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Abstract 

Gel electrophoresis is a ubiquitous bioanalytical technique used in research laboratories to validate 

protein and nucleic acid samples. Polyacrylamide and agarose have been the gold standard gel materials 

for decades, but an alternative class of polymer has emerged with potentially superior performance. 

Pluronic thermal gels are water-soluble polymers that possess the unique ability to undergo a change in 

viscosity in response to changing temperature. Thermal gels can reversibly convert between low-viscosity 

liquids and high-viscosity solid gels using temperature as an adjustable parameter. The properties of thermal 

gels provide unmatched flexibility as a dynamic separations matrix to measure analytes ranging from small 

molecules to cells. This review article describes the physical and chemical properties of Pluronic thermal 

gels to provide a fundamental overview of polymer behavior. The performance of thermal gels is then 

reviewed to highlight their applications as a gel matrix for electrokinetic separations in capillary, 

microfluidic, and slab gel formats. The use of dynamic temperature-responsive gels in bioanalytical 

separations is an underexplored area of research but one that holds exciting potential to achieve performance 

unattainable with conventional static polymers.  
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Abbreviations 

BGE  Background electrolyte 

bp  Base pair 

CE-SSCP Capillary electrophoresis single-strand conformational polymorphism 

CGC  Critical gelation concentration 

CGE  Capillary gel electrophoresis 

CMC  Critical micelle concentration 

CMT  Critical micellization temperature 

dsDNA  Double-stranded DNA 

EOF  Electroosmotic flow 

GE  Gel electrophoresis 

HPLC  High-performance liquid chromatography 

ITP  Isotachophoresis 

LOD  Limit of detection 

MGE  Microchip gel electrophoresis 

nt  Nucleotide 

PDMS  Polydimethylsiloxane 

PEO  Polyethylene oxide 

PPO  Polypropylene oxide 

SANS  Small-angle neutron scattering 

SAXS   Small-angle X-ray scattering 

SDS  Sodium dodecyl sulfate 

SGE  Slab gel electrophoresis 

ssDNA  Single-stranded DNA 

Tg  Temperature of gelation 

tITP  Transient isotachophoresis 

 

1. Introduction to Gel Electrophoresis 

Electrophoresis is a well-established technique for separating biological molecules (e.g. nucleic 

acids, proteins) in capillaries or microfluidic channels [1-4]. Analyses are conducted by first filling the 

separation space with a conductive background electrolyte (BGE) solution. Sample is then injected and 

voltage applied to induce analyte ions to migrate in the electric field. The migration rate of each analyte is 



dependent on its charge-to-size ratio. More highly charges species experience higher Coulombic attraction 

to the oppositely charged electrode. Larger species experience higher frictional drag forces as they migrate 

through the BGE, proportional to their hydrated radii [5, 6]. The combination of opposing Coulombic 

attraction and frictional drag forces determines the electrophoretic mobility of an analyte. Although small 

molecules can often be separated based on mobility differences, the relative differences in charge and cross-

sectional areas between different biological macromolecules (e.g. nucleic acids, proteins) are often 

insufficient to resolve distinct species. To overcome this problem, polymers are added to the BGE at 

sufficiently high concentrations to form solid, porous gels. Gels increase frictional drag to accentuate size 

differences between analytes and increase separation resolution [7, 8]. 

Gel electrophoresis (GE) is generally conducted within slab gels comprised of either 

polyacrylamide or agarose [9-11]. The gel polymers provide a network of pores through which 

biomolecules can transit. Analytes entangle in the gel to different degrees during the electrophoretic 

separation to enhance differential migration and promote separation. Pore sizes are controlled by the 

concentration of polymer used to cast the gel. Agarose gels are comprised of 1–8% agarose. These gels are 

not crosslinked, but rather rely on the entanglement of polymer chains to create pores 100–500 nm [8, 12]. 

Agarose gels are typically used to separate nucleic acids (0.1–20 kbp) [8] and large proteins (>200 kDa) 

[13]. Polyacrylamide gels contain 4–20% acrylamide along with a crosslinking agent to form covalently 

crosslinked pores 20–200 nm in diameter [10]. Polyacrylamide gels are well-suited for separating short 

nucleic acids (<5 kbp) [8] and proteins (5–200 kDa). For both polymers, gel pores are fixed once the gel is 

cast, so it is important to select the correct polymer concentration—and, consequently, pore size—to 

separate the analytes of interest [14-16]. Any biomolecules in a sample that are too large for the pores 

remain trapped at the top of the gel and cannot resolve from similarly sized species. Conversely, analytes 

that are too small migrate through the gel with minimal interaction with the polymer and cannot resolve 

from similar-size species. To maximize interactions of diverse analytes with the gel, gradient gels are 

commonly used that decrease in pore size from top-to-bottom of the gel. Gradient gels accommodate 

analytes over a wider range of molecular weights to better help validate biological samples [9, 17, 18].  

The ubiquity of slab gel electrophoresis (SGE) in biological research laboratories stems from their 

relatively low cost ($15 per gel) and modest run times (1 h). However, analytical measurement scientists 

often avoid gels because of their relatively low separation efficiencies and mediocre detection limits. A 

major cause of this limited analytical performance is the low voltages that can be applied to slab gels (5 

V/cm) [19, 20]. Operating at such low electric fields is necessary to avoid succumbing to the detrimental 

effects of Joule heating (e.g. air bubbles, smeared bands) [21]. However, performance is reduced because 

separation efficiency is directly proportional to the applied voltage. Conducting GE in a capillary or 

microfluidic channel, rather than a slab gel, mitigates this problem. These low-volume separation systems 



reduce electrophoresis current and more efficiently remove heat from the system [22, 23]. This enables 

higher fields to be applied (200–1000 V/cm) to decrease analysis time and increase separation efficiency, 

which cannot be achieved in the slab format [24-26]. Furthermore, capillary gel electrophoresis (CGE) and 

microchip gel electrophoresis (MGE) require 100-fold less analyte mass (100 pg) compared to slab gels (10 

ng), which facilitates analyses of precious biological samples [27, 28]. Capillary and microchip formats 

also afford quantitative measurements using more sensitive detectors to improve limits of detection (LODs) 

compared to gel scanners [29-32]. Absorbance detection is commonly coupled to CGE to monitor analytes 

as they migrate past the detection point. The intrinsic absorbance of proteins and nucleic acids enable label-

free detection. Fluorescence is commonly employed in MGE to provide high sensitivity detection, even 

with the short pathlengths afforded by microfluidic channels. Although sample preparation steps are 

typically required to fluorescently label biomolecule analytes, this detection scheme provides superior 

LODs (sub-nM) than other techniques.  

Although CGE and MGE provide efficient separations of biomolecules, practical experimental 

constraints have limited adoption of these techniques in biological research laboratories. For example, 

simply loading gel into capillaries and microchannels is tedious and time-consuming. This inconvenience 

is compounded by the need to remove gel after the analysis. Flexibility in analytical performance is also 

limited, as it can be difficult to tune gel properties to achieve optimal separations of the target analytes. 

Thermal gels, however, are an attractive alternative to conventional gels. These temperature-responsive 

polymers enable the physical properties of the gel to be controlled dynamically. While several polymers 

offer these benefits [33-48], this review focuses on the Pluronic family of polymers because of the unique 

benefits they provide for electrophoretic separations. The ability to reversibly convert Pluronic thermal gels 

between liquid and solid states and tune their sieving properties using temperature, buffer, and solvent 

provides unrivaled versatility for bioