaluronic acid coating could not only stabilize the encapsulated
cargoes but also enable the surface-adaptiveness of the nMOFs. Subse-
quently, bacterial hyaluronidase triggered the degradation of HA
coating, allowing the cationic nMOFs to interact with bacteria [148].

Some toxins can damage the mammalian cell membranes via the
pore-forming mechanism. Therefore, liposomes loaded with antibiotics
are vulnerable in the presence of bacterial toxins and are easy to release
the loaded antibiotics [152].

Multiple-responsive systems. As mentioned above, bacterial biofilms
are a complex community of bacterial strains. Therefore, it is more
efficient to eradicate bacterial biofilms as well as overcome the complex
biological barriers via multiple-responsive systems. In most cases, mul-
tiple responsiveness is designed to overcome the biological barriers in a
programmed manner [153]. For example, we loaded antimicrobial tri-
closan into MSPMs bearing shells composed of PEG and PAE and cores of
PCL. Under physiological pH (7.4), the PAE is deprotonated and the
whole micelle is stabilized by the stealth PEG shell, facilitating the long
circulation and biofilm penetration of micelles. Whereas, PAE is pro-
tonated and positively charged in the acidic microenvironment of a
biofilm, driving the binds of micelles with bacteria via electrostatic
interaction. Subsequently, lipase could trigger the dissociation of PCL
cores and release of the loaded triclosan to kill the surrounding bacteria

Table 2
Summary of the physiological factors at infection sites that could be used as stimuli for the adaptiveness of biomaterials.
Stimuli Chemical reactions Ref.
pH IH : . [35,41,154]
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[8]. To prevent premature drug leakage, we fabricated the triclosan-
conjugated PEG-PAE micelles, which also exhibited the pH/lipase dual
responsive property and excellent eradication efficacy against both
multiple drug-resistant S. aureus, E. coli and oral streptococcal biofilms
[35]. Similarly, Li and coworkers fabricated the vancomycin-conjugated
PEG-PCL via pH-cleavable hydrazone bonds, which showed pH/lipase-
triggered antibiotic release profiles [150].

6. Conclusions and perspectives

In the past decades, numerous advanced drug delivery and release
systems have been developed to relieve bacterial infections, especially
for those associated with biofilms. In this review, we summarized the
mathematical models and principles of building the controlled DDS, as
well as the recently developed controlled DDS for the diversity of anti-
microbials. Nevertheless, the following critical issues remain to be
addressed to better translate the controlled DDS from bench to bedside.

(1) Although the zero-order release systems seem to be outdated, the
advantages of zero-order release are obvious, such as maintaining
the drug concentration in the blood or tissues at the desired value
for a certain duration. Besides, drug release kinetics could be
quantitatively predicted before applied. Zero-order release DDS
can be rejuvenated by the incorporation of stimuli-responsive
segments, as the developed two platforms which release
cargoes via a stimuli-responsive zero-order release profile

[139,157]. However, there is no doubt that more novel and

adapted techniques are still needed.

The use of antimicrobials will inevitably cause bacterial resis-

tance. Thus, non-antimicrobial-based treatments, such as bio-

mimetic enzymes [158,159] and GO-based active agents/
delivery systems [160,161], have great potential in overcoming
and preventing the emergence of drug resistance.

The administered nanomedicines often suffered from low

bioavailability, due partially to their considerably short half-lives

in blood circulation, which may strongly impede their clinical
translation.

(4) Although electrospun fibers have demonstrated their potential in
drug delivery and controlled release, their application in anti-
microbial delivery especially in combating bacteria in their
biofilm-mode of growth is still in infancy.

(5) Another challenging issue is to fabricate a large variety of anti-

microbial composites in a convenient, reproducible, large scale,

cost-effective way.

It is also necessary to develop novel strategies that enable the

eradication of bacteria while minimizing the damage to the

normal tissues.

(2

3

(6)

We believe that through our continuous efforts, we can minimize the
emergence of drug-resistant bacteria, extend the use period of our
existing antibiotic library, develop better antimicrobials and their de-
livery systems, to benefit patients.
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