
  

Pharmaceutics 2019, 11, 671; doi:10.3390/pharmaceutics11120671 www.mdpi.com/journal/pharmaceutics 

Review 

Poloxamer Hydrogels for Biomedical Applications 
Eleonora Russo 1,* and Carla Villa 1 

Department of Pharmacy, University of Genoa, Viale Benedetto XV, 16132 Genova, Italy; villa@difar.unige.it 
* Correspondence: russo@difar.unige.it 

Received: 31 October 2019; Accepted: 6 December 2019; Published: 10 December 2019 

Abstract: This review article focuses on thermoresponsive hydrogels consisting of poloxamers 
which are of high interest for biomedical application especially in drug delivery for ophthalmic, 
injectable, transdermal, and vaginal administration. These hydrogels remain fluid at room 
temperature but become more viscous gel once they are exposed to body temperature. In this way, 
the gelling system remains at the topical level for a long time and the drug release is controlled and 
prolonged. Poloxamers are synthetic triblock copolymers of poly(ethylene oxide)-b-poly(propylene 
oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO), also commercially known as Pluronics®, 
Synperonics® or Lutrol®. The different poloxamers cover a range of liquids, pastes, and solids, with 
molecular weights and ethylene oxide–propylene oxide weight ratios varying from 1100 to 14,000 
and 1:9 to 8:2, respectively. Concentrated aqueous solutions of poloxamers form thermoreversible 
gels. In recent years this type of gel has arouse interest for tissue engineering. Finally, the use of 
poloxamers as biosurfactants is evaluated since they are able to form micelles in an aqueous 
environment above a concentration threshold known as critical micelle concentration (CMC). This 
property is exploited for drug delivery and different therapeutic applications. 
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1. Introduction 

The word “hydrogel”, according to Lee, Kwon and Park is due to an article published in 1894, 
but the first crosslinked network material that appeared in literature and that has been described by 
its typical hydrogel properties, was a polyhydroxyethylmethacrylate (HEMA) hydrogel developed 
much later, in 1960, by O. Wichterle and D. Lim, with the aim of using it in permanent contact 
applications with human tissues, i.e., as soft contact lenses [1]. 

Since then, hydrogels have been used as systems for drug controlled delivery, to facilitate the 
localized, sustained and prolonged release of a drug, thereby decreasing the number of 
administrations, avoiding side effects and following low doses [2]. 

The most widely studied environmentally responsive systems were temperature sensitive 
hydrogels, in which physical entanglements, hydrogen bonding, and hydrophobic interactions are 
the main features that constitute the crosslinks. Two different types of thermo-sensitive hydrogels 
exist that undergo gelation either by cooling below the upper critical gelation temperature (UCGT) 
or by heating above the lower critical gelation temperature (LCGT), respectively. Hydrogels with 
LCGT behavior and sol-to-gel transition at 37 °C have gained increasing attention in the biomedical 
field as carriers for cells, drugs, and biomolecules, since they allow encapsulation in mild conditions 
(temperature ≤ 37°C) [3].  

Poloxamers and poloxamines are examples of these LCGT biocompatible thermoreversible 
hydrogels that were introduced in the 1950s by BASF (Iselin, NJ, USA) when they started being used 
for detergent development, but also in other areas, like agriculture, food, and paints [4]. 

Poloxamers or Pluronics® are a class of water-soluble nonionic triblock copolymers formed by 
polar (poly ethylene oxide) and non-polar (poly propylene oxide) blocks. which confer amphiphilic 
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and surface active properties to the polymers. Their aqueous solutions undergo sol-to-gel transition 
with increasing the temperature above a LCGT; moreover, the coexistence of hydrophilic and 
hydrophobic monomers into block copolymers allows the formation of ordered structures in solution, 
the most common of these being the micelles. The formation of micelles in solution is a reversible and 
dynamic process useful for encapsulating hydrophobic drugs and delivering them into an aqueous 
environment. 

They can be considered as smart polymers, for their stimuli-sensitive properties, due to the 
different behaviors of these polymers since they can modify their structure in function of pH, 
temperature and salt concentration [5]. For this reason, a variety of Pluronics is available on the 
market, differing for the molecular weight of the building blocks and for the hydrophobic–
hydrophilic ratio, allowing the preparation of thermosensitive hydrogels with different properties, 
e.g., in terms of critical gelation concentration (CGC) and gelation time at physiological condition [3]. 

Thus, poloxamers represent a convenient choice in pharmaceutical technology and biomedical 
area due to their commercial availability, wide range of molecular weights, peculiar behavior and 
flexibility. Poloxamers are FDA approved and listed in the US and European Pharmacopoeia; they 
are non-toxic and non-irritant therefore they can be used as solubilizer, emulsifier, stabilizer, and 
administered through oral, parenteral, topical routes. As wetting agents, they are useful in ointments, 
suppository bases, and gels [6]. 

Poloxamer hydrogels use in drug release appeared at the beginning of the 1970s; they were a 
response in the search for new safer and faster treatments for the delivery of highly-effective 
therapeutic agents to a target cell, even if they have poor mechanical properties such as low tensile 
strength and low Young’s modulus that limit their practical applications, sometimes even as medical 
device coatings [7].  

Analysis of recent literature covering a range of treatment pathways and diseases, reveals a 
major emphasis on “smart” drug carriers developed with poloxamers. The different range of 
potential delivery methods is highlighted in this review by discussing how the poloxamer solution 
behavior enables multiple formulation processing routes, drug-encapsulating structures, and 
engagement with physiological barriers to drug passage. 

The first research work concerned the treatment of thermal burns [8] followed by researches on 
the release of hormones [9], tetracycline [10], proteins [11], and more recently for norcantharidin 
delivery [12], heparin [13], and anti-HIV drugs [14]. In the last twenty years the numbers of papers 
related to poloxamer hydrogels for biomedical applications is exponentially increased (Figure 1). 

 
Figure 1. Histogram showing the increase in publications related to the keywords “poloxamer 
hydrogel” in Science Direct database during the past twenty years. 
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More recently such hydrogels have become especially attractive to the new field of “tissue 
engineering” as matrices for repairing and regenerating a wide variety of tissues and organs [15]. 

They have been successfully employed as scaffold-forming materials for cell printing 
technology, a computer-aided tissue engineering technology based on the layered deposition of 
cellularized hydrogels to form complex 3D constructs [16–18]. 

In this review the poloxamer hydrogels will be taken into consideration, giving an overview of 
their use as drug delivery systems (DDS) in different routes of administration, especially ophthalmic, 
transdermal, and vaginal ones. Finally, this paper focused on their potential in tissue and membrane 
regeneration, in the field of biomedical engineering and their application as micellar systems for gene 
delivery and cancer therapy.  

2. Poloxamers 

2.1. Poloxamers Properties 

These polymers are synthetic triblock copolymers of poly(ethylene oxide)-b-poly(propylene 
oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO) (Figure 2).  

They are synthesized through the sequential addition of PO and EO monomers in the presence 
of an alkaline catalyst, such as sodium or potassium hydroxide, obtaining different copolymers with 
a different number of hydrophilic EO and hydrophobic PO units, which are also characterized by 
their distinct hydrophilic–lipophilic balance (HLB) value. Changes in the copolymer composition 
(PPO/PEO ratio) and molecular weight (PEO and PPO block length) during synthesis leads to 
macromolecular surface active agents with specific properties suitable in various technological areas. 

 
Figure 2. chemical formula for poloxamers: x and y are the lengths of PEO and PPO: poly(ethylene 
oxide) and poly(propylene oxide) chains, respectively. 

Poloxamers appear in the form of liquids, pastes, and solids, depending on their molecular 
weights varying from 1100 to 14,000, offering a pool of more than 50 amphiphilic, water-soluble and 
polymorphic materials. Their water solubility is subjected by different ratio (1:9 to 8:2) between the 
chain of propylene oxide (PO) and ethylene oxide (EO) with hydrophobic and hydrophilic behavior, 
respectively [16]. These differences also alter the in vivo properties and interactions with cells and 
cell membranes, and provides high potential for the design of innovative nanomedicines and new 
biomaterials. 

Poloxamers were the first block copolymers produced for industrial purposes, synthesized by 
Wyandotte Chemical Corporation in the late 1940s. Today they are commercially known by the trade 
names Pluronics®, Lutrol®, Kolliphor® (BASF), Antarox® (Rhodia), and Synperonics® (Croda). 

The original manufacturer BASF introduced a specific nomenclature for Pluronics consisting of 
a letter indicating the morphism of each copolymer: L (for liquid), P (for paste) or F (for flakes) 
followed by a number referring to the molecular weight of the PPO block (the first one or two) and 
the weight fraction of the PEO block (the last one). 

For example, P123 and F127 have the same molecular weight of PPO (in the order of 4000) but 
P123 has 30% of PEO and F127 70% of PEO [17]. 

The physicochemical characteristics and applications of Poloxamers were firstly reviewed 
extensively by Alexandridis and Hatton in 1995 [16]. In Figure 3, a 3D poloxamer modified pluronic 
grid showing the distribution of different copolymers, gathered according their physical state, is 
reported. 
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Figure 3. Poloxamers 3D distribution according to physical state (solid flakes = magenta; paste = 
yellow; liquid = blue), weight percentage of POE chains and molecular mass of the PPO groups 
(adapted from [16]). 

The most significant physical properties of most common poloxamers, are reported in Table 1: 
average molecular weight, melting point expressed in °C, viscosity (Pa·s) measured at 25 °C, 60 °C, 
and 50 °C for pastes, liquids, and solids, respectively, surface tension at 0.1% at 25 °C (dyn cm−1), 
hydrophilic–lipophilic balance (HLB) [4,17,19,20]. 

Table 1. Properties of the most common poloxamer poly(ethylene oxide)-b-poly(propylene oxide)-b-
poly(ethylene oxide) (PEO-PPO-PEO) copolymers. 

Poloxamer Pluronic PEO% 
Average 

Molecular 
Weight 

Melting 
Point (°C) 

Viscosity 
(Pa·s) 

Surface 
Tension  

(dyn cm−1) 

HLB 

P105 L35 50 1900 7 0.375 49 18–23 
P108 F38 80 4700 48 0.260 52 >24 
P122 L42 20 1630 –26 0.280 46 7–12 
P123 L43 30 1850 –1 0.310 47 7–12 
P124 L44 40 2200 16 0.440 45 12–18 
P182 L62 20 2500 –4 0.450 43 1–7 
P183 L63 30 2650 10 0.490 43 7–12 
P184 L64 40 2900 16 0.850 43 12–18 
P185 P65 50 3400 27 0.180 46 12–18 
P188 F68 80 8400 52 1.000 50 >24 
P212 L72 20 2750 –7 0.510 39 1–7 
P215 P75 50 4150 27 0.250 43 12–18 
P217 F77 70 6600 48 0.480 47 >24 
P234 P84 40 4200 34 0.280 42 12–18 
P235 P85 50 4600 34 0.310 42 12–18 
P237 F87 70 7700 49 0.700 44 >24 
P238 F88 80 11,400 54 2.300 48 >24 
P288 F98 80 13,000 58 2.700 43 >24 
P333 P103 30 4950 30 0.285 34 7–12 
P334 P104 40 5900 32 0.390 33 12–18 
P335 P105 50 6500 35 0.750 39 12–18 
P338 F108 80 14,600 57 2.800 41 >24 
P402 L122 20 5000 20 1.750 33 1–7 
P403 P123 30 5750 31 0.350 34 7–12 
P407 F127 70 12600 56 3.100 41 18–23 
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Commonly used poloxamers include P188 (F-68 grade), P237 (F-87 grade), P338 (F-108 grade), 
and P407 (F-127 grade) types, which are freely soluble in water. 

2.2. Poloxamers Behavior 

The aqueous solution properties of poloxamers have been intensely studied and thoroughly 
reviewed owing to their unique behavior and benefit to myriad applications. 

In water solutions, the amphiphilic character of copolymers lead the macromolecule to self-
aggregate into micelles with an inner core constituted by hydrophobic blocks and an outer shell 
constituted by hydrophilic units. They are nano-sized structures, normally between 10 and 200 nm 
that appears at the critical micellization concentration (CMC) and at critical micellization temperature 
(CMT). CMC value of poloxamer aqueous solutions decreases with increasing temperature and 
number of PEO segments, indicating that polymers with a larger hydrophobic (PPO) domain form 
micelles at lower concentrations and temperatures [21]. 

Poloxamer water solutions exhibit temperature sensitivity, in particular a “thermoreversible 
gelation”[21] for sufficiently concentrated samples; they show a sol-gel transition around 37 °C 
(physiological temperature) and gel-sol transition around 50 °C, being able to produce 
thermoreversible gels, some already approved by the Food and Drug Administration, which present 
great interest in food additives, drug delivery carriers in cosmetics, pharmaceutical ingredients, and 
tissue engineering [5,17] 

Several mechanisms have been proposed for this behavior, the first one was related to the gel 
transition that was due to changes in micellar properties (Figure 4).  

 
Figure 4. Schematic representation for hydrogel formation. 

Thanks to their core–shell architecture, the hydrophobic core can act as a drug-loading site, 
creating a space for the encapsulation of hydrophobic drugs through the establishment of physical 
or chemical interactions. The properties of the outer shell and inner core have an influence in the drug 
release, that can promote an easier or sustained release of the drug. Due the properties above 
mentioned, polymeric micelles can transport several drugs, improving the circulation time, as well 
as the enhanced permeability and retention effect. Moreover, these systems exhibit low-risk of 
chronic toxicity since the polymeric micelles are disassembled in vivo, in single polymer chains that 
can be excreted by kidneys.  

In order to prepare polymeric micelles for drug encapsulation, different methods can be used, 
however, the more common are the direct dissolution, dialysis, evaporation or film method, freeze-
drying, microphase separation, and the oil-in-water emulsion [22]. 

The method depends, mostly, on the solubility of the copolymer and the drug in an aqueous 
medium. Some other aspects are also important to an efficient drug incorporation, such as copolymer 
characteristics, molecular weight and HLB. The structural and chemical characterization of polymeric 
micelles are important features to take into account in the development of these nanocarriers, since 
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they have a direct influence on the efficiency of these drug release forms, in terms of size, 
polydispersion index, zeta potential, encapsulation efficiency (EE), and drug loading capacity (DL) 
[23]. 

Other researchers [24] discussed gelation as a function of thermodynamical parameters. The 
enthalpy of gelation depends on CMC and temperature, the value change in the case of poloxamers 
gelation is unfavorable unlike the gelatine gelation where a great enthalpy change occurred. 

The useful concentration for gel formation is the same as for poloxamers with the same PPO/PEO 
ratio and it decreases with the increasing of polymer molecular weight, denoting the significance of 
this parameter. While the presence of electrolytes reduces gel transition temperature, enthalpy of gel 
formation is not significantly changed by the addition of other substances. This behavior suggests 
that entropy plays the major role in the gelation process.  

For all these behaviors, the poloxamers were used for the study and for the development of 
innovative pharmaceutical forms in different administration routes. 

3. Drug Delivery Systems (DDS) 

Poloxamer sol-gel reversible hydrogels have attracted the attention for practical biomedical and 
pharmaceutical applications because of constituents solubility, biocompatibility with biological 
systems and easy administration of pharmaceutical formulations. The pharmaceutical and 
biomedical fields covered by the use of poloxamers including solubilization of hydrophobic drugs, 
controlled release, biomacromolecule delivery (e.g., proteins and genes) and tissue engineering. 

Most applications involve the use of Poloxamer P407 and include delivery of protein/peptide 
drugs [25], such as insulin [26], interleukin-2 [27], epidermal growth factor [28], bone morphogenic 
protein [29], fibroblastic growth factor, and endothelial cell growth factor [30]. 

In recent years these hydrogels have been used as carriers for most routes of administration, the 
most interesting are discussed below. 

3.1. Poloxamers for Oftalmic Administration 

The thermoreversible gels have shown a growing interest at ocular level because they combine 
peculiar characteristics: i.e., the formulation when applied is sol (it performs like eye drops) and 
becomes gel with body temperature (it performs like ointment) increasing the in situ residence time.  

The most well-known ocular drug delivery system is eye drops, but they have a short residence 
time because they are quickly drained through the nasolacrimal route resulting in frequent dosage 
regimen which leads to an increase in side effects and poor patient compliance. 

Poloxamers P407 and P188 are among the most commonly used in this case for their good water 
solubility, solution clearness, optimal viscosity, and ocular tissue safety. 

Recent works have focused on the best formulation to obtain a hydrogel with useful features for 
ocular administration and without toxicity. About this point Al Khateb et al. [31] studied two 
formulations containing poloxamers, i.e., P407 and P188, with different gelation properties 
depending on concentration solutions and the ratio of their mixtures. Transparent gels were obtained 
only in the case of 20% w/w P407 and P188 solutions. Furthermore, these preparations were non-toxic 
or irritating to the corneal mucosa and then suitable for application in ocular drug delivery.  

Fathalla Z.M.A. et al. [32] studied the blend of the same two poloxamers for a controlled ocular 
delivery of ketorolac tromethamine (KT). The most promising gel formulations, loaded with KT, were 
those containing the mixtures of P407:P188 23:10 w/v% and 23:15 w/v% respectively. These gels do 
not present toxicity and do not irritate the conjunctiva and cornea. 

In recent years other polymers have been added to poloxamers-based gels to obtain different 
drug release characteristics and to modify the rheological properties. 

Among these works, Yu et al. [33] has to be remembered for the synthesis of a cross-linked 
hydrogel system containing carboxymethyl chitosan (CMC) and poloxamer P407, where the presence 
of CMC with biological properties could improve hydrogel biocompatibility. This formulation, 
containing nepafenac (NP) as a model drug, showed good rheological properties at gelation 
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temperature (32–33 °C) and a sustained release of NP from hydrogel, so as to be considered a pH–
temperature-responsive ophthalmic drug delivery system. 

Another approach, with good results, involved the introduction of various colloidal carrier 
systems to easily load poorly soluble drugs into poloxamers hydrogels. 

Lou et al. [34] incorporated curcumin-loaded albumin nanoparticles into a hydrogel based on a 
mixture of P407/P188 for local ocular administration, to treat diabetic retinopathy. This formulation, 
which became a gel when exposed to eye temperature, may be applied as eye drops. Nanoparticles 
provided the sustained drug release while the presence of hydrogel prolonged the in situ residence 
time. 

Finally, Almeda et al. [35] reported the combination of lipid nanoparticles and a 
thermoresponsive polymer with mucomimetic properties (poloxamer P407). The incorporated 
nanoparticles showed an average size below 200 nm, a good positive zeta potential and an efficiency 
of ibuprofen encapsulation of about 90%. The optimal poloxamer concentration in thermoreversible 
gel was 15% (w/w) Pluronic® F-127. The formulation did not present a relevant cytotoxicity and 
showed a sustained release of ibuprofen over several hours. The strategy proposed in this work can 
be successfully applied to increase bioavailability and therapeutic efficacy of conventional eyedrops. 

3.2. Poloxamers for Transdermal Administration  

Transdermal drug delivery is a valid alternative to the oral and parenteral route because it offers 
several advantages: Avoidance the hepatic first pass, good compliance by the patient, and easy access. 
The most studied formulations for this route contained poloxamer P407, as a polymer, and as drugs 
those with anti-inflammatory [36,37], analgesic [38], local anesthetic [39], and cardiac [40,41] activity, 
rarely are present preparations containing big molecules such as arginine, vasopressin, and insulin 
[42,43].  

Generally in these topical preparations it is necessary to introduce an enhancer substance which 
is able to facilitate the passage through the stratum corneum (thickness of 10 to 15 μm) which is the 
main barrier to drug penetration. 

In the last decade the penetration enhancers have been replaced by the microneedles (MNs) that 
have the capacity to permeate the stratum corneum and infuse the active ingredient in the deep areas 
of the skin. 

Microneedles are needles similar to the ones useful for hypodermic injections but they present 
different sizes: from 1–100 microns in length and 1 micron in diameter (Figure 5). They are 
manufactured with silicon [44,45], metals such as stainless steel, palladium, nickel and titanium [46–
48], carbohydrates including galactose, maltose, and polysaccharide [49–51], glass [52], ceramics [53], 
and various other polymers [54,55]. MNs are fabricated in backing that can be applied to the substrate 
like a patch carrying different drugs by penetrating through the skin, mucosal tissue and sclera [56–
59]. Their dissolution has to be taken into consideration because it can influence drug delivery [60,61]. 

One of the most recent researches regards sol-gel transition property of poloxamers to obtain in 
situ forming hydrogel microneedles, for the delivery of methotrexate to treat solid tumors [62]. The 
use of this drug by transdermal route is generally limited by its relatively high molecular weight and 
hydrophilicity. For this purpose four formulations were prepared with two different methotrexate 
concentrations (0.2% and 0.4% w/w) with poloxamer P407 (20% w/w) and without, using the last one 
as a control, replacing the polymer with deionized water. In this study, it was confirmed the sol-gel 
transition of the formulations at skin temperature (32 °C), maintaining skin barrier function and skin 
viscoelastic properties after administration of the formulations. In vitro drug diffusion studies, using 
a Franz cell, showed that the formulations containing methotrexate (0.2% and 0.4%) without P407 
released overall drug after 22 and 35 h respectively, while the one with P407 after 72 h. For this reason 
it is possible to conclude that the poloxamer-based formulations provided a steady and sustained 
delivery. 

In an even more recent work, the formation of depots of thermoreversible poloxamers in skin 
micropores using MNs to transdermal drug delivery has been reported for the first time [63]. Sodium 
fluorescein (FS) was used as model drug to study in vitro permeation at different concentrations. In 
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order to crate pores into the skin and to overcome the stratum corneum MNs have been used, then 
the drug loaded poloxamer solution was applied to fill pores, subsequently an in situ gelation at skin 
temperature of 32 °C occurred. 

For this goal poloxamers P407, P237, and P338 were used at different concentrations (from 15 to 
30% w/w in water) loading different amounts of fluorescein. 

The formulations were characterized for their rheological properties and in situ gel formation. 
The distribution of FS in skin tissue was tracked by confocal laser microscopic analysis with higher 
intensity of FS in MN-treated skin tissues. The in vitro fluorescein release studies were carried out 
using vertical Franz diffusion cells. The release profiles indicated that the concentration of fluorescein 
(0.1%, 0.3%, and 0.5% w/w) was a variable parameter that significantly affects drug release as well as 
the type of poloxamer used. In particular P338 and P237 0.1–0.3% FS-loaded formulations provided 
a total drug release during 16 h while 0.5% FS-loaded provided a release for 20 h. Moreover, for a 
longer time (about 24 h), the release from P407 formulations was comparable. All the poloxamers 
depots started dissolving according to the dominant hydrophilic interactions and gels did not remain 
intact. It was concluded that P407 provided the best release for a longer duration and it was selected 
as the best drug delivery for in vitro permeation assays. These studies confirmed that drug loading 
is not a limitation and permeation of FS after MN treatment was found in more controlled manner 
and for a long time when compared to a permeation across untreated skin sample. 

 
Figure 5. Scanning electron microscopy images of microneedle arrays imaged from a lateral view (A, 
B) and from the top side (C). Scale bars represent 500 μm (80×) (A, C) and 100 μm (300×) (B) (adapted 
from [64]). 

3.3. Poloxamers for Vaginal Administration  

Another interesting pathway exploited in drug delivery systems is the vaginal route, allowing 
both the systemic and local absorption of drugs poorly absorbed after oral administration [65–67]. 
The vagina has a vast network of blood vessels that make easy the systemic absorption, avoiding 
deactivation at gastrointestinal level and hepatic first pass. Mucoadhesive pharmaceutical forms have 
been studied for this district due to the presence of mucus which increases permeability. The 
thermoreversible systems, appropriately modified with polymers that promote mucoadhesion, allow 
to obtain a sustained drug release and a good bioavailability without altering the vaginal physiology 
[68]. 

After application of poloxamers for vaginal administration occurring gelation favored a long 
permanence of drugs on the administration site to promote a drug controlled release [69]. Vaginal 
drug delivery is based on the exploitation of polymers which are able not only to gelify at 
physiological temperature but also to adhere to the vaginal mucosa improving the in situ residence 
time. 

A brief description of recent reports in the literature, based on poloxamer formulations by 
vaginal route, is given below. 
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In the first work [70] the authors investigated a novel amphotericin B (AmB) release system in 
the form of nanosuspension loaded into a poloxamer P407/P188 hydrogel. P407 (20% w/w) and P188 
(5% w/w) were dissolved in AmB nanosuspension, the AmB NPs thermogel were characterized 
regarding nanoparticle features (particle size, zeta potential, morphology) and gel behavior 
(rheology, stability, in vitro drug release, and in vitro and in vivo anti-Candida efficiency). The 
nanosuspension-gel combination has been necessary because nanoparticles alone tended to 
aggregate while they were more stable in the poloxamer hydrogel. When compared with other 
biodegradable thermosensitive hydrogel, such as polyester-based gels, poloxamer were not capable 
of an in vivo degradation. This property is really suitable for vaginal delivery because it means grater 
safety in use. Another very important element in the development of vaginal formulations was 
mucoadhesion; poloxamers have lower adhesion properties compared to compounds such as 
Carbopol, the addition of some bioadhesive materials into P407/P188 thermogel would be a feasible 
path [71–73]. Finally, the in vivo anti-Candida assay showed a better antifungal efficiency of AmB in 
the thermoreversible gel when compared with commercial effervescent tablets at the same drug dose 
(2.5 mg/Kg).  

A second paper [74] described a novel vaginal delivery strategy consisting of two 
pharmaceutical forms placed together to give an expansible thermal gelling aerosol foam (ETGFA) 
that combined the advantages of foam and gel penetration and carrier retention in vaginal canal, 
respectively. 

ETGA was prepared adding an optimized amount of P407 (18–22% w/w) and P188 (0–5% w/w), 
achieved by evaluating the gelation temperature, the adhesive agents (arabic gum, sodium 
carboxymethyl cellulose, sodium alginate, and xanthan gum) and silver nanoparticles to obtain a 
drug concentration of 1% w/w. To study a better performance in foam expansion and duration, 
propane/butane 80/20 v/v and dimethyl ether were compared as propellants. The formulation was 
characterized in regards of rheology, foam expansion, adhesiveness and drug release. ETGA showed 
a better extended drug release (over 4 h) dose –dependent antimicrobial effects on the vaginal flora 
and no tissue irritation when compared to a commercial antimicrobial gel. These results indicated 
that ETGA could be a suitable formulation for vaginal drug delivery. 

4. Tissue Regeneration Scaffolders 

Tissue engineering, in this last decade, has emerged in the biomedical field because it allows 
researchers to create specific devices that represent in vivo tissues that can be replaced or increased 
to address current therapeutic challenges [75]. 

Poloxamers have received special attention for tissue regeneration based on their 
biocompatibility, low cytotoxicity, and good rheological properties [76].  

In particular, the area the most explored deals with regeneration of bone tissue. The use of 
growth factors such as bone morphogenetic protein-2 (BMP-2) for bone repair has been reported 
[77,78] but it is very expensive and easily loose its integrity. Recently, other compounds that have 
received interest were statins because they altered bone metabolism through different mechanisms 
[79–81]. Their bioavailability after oral administration was low and a real bone healing cannot be 
expected. For this reason different delivery systems for local delivery of statins have been evaluated. 
The study of incorporation of rosuvastatin (RSV)-loaded chitosan/chondroitin sulfate nanoparticles 
into a thermosensitive hydrogel is reported below [82]. At first this research considered nanoparticles 
preparation and optimization, thereafter it dealt with the characterization of thermosensible 
hydrogels. 

Gel formulation consisted of poloxamer P407 (18–20% w/v), hyaluronic acid (HA) 1–3% w/v and 
hydroxypropyl methylcellulose (2% w/v) to stabilize the formulation itself. 

HA [83] and P407 had also positive effects on articular cartilage, simulating the regenerative 
process within the joint. The study showed that gel provided a low viscosity at 4 °C and gelification 
at 35 °C; drug release from nanoparticles, inserted into the hydrogel, was around 60% after 48 h, 
while it was completely released from nanoparticles alone within 12 h. This behavior indicated that 
the drug release was controlled and sustained. 
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Moreover, the hydrogel formulation showed an improvement in osteoblast viability and 
proliferation due to the used polymer and the biological properties of the nanoparticle delivery 
system. 

Another paper [84] reported the design of a cryogel scaffold for the regeneration of an 
intervertebral disc tissue (nucleus pulposus NP). NP is located inside the vertebral discs and has the 
function of absorbing the pressure exerted on the spine and keeping the vertebrae separated. The 
symptoms of NP degeneration are pain and limited mobility of the extremities. It is composed of up 
to 90% water, type II collagen and proteoglycans [85]. This study focused on the preparation of a 
novel gelatin-P407 cryogel (in different ratio: 1:1,2:1, 4:1,5:1, 7:1, or 10:1 respectively) as an alternative 
to the spinal fusion procedure. The composite hydrogel was tested by the following assays: Pore 
analysis, swelling potential, stability, mechanical integrity and cellular infiltration. The inclusion of 
P407 in the cryogel was designed to increase swelling ratio, due its hydrophilic nature, since in the 
NP degradation there is a rapid water loss. All sample presented a high swelling ratio after 24 h, 
mechanical durability and stability for 28 days in a body-like environment. The 7:1 and 10:1 gel 
scaffolds showed the most ideal pore diameters and a profuse cell infiltration after only 14 days.  

In recent years, 3D printing technology has become important in the biomedical field and in 
particular the use of thermoreversible gels that with their sol-gel characteristics can be very useful in 
tissue regeneration [86].  

The principle on which the 3D printer is based is to lay a filament of polymeric material which 
is deposited layer upon layer until the desired system is obtained in 3 dimensions. 

Bioprinting systems can be classified into three types: Laser based, jetting based, and extrusion 
based; recent techniques such as magnetic bioprinting and electrohydrodynamic jetting have been 
used in tissue engineering. 

Hydrogels requirements for 3D bioprinting of ideal engineered tissues should be the following 
[87]: High porosity, rapid gelation, shape retention, and immunological issue avoidance. 

Thermoreversible hydrogels have been successfully applied thanks to their gelation 
characteristics as they quickly pass from sol-gel state and are also easily extruded from 3D printers 
[88]. 

P407 showed good printability [86] but it was not suitable for long-term cell viability. As 
reported by the recent work [89] it is used, combined with gelatin to create a biocompatible hydrogel 
for vascular channels, for molds, exploiting its excellent rheological behavior, under shear stress, and 
its elasticity. 

In addition to bioprintability, biological properties of hydrogels played a crucial role in 
successful tissues regeneration [90]. One of the major disadvantages of available hydrogel materials 
was that they do not facilitate differentiation of cells into multiple linkages. Despite this, 
thermoresponsive hydrogels may be very useful for tissue engineering applications and they will 
become part of the advancement in bio printing technology. 

5. Poloxamer as Micellar Systems 

Polymeric micelles generated by poloxamers with peculiar characteristics and under specific 
conditions are exploited as nanometric drug carriers [91]. They have taken hold in recent years as 
they are able to solubilize poorly water-soluble drugs [36] and decrease undesirable cellular 
interactions [92,93]. In this review chapter, two recent applications (gene delivery and cancer therapy) 
of poloxamer micelles have been taken into account. 

The development of gene delivery carriers has emerged as a promising technology in 
transporting genes directly to the target site as therapeutic factors [94]. Current gene transfer vectors 
used in regenerative medicine approaches included no viral [95] and viral vehicles [96]. The 
complexation of DNA with cationic polymers (polyplexes) or lipids (lipoplexes) protected DNA 
against degradation by nucleases and serum components creating a less negative surface charge. 
They can be designed to target specific cell types through receptor–ligand interactions [97], but these 
systems exhibited aggregation tendency, a low transfection efficiency and short time transgene 
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expression levels [98]. The use of poloxamers has been described as a tool to increase efficiency of 
viral gene transfer, obtaining a localized delivery into targets or protecting the vectors. 

In the last decade many works that focused the attention on gene delivery were published; the 
most recent and significant studies are here summarized. 

Many researchers have studied the recombinant adeno-associated viral (rAAV) carriers as 
adapted gene transfer vectors to direct human cartilagine in regenerative medicine [99–101]. 
However, their use is limited cause their rapid neutralization by the presence of antibodies or heparin 
which prevent their binding to the viral receptor, present on the cell surface. In this regard, based on 
the use of polymeric biocompatible materials the combining of direct rAAV-mediated gene transfer 
with tissue engineering approaches, may offer efficient alternatives.  

In this study [102] the possibility of providing rAAV to cartilage regenerative cells via self-
assembled poloxamers was evaluated. The formulations consisted of P188 and P407 (2% w/v i.e., 
above CMC)/rAAV or poloxamine/rAAV were directly incubated within monolayer cultures of 
hMSCs, cartilagine regenerative cells. At thisoptimized concentration the two poloxamers were more 
efficient in increasing gene expression over time than a treatment lacking them. 

The highest rAAV gene transfer occurred when the PEO/PPO ratio was shifted to hydrophilicity 
(HLB > 24) using a concentration above CMC (2%) (89.5–94.6% efficiencies with up to 2.7-fold increase 
in transgene expression for at least 21 days, suggesting that micelles may be better carriers than 
unimers). 

In another paper [103], lentiviral vectors (LV) used for the transduction of human and 
nonhuman cells were taken into consideration. The optimal transduction conditions for efficient LV 
gene delivery into target cells depended on a number of factors, including cell density, purity of 
lentiviral preparation, virus transduction units (TU), multiplicity of infection (MOI) and presence of 
adjuvants that facilitate transduction [104–106]. These researches identified and validated novel 
adjuvants for improving transduction efficiency, in particular five representatives poloxamers (P402, 
P235, P188, P407, and P338). P338 proved to be the best choice since it produced low toxicity and 
effective viral transduction, especially in difficult-to-transduce cells of T-cell origin. 

Further application strategies with poloxamer regard cancer therapy [4]. Poloxamers have 
gained interest in the field of oncology because of their ability to developed stable systems with the 
capability of efficient drugs encapsulation and deliver. They usually present small sizes and self-
assembling behavior in micellar systems in an aqueous medium, good stability in physiological 
medium and they avoid the deactivation by RES organs improving consequently drug bioavailability 
[22,107]. 

In this biomedical and pharmaceutical area the most recent works in the literature are reported. 
The first one concerned the use of poloxamer micelles containing a dye (CyFaP) as photo-acoustic 
imaging (PAI) contrast for mammary neoplastic tissue [108]. In this formulation, dye was inserted in 
P407 (10% w/v) micelle dropwise under constant stirring. Serum stability studies, cell viability assays, 
deep tissue penetration and in vivo biodistribution studies were performed. This work has shown 
that poloxamer micelles are effective for PAI as they penetrate more deeply into breast cancer tissue 
and are also useful for lymphatic mapping.  

The second work [109] explored the anticancer activity of Salinomycin (SAL), an antibiotic 
isolated from Streptomyces albus [110], that has recently been reported as being effective against 
tumor cells and mainly to inhibit growth of a specific cancer cell sub-population: CSC. The main goal 
of the research was the encapsulation of SAL into an innovative poloxamer micelles (PM) system and 
a further evaluation of in vitro PM-SAL delivery in bacterial and in eukaryotic tumor cells. PM 
formulations containing P407 and SAL in different amounts were defined with a two multivariate 
experimental design (DoE) to get the best preparation conditions. Micelles were characterized for size 
by dynamic light scattering, for their zeta potential and for the encapsulation efficiency. Their in vitro 
activity was conducted in bacterial cell culture and A549 (adenocarcinoma cell line) cell culture. In 
conclusion, these micelles seem to be able to deliver SAL into human cancer cells promoting a high 
drug intracellular accumulation, greatly decreasing toxicity on healthy cells. 
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Finally, a combined study between radiation therapy and systemic chemotherapeutics to 
provide both local radiosensitization and systemic control of tumor disease has been reported 
[111,112]. This study showed the development of a single micelles formulation consisting of multiple 
poloxamers (MPMs) containing PARP (poly ADP- ribose polymerase) inhibitor talazoparib (Tal) and 
PI3K (phosphoinositol-3-kinase) inhibitor buparlisib (Bup). When administered during a 
radiotherapy cycle, that would increase the therapeutic activity of the two drugs in a preclinical 
model [113]. The performed formulation was made of poloxamer mixture (P103 and P407) obtaining 
micelles (MPMs) via a modified nanoprecipitation method [114]. MPMs were characterized by 
dynamic light scattering, to determine size, zeta potential and polydispersity, and by transmission 
electron microscopy (TEM).  

It was also observed that MPMs modulate drug release depending on pH; this behavior is a very 
useful tool, as the change in pH at tumor level (pH 6.8) would result in a faster release than what 
occurs when they are circulating in the blood stream (pH 7.4). Furthermore, metabolic assays 
confirmed that the use of both Tal and Bup synergistically enhanced in vitro cytotoxicity. The in vitro 
therapeutic activity of the two drugs was studied by a colony-forming assay and a DNA damage 
assay.  

In vivo experiments have shown that the administration of this new MPMs formulation during 
the course of radiotherapy gave promising results into the enhanced tumor control. The results of 
this study confirmed that it is important to carry on the development and advancement of 
combination therapies, especially with the aim of enhancing the outcomes of patients in late-stage 
and metastatic disease. 

6. Summary 

Poloxamers are peculiar synthetic tri-block copolymers composed of two poly(ethylene oxide) 
units and a poly(propylene oxide) one with amphiphilic properties. The dual character, confers to the 
copolymers interesting properties that can be controlled and changed by different PPO/PEO ratios. 
These polymers exhibit thermogelling behavior at strategical physiological temperatures.  

The most used and studied poloxamer P407, at a concentration of 20% w/w in water, is able to 
convert the solution to a clear gel by warming the system from room (25 °C) to body temperature 
(near 37 °C). This thermoresponsive feature has made it attractive for several applications including 
injectable and topical pharmaceutical formulations, where the material may flow through an 
applicator or syringe before forming a gel upon contact with the body (35–37 °C).  

Because of their biocompatibility and nontoxicity poloxamers have been widely utilized in 
biomedical applications. In this review their usefulness as thermoreversible hydrogels in the most 
significant routes of administration (i.e., ocular, transdermic and vaginal route) was reported. 
Moreover, the latest frontiers have been highlighted for what concerns poloxamers employed in 
tissue engineering and in gene and cancer therapy. 

Funding: This research received no external funding.  

Conflicts of Interest: The authors declare no conflict of interest.  

References 

1. Wichterle, O.; Lim, D. Hydrophilic Gels for Biological Use. Nature. 1960, 185, 117–118. 
2. Buwalda, S.J.; Boere, K.W.; Dijkstra, P.J.; Feijen, J.; Vermonden, T.; Hennink, W.E. Hydrogels in a historical 

perspective: From simple networks to smart materials. J. Control. Release 2014, 190, 254–273. 
3. Gioffredi, E.; Boffito, M.; Calzone, S.; Giannitelli, S.M.; Rainer, A.; Trombetta, M.; Mozetic, P.; Chiono, V. 

Pluronic F127 hydrogel characterization and biofabrication in cellularized constructs for tissue engineering 
applications. Procedia Cirp 2016, 49, 125–132. 

4. Almeida, M.; Magalhães, M.; Veiga, F.; Figueiras, A. Poloxamers, poloxamines and polymeric micelles: 
Definition, structure and therapeutic applications in cancer. J. Polym. Res. 2018, 25, 31. 



Pharmaceutics 2019, 11, 671 13 of 17 

 

5. Aguilar, M.R.; Elvira, C.; Gallardo, A.; Vázquez, B.; Román, J.S. Smart Polymers and Their Applications as 
Biomaterials; In Topics in Tissue Engineering; Ashammakhi, N., Reis, R.L., Chiellini, E., Eds.; Biomaterials 
and Tissue Engineering Group: Oulu, Finland, 2007; Volume 3. 

6. Johnston, T.P.; Palmer, W.K. Mechanism of poloxamer 407-induced hypertriglyceridemia in the rat. 
Biochem. Pharm. 1993, 46, 1037–1042. 

7. Li, J.; Stachowski, M.; Zhang, Z. Application of responsive polymers in implantable medical devices and 
biosensors. In Switchable and Responsive Surfaces and Materials for Biomedical Applications; Woodhead 
Publishing: Sawston, UK.; Cambridge, UK, 2015. 

8. Nalbandian, R.M.; Henry, R.L.; Wilks, H.S. Artificial skin. II. Pluronic F-127 Silver nitrate or silver lactate 
gel in the treatment of thermal burns. J. Biomed. Mater. Res. 1972, 6, 583–590. 

9. Law, T.; Florence, A.T.; Whateley, T.L. Some chemically modified poloxamer hydrogels-controlled release 
of prostaglandin-e2 and testosterone. Int. J. Pharm. 1986, 33, 65–69. 

10. Esposito, E.; Carotta, V.; Scabbia, A.; Trombelli, L.; D’Antona, P.; Menegatti, E.; Nastruzzi, C. Comparative 
analysis of tetracycline-containing dental gels: Poloxamer- and monoglyceride-based formulations. Int. J. 
Pharm. 1996, 142, 9–23. 

11. Stratton, L.P.; Dong, A.; Manning, M.C.; Carpenter, J.F. Drug delivery matrix containing native protein 
precipitates suspended in a poloxamer gel. J. Pharm. Sci. 1997, 86, 1006–1010. 

12. Xie, M.H.; Ge, M.; Peng, J.B.; Jiang, X.R.; Wang, D.S.; Ji, L.Q.; Ying, Y.; Wang, Z. In-vivo anti-tumor activity 
of a novel poloxamer-based thermosensitive in situ gel for sustained delivery of norcantharidin. Pharm. 
Dev. Technol. 2019, 24, 623–629. 

13. He, C.; Ji, H.; Qian, Y.; Wang, Q.; Liu, X.; Zhao, W.; Zhao, C. Heparin-based and heparin-inspired 
hydrogels: Size-effect, gelation and biomedical applications. J. Mater. Chem. B 2019, 7, 1186–1208. 

14. Tian, W.; Han, S.; Huang, X.; Han, M.; Cao, J.; Liang, Y.; Sun, Y. LDH hybrid thermosensitive hydrogel for 
intravaginal delivery of anti-HIV drugs. Artif. Cells Nanomed. Biotechnol. 2019, 47, 1234–1240. 

15. Hoffman, A.S. Hydrogels for biomedical applications. Adv. Drug Deliv. Rev. 2012, 64, 18–23. 
16. Alexandridis, P.; Hatton, T.A. Poly(ethylene oxide)-poly(propylene oxide )-poly (ethylene oxide) block 

copolymer surfactants in aqueous solutions and at interfaces: Thermodynamics, structure, dynamics, and 
modeling. Colloids Surf. A Physicochem. Eng. Asp. 1995, 96, 1–46. 

17. Singh-Joy, S.D.; McLain, V.C. Safety Assessment of Poloxamers 101, 105, 108, 122, 123, 124, 181, 182, 183, 
184, 185, 188, 212, 215, 217, 231, 234, 235, 237, 238, 282, 284, 288, 331, 333, 334, 335, 338, 401, 402, 403, and 
407, Poloxamer 105 Benzoate, and Poloxamer 182 Dibenzoate as Used in Cosmetics. Int. J. Toxicol. 2008, 27, 
93–128. 

18. Pitto-Barry, A.; Barry, N.P. Pluronic® block-copolymers in medicine: From chemical and biological 
versatility to rationalization and clinical advances. Polym. Chem. 2014, 5, 3281–3496. 

19. Jeong, B.; Kim, S.W.; Bae, Y.H. Thermosensitive sol–gel reversible hydrogels. Adv. Drug Deliv. Rev. 2012, 
64, 154–162. 

20. Devi, D.R.; Sandhya, P.; Hari, B.V. Poloxamer: A novel functional molecule for drug delivery and gene 
therapy. J. Pharm. Sci. Res. 2013, 5, 159–165. 

21. Alexandridis, P.; Holzwarth, J.F.; Hatton, T.A. Micellization of Poly(Ethylene Oxide)-Poly(Propylene 
Oxide)-Poly(Ethylene Oxide) Triblock Copolymers in Aqueous-Solutions-Thermodynamics of Copolymer 
Association. Macromolecules 1994, 27, 2414–2425. 

22. Simões, S.M.; Figueiras, A.R.; Veiga, F.; Concheiro, A.; Alvarez-Lorenzo, C. Polymeric micelles for oral drug 
administration enabling loco regional and systemic treatments. Expert Opin. Drug Deliv. 2015, 12, 297–318. 

23. Ahmad, Z.; Shah, A.; Siddiq, M.; Kraatz, H.B. Polymeric micelles as drug delivery vehicles. RSC Adv. 2014, 
4, 17028–17038. 

24. Vadnere, M.; Amidon, G.L.; Lindenbaum, S.; Haslam, J.L. Thermodynamic studies on the gel-sol transition 
of some pluronic polyols. Int. J. Pharm. 1984, 22, 207. 

25. Cho, C.W.; Cho, Y.S.; Lee, H.K.; Yeom, Y.I.; Park, S.N.; Yoon, D.Y. Improvement of receptor-mediated gene 
delivery to HepG2 cells using an amphiphilic gelling agent. Biotechnol. Appl. Biochem. 2000, 32, 21–26. 

26. Morishita, M.; Barichello, J.M.; Takayama, K.; Chiba, Y.; Tokwa, S.; Nagai, T. Pluronic F-127 gels 
incorporating highly purified unsaturated fatty acids for buccal delivery of insulin. Int. J. Pharm. 2001, 212, 
289–293. 

27. Johnston, T.P.; Punjabi, M.A.; Froelich, C.J. Sustained delivery of interleukin-2 from a Poloxamer 407 gel 
matrix following intraperitoneal injection in mice. Pharm. Res. 1992, 9, 425–434. 



Pharmaceutics 2019, 11, 671 14 of 17 

 

28. DiBiase, M.D.; Rhodes, C.T. Investigations of epidermal growth factor in semisolid formulations. Pharm. 
Acta Helv. 1991, 66 ,165–169. 

29. Clokie, C.M.; Urist, M.R. Bone morphogenic protein excipients: Comparative observations on poloxamer. 
Plast. Reconstr. Surg. 2000, 105, 628–637. 

30. Hom, D.B.; Medhi, K.; Assefa, G.; Juhn, S.K.; Johnston, T.P. Vascular effects of sustained-release fibroblast 
growth factors. Ann. Otol. Rhinol. Laryngol. 1996, 105, 109–116. 

31. Al Khateb, K.; Ozhmukhametova, E.K.; Mussin, M.N.; Seilkhanov, S.K.; Rakhypbekov, T.K.; Lau, W.M.; 
Khutoryanskiy, V.V. In situ gelling systems based on Pluronic F127/Pluronic F68 formulations for ocular 
drug delivery. Int. J. Pharm. 2016, 502, 70–79. 

32. Fathalla, Z.M.; Vangala, A.; Longman, M.; Khaled, K.A.; Hussein, A.K.; El-Garhy, O.H.; Alany, R.G. 
Poloxamer-based thermoresponsive ketorolac tromethamine in situ gel preparations: Design, 
characterisation, toxicity and transcorneal permeation studies. Eur. J. Pharm. Biopharm. 2017, 114, 119–134. 

33. Yu, S.; Zhang, X.; Tan, G.; Tian, L.; Liu, D.; Liu, Y.; Yang, X.; Pan, W. A novel pH-induced thermosensitive 
hydrogel composed of carboxymethyl chitosan and poloxamer cross-linked by glutaraldehyde for 
ophthalmic drug delivery. Carbohydr. Polym. 2017, 155, 208–217. 

34. Lou, J.; Hu, W.; Tian, R.; Zhang, H.; Jia, Y.; Zhang, J.; Zhang, L. Optimization and evaluation of a 
thermoresponsive ophthalmic in situ gel containing curcumin-loaded albumin nanoparticles. Int. J. 
Nanomed. 2014, 9, 2517–2525. 

35. Almeida, H.; Lobão, P.; Frigerio, C.; Fonseca, J.; Silva, R.; Sousa Lobo, J.M.; Amaral, M.H. Preparation, 
characterization and biocompatibility studies of thermoresponsive eyedrops based on the combination of 
nanostructured lipid carriers (NLC) and the polymer Pluronic F-127 for controlled delivery of ibuprofen. 
Pharm. Dev. Technol. 2017, 22, 336–349. 

36. Cafaggi, S.; Russo, E.; Caviglioli, G.; Parodi, B.; Stefani, R.; Sillo, G.; Leardi, R.; Bignardi, G. Poloxamer 407 
as a solubilising agent for tolfenamic acid and as a base for a gel formulation. Eur. J. Pharm. Sci. 2008, 35, 
19–29. 

37. Ur-Rehman, T.; Tavelin, S.; Gröbner, G. Effect of DMSO on micellization, gelation and drugrelease profile 
of Poloxamer 407. Int. J. Pharm. 2010, 394, 92–98. 

38. Liaw, J.; Lin, Y.C. Evaluation of poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene oxide) (PEO–
PPO–PEO) gels as a release vehicle for percutaneous fentanyl. J. Control. Release 2000, 68, 273–282. 

39. Shin, S.C.; Cho, C.W.; Yang, K.H. Development of lidocaine gels for enhanced local anesthetic action. Int. 
J. Pharm. 2004, 287, 73–78. 

40. Suedee, R.; Bodhibukkana, C.; Tangthong, N.; Amnuaikit, C.; Kaewnopparat, S.; Srichana, T. Development 
of a reservoir-type transdermal enantioselective-controlled delivery system for racemic propranolol using 
a molecularly imprinted polymer composite membrane. J. Control. Release 2008, 129, 170–178. 

41. Stamatialis, D.F.; Rolevink, H.H.M.; Koops, G.H. Transdermal timolol delivery from a Pluronic gel. J. 
Control. Release 2006, 116, 53–65. 

42. Nair, V.; Panchagnula, R. Poloxamer gel as vehicle for transdermal iontophoretic delivery of arginine 
vasopressin: Evaluation of in vivo performance in rats. Pharm. Res. 2003, 47, 555–562. 

43. Pillai, O.; Panchagnula, R. Transdermal delivery of insulin from poloxamer gel: Ex vivo and in vivo skin 
permeation studies in rat using iontophoresis and chemical enhancers. J. Control. Release 2003, 89, 127–140. 

44. Donnelly, R.F.; Morrow, D.I.; McCarron, P.A.; Woolfson, A.D.; Morrissey, A.; Juzenas, P.; Juzeniene, A.; 
Iani, V.; McCarthy, H.O.; Moan, J. Microneedle-mediated intradermal delivery of 5-aminolevulinic acid: 
Potential for enhanced topical photodynamic therapy. J. Control. Release 2008, 129, 154–162. 

45. Khanna, P.; Flam, B.R.; Osborn, B.; Strom, J.A.; Bhansali, S. Skin penetration and fracture strength testing 
of silicon dioxide microneedles. Sens. Actuators A 2011, 170, 180–186. 

46. Chandrasekaran, S.; Brazzle, J.D.; Frazier, A.B. Surface micromachined metallic microneedles. J. 
Microelectromech. Syst. 2003, 12, 281–288. 

47. Gill, H.S.; Prausnitz, M.R. Coating formulations for microneedles. Pharm. Res. 2007, 24, 1369–1380. 
48. Parker, E.R.; Rao, M.P.; Turner, K.L.; Meinhart, C.D.; MacDonald, N.C. Bulk micromachined titanium 

microneedles. J. Microelectromech. Syst. 2007, 16, 289–295. 
49. Donnelly, R.F.; Morrow, D.I.; Singh, T.R.; Migalska, K.; McCarron, P.A. Processing difficulties and 

instability of carbohydrate microneedle arrays. Drug Deliv. Ind. Pharm. 2009, 35, 1242–1254. 
50. Lee, K.; Lee, C.Y.; Jung, H. Dissolving microneedles for transdermal drug administration prepared by 

stepwise controlled drawing of maltose. Biomaterials 2011, 32, 3134–3140. 



Pharmaceutics 2019, 11, 671 15 of 17 

 

51. Li, G.; Badkar, A.; Nema, S.; Kolli, C.S.; Banga, A.K. In vitro transdermal delivery of therapeutic antibodies 
using maltose microneedles. Int. J. Pharm. 2009, 368, 109–115. 

52. Wang, P.M.; Cornwell, M.; Hill, J.; Prausnitz, M.R. Precise microinjection into skin using hollow 
microneedles. J. Investig. Derm. 2006, 126, 1080–1087. 

53. Bystrova, S.; Luttge, R. Micromolding for ceramic microneedle arrays. Microelectron. Eng. 2011, 88, 1681–
1684. 

54. Ito, Y.; Murano, H.; Hamasaki, N.; Fukushima, K.; Takada, K. Incidence of low bioavailability of leuprolide 
acetate after percutaneous administration to rats by dissolving microneedles. Int. J. Pharm. 2011, 407, 126–
131. 

55. Noh, Y.W.; Kim, T.H.; Baek, J.S.; Park, H.H.; Lee, S.S.; Han, M.; Shin, S.C.; Cho, C.W. In vitro 
characterization of the invasiveness of polymer microneedle against skin. Int. J. Pharm. 2010, 397, 201–205. 

56. Sachdeva, V.; Banga, A.K. Microneedles and their applications. Recent Pat. Drug Deliv. Formul. 2011, 5, 95–
132. 

57. Thakur, R.R.S.; Fallows, S.J.; McMillan, H.L.; Donnelly, R.F.; Jones, D.S. Microneedle-mediated intrascleral 
delivery of in situ forming thermoresponsive implants for sustained ocular drug delivery. J. Pharm Pharm. 
Pharmacol. 2014, 66, 584–595. 

58. Gilger, B.C.; Abarca, E.M.; Salmon, J.H.; Patel, S. Treatment of acute posterior uveitis in a porcine model by 
injection of triamcinolone acetonide into the suprachoroidal space using microneedles. Investig. Ophthalmol. 
Vis. Sci. 2013, 54, 2483–2492. 

59. Patel, S.R.; Lin, A.S.; Edelhauser, H.F.; Prausnitz, M.R. Suprachoroidal drug delivery to the back of the eye 
using hollow microneedles. Pharm. Res. 2011, 28, 166–176. 

60. Roxhed, N.; Griss, P.; Stemme, G. Membrane-sealed hollow microneedles and related administration 
schemes for transdermal drug delivery. Biomed. Microdevices 2008, 10, 271–279. 

61. Ovsianikov, A.; Chichkov, B.; Mente, P.; Monteiro-Riviere, N.A.; Doraiswamy, A.; Narayan, R.J. Two 
photon polymerization of polymer–ceramic hybrid materials for transdermal drug delivery. Int. J. Appl. 
Ceram Technol. 2007, 4, 22–29. 

62. Sivaraman, A.; Banga, A.K. Novel in situ forming hydrogel microneedles for transdermal drug delivery. 
Drug Deliv. Transl. Res. 2017, 7, 16–26. 

63. Khan, S.; Minhas, M.U.; Tekko, I.A.; Donnelly, R.F.; Thakur, R.R.S. Evaluation of microneedles-assisted in 
situ depot forming poloxamer gels for sustained transdermal drug delivery. Drug Deliv. Transl. Res. 2019, 
9, 764–782. 

64. Leone, M.; van Oorschot ,B. H.; Nejadnik, M. R.; Bocchino, A.; Rosato, M.; et al. Universal applicator for 
digitally-controlled pressing force and impact velocity insertion of microneedles into skin. Pharmaceutics. 
2018, 10, 211. 

65. Sahoo, C.K.; Nayak, P.K.; Sarangi, D.K.; Sahoo, T.K. Intra vaginal drug delivery system: An overview. Am. 
J. Adv. Drug Deliv. 2013, 1, 43–55. 

66. Ndesendo, V.M.; Pillay, V.; Choonara, Y.E.; Buchmann, E.; Bayever, D.N.; Meyer, L.C. A review of current 
intravaginal drug delivery approaches employed for the prophylaxis of HIV/AIDS and prevention of 
sexually transmitted infections. AAPS Pharmscitech 2008, 9, 505–520. 

67. Hussain, A.; Ahsan, F. The vagina as a route for systemic drug delivery. J. Control. Release 2005, 103, 301–
313. 

68. Taurin, S.; Almomen, A.A.; Pollak, T.; Kim, S.J.; Maxwell, J.; Peterson, C.M.; Owen, S.C.; Janát-Amsbury, 
M.M. Thermosensitive hydrogels a versatile concept adapted to vaginal drug delivery. J. Drug Target. 2018, 
26, 533–550. 

69. Caramella, C.M.; Rossi, S.; Ferrari, F.; Bonferoni, M.C.; Sandri, G. Mucoadhesive and thermogelling systems 
for vaginal drug delivery. Adv. Drug Deliv. Rev. 2015, 92 ,39–52. 

70. Ci, T.; Yuan, L.; Bao, X.; Hou, Y.; Wu, H.; Sun, H.; Cao, D.; Ke, X. Development and anti-Candida evaluation 
of the vaginal delivery system of amphotericin B nanosuspension-loaded thermogel. J. Drug Target. 2018, 
26, 829–839. 

71. Ibrahim, E.S.; Ismail, S.; Fetih, G.; Shaaban, O.; Hassanein, K.; Abdellah, N. Development and 
characterization of thermosensitive pluronic-based metronidazole in situ gelling formulations for vaginal 
application. Acta Pharma. 2012, 62, 59–70. 



Pharmaceutics 2019, 11, 671 16 of 17 

 

72. Xuan, J.-J.; Yan, Y.D.; Oh, D.H.; Choi, Y.K.; Yong, C.S.; Choi, H.G. Development of thermosensitive 
injectable hydrogel with sustained release of doxorubicin: Rheological characterization and in vivo 
evaluation in rats. Drug Deliv. 2011, 18, 305–311. 

73. Hani, U.; Shivakamuar, H.G. Development of miconazole nitrate thermosensitive bioadhesive vaginal gel 
for vaginal candidiasis. Am. J. Adv. Drug Deliv. 2013, 3, 358–368. 

74. Mei, L.; Chen, J.; Yu, S.; Huang, Y.; Xie, Y.; Wang, H.; Pan, X.; Wu, C. Expansible thermal gelling foam 
aerosol for vaginal drug delivery. Drug Deliv. 2017, 24, 1325–1337. 

75. Holland, I.; Logan, J.; Shi, J.; McCormick, C.; Liu, D.; Shu, W. 3D biofabrication for tubular tissue 
engineering. Bio-Des. Manuf. 2018, 1, 89–100. 

76. Doğan, A.; Yalvaç; M.E.; Şahin, F.; Kabanov, A.V.; Palotás, A.; Rizvanov, A.A. Differentiation of human 
stem cells is promoted by amphiphilic pluronic block copolymers. Int. J. Nanomed. 2012, 7, 4849–4860. 

77. Bessa, P.C.; Casal, M.; Reis, R.L. Bone morphogenetic proteins in tissue engineering: The road from 
laboratory to clinic, part II (BMP delivery). J. Tissue Eng. Regen. Med. 2008, 2, 81–96. 

78. Gittens, S.A.; Uludag, H. Growth factor delivery for bone tissue engineering. J. Drug Target. 2001, 9, 407–
429. 

79. Han, Q.Q.; Du, Y.; Yang, P.S. The role of small molecules in bone regeneration. Future Med. Chem. 2013, 5, 
1671–1684. 

80. Laurencin, C.T.; Ashe, K.M.; Henry, N.; Kan, H.M.; Lo, K.W.-H. Delivery of small molecules for bone 
regenerative engineering: Preclinical studies and potential clinical applications. Drug Discov. Today 2014, 
19, 794–800. 

81. Zhang, Y.; Bradley, A.D.; Wang, D.; Reinhardt, R.A. Statins, bone metabolism and treatment of bone 
catabolic diseases. Pharm. Res. 2014, 88, 53–61. 

82. Rezazadeh, M.; Parandeh, M.; Akbari, V.; Ebrahimi, Z.; Taheri, A. Incorporation of rosuvastatin-loaded 
chitosan/ chondroitin sulfate nanoparticles into a thermosensitive hydrogel for bone tissue engineering: 
Preparation, characterization, and cellular behavior. Pharm. Dev. Technol. 2019, 24, 357–367. 

83. Muzzarelli, R.A.; Greco, F.; Busilacchi, A.; Sollazzo, V.; Gigante, A. Chitosan, hyaluronan and chondroitin 
sulfate in tissue engineering for cartilage regeneration: A review. Carbohydr. Polym. 2012, 89, 723–739. 

84. Temofeew, A.; Hixon, K.R.; McBride-Gagyi, S.H.; Scott, A. Sell The fabrication of cryogel scaffolds 
incorporated with poloxamer 407 for potential use in the regeneration of the nucleus pulposus. J. Mater. 
Sci. Mater. Med. 2017, 28, 36–47. 

85. Pattappa, G.; Li, Z.; Peroglio, M.; Wismer, N.; Alini, M.; Grad, S. Diversity of intervertebral disc cells: 
Phenoztype and function. J. Anat. 2012, 221, 480–496. 

86. Suntornnond, R.; An, J.; Chua, C.K. Bioprinting of Thermoresponsive Hydrogels for Next Generation 
Tissue Engineering: A Review. Macromol. Mater. Eng. 2017, 302, 1600266. 

87. Chung, J.H.; Naficy, S.; Yue, Z.; Kapsa, R.; Quigley, A.; Moulton, S.E.; Wallace, G.G. Bio-ink properties and 
printability for extrusion printing living cells. Biomater. Sci. 2013, 1, 763. 

88. Nicmodeus, G.D.; Bryant, S.J. Cell encapsulation in biodegradable hydrogels for tissue engineering 
applications. Tissue Eng Part B Rev. 2008, 14, 149–165. 

89. Kolesky, D.B.; Truby, R.L.; Gladman, A.S.; Busbee, T.A.; Homan, K.A.; Lewis, J.A. 3D Bioprinting of 
Vascularized, Heterogeneous Cell-Laden Tissue Constructs. Adv. Mater. 2013, 25, 3124–3130. 

90. Hospodiuk, M.; Dey, M.; Sosnoski, D.; Ozbolat, I.T. The bioink: A comprehensive review on bioprintable 
materials. Biotechnol. Adv. 2017, 35, 217–239. 

91. Aliabadi, H.M.; Lavasanifar, A. Polymeric micelles for drug delivery. Expert Opin. Drug Deliv. 2006, 3, 139–
162. 

92. Kabanov, A.V.; Lemieux, P.; Vinogradov, S.; Alakhov, V. Pluronic block copolymers: Novel functional 
molecules for gene therapy. Adv. Drug Deliv. Rev. 2002, 54, 223–233. 

93. Anderson, R.A. Micelle formation by oxyethylene-oxypropylene polymers. Pharm. Acta Helv. 1972, 47, 304–
308. 

94. Rey-Rico, A.; Cucchiarini, M. Controlled release strategies for raav-mediated gene delivery. Acta Biomater. 
2016, 29, 1–10. 

95. Niidome, T.; Huang, L. Gene therapy progress and prospects: Nonviral vectors. Gene Ther. 2002, 9, 1647–
1652. 

96. Rey-Rico, A.; Cucchiarini, M. Recent tissue engineering-based advances for effective rAAV-mediated gene 
transfer in the musculoskeletal system. Bioengineered 2016, 7, 175–188. 



Pharmaceutics 2019, 11, 671 17 of 17 

 

97. De Laporte, L.; Cruz Rea, J.; Shea, L.D. Design of modular non-viral gene therapy vectors. Biomaterials 2006, 
27, 947–954. 

98. Wang, W.; Li, W.; Ma, N.; Steinhoff, G. Non-viral gene delivery methods. Curr. Pharm. Biotechnol. 2013, 14, 
46–60. 

99. Cucchiarini, M.; Madry, H. Gene therapy for cartilage defects. J. Gene Med. 2005, 7, 1495–1509. 
100. Madry, H.; Cucchiarini, M. Advances and challenges in gene-based approaches for osteoarthritis. J. Gene 

Med. 2013, 15, 343–355. 
101. Johnstone, B.; Alini, M.; Cucchiarini, M.; Dodge, G.R.; Eglin, D.; Guilak, F.; Madry, H.; Mata, A.; Mauck, 

R.L.; Semino, C.E.; et al. Tissue engineering for articular cartilage repair—The state of the art. Eur. Cell 
Mater. 2013, 25, 248–267. 

102. Rey-Rico, A.; Venkatesan, J.K.; Frisch, J.; Rial-Hermida, I.; Schmitt, G.; Concheiro, A.; Madry, H.; Alvarez-
Lorenzo, C.; Cucchiarini, M. PEO–PPO–PEO micelles as effective rAAV-mediated gene delivery systems 
to target human mesenchymal stem cells without altering their differentiation potency. Acta Biomater. 2015, 
27, 42–52. 

103. Höfig, I.; Atkinson, M.J.; Mall, S.; Krackhardt, A.M.; Thirion, C.; Anastasov, N. Poloxamer synperonic F108 
improves cellular transduction with lentiviral vectors. J. Gene Med. 2012, 14, 549–560. 

104. Millington, M.; Aendt, A.; Boyd, M.; Applegate, T.; Shen, S. Towards a clinically relevant lentiviral 
transduction protocol for primary human CD34 haematopoietic stem/progenitor cells. PLoS ONE 2009, 4, 
6461. 

105. Birmingham, A.; Anderson, E.; Sullivan, K.; Reynolds, A.; Boese, Q.; Leake, D.; Karpilow, J.; Khvorova, A. 
A protocol for designing siRNAs with high functionality and specificity. Nat. Protoc. 2007, 9, 2068–2078. 

106. Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of 
pluripotent stem cells from adult human fibroblasts by defined factors. Cell 2007, 131, 861–872. 

107. Alvarez-Lorenzo, C.; Rey-Rico, A.; Sosnik, A.; Taboada, P.; Concheiro, A. Poloxamine-based nanomaterials 
for drug delivery. Front. Biosci. 2012, 337, 303–305. 

108. Chitgupi, U.; Nyayapathi, N.; Kim, J.; Wang, D.; Sun, B.; Li, C.; Carter, K.; Huang, W.C.; Kim, C.; Xia, J.; et 
al. Surfactant-Stripped Micelles for NIR-II Photoacoustic Imaging through 12 cm of Breast Tissue and 
Whole Human Breasts. Adv. Mater. 2019, 31, 1–10. 

109. Sousa, C.; Gouveia, L.F.; Kreutzer, B.; Silva-Lima, B.; Maphasa, R.E.; Dube, A.; Videira, M. Polymeric 
Micellar Formulation Enhances Antimicrobial and Anticancer Properties of Salinomycin. Pharm. Res. 2019, 
36, 83. 

110. Naujokat, C.; Steinhart, R. Salinomycin as a drug for targeting human cancer stem cells. J. Biomed. Biotechnol. 
2012, 20, 44–46. 

111. Steel, G.G.; Peckham, M.J. Exploitable Mechanisms in Combined Radiotherapy-Chemotherapy: The 
Concept of Additivity. Int. J. Radiat. Oncol. Biol. Phys. 1979, 5, 85−91. 

112. Seiwert, T.Y.; Salama, J.K.; Vokes, E.E. The Concurrent Chemoradiation Paradigm—General Principles. 
Nat. Rew. Clin. Oncol. 2007, 4, 86−100. 

113. DuRoss, A.N.; Neufeld, M.J.; Landry, M.R.; Rosch, J.G.; Eaton, C.T.; Sahay, G.; Thomas, C.R., Jr.; Sun, C. 
Micellar Formulation of Talazoparib and Buparlisib for Enhanced DNA Damage in Breast Cancer 
Chemoradiotherapy. ACS Appl. Mater. Interfaces 2019, 11, 12342−12356. 

114. Fessi, H.; Puisieux, F.; Devissaguet, J.P.; Ammoury, N.; Benita, S. Nanocapsule Formation by Interfacial 
Polymer Deposition Following Solvent Displacement. Int. J. Pharm. 1989, 55, R1−R4. 

 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


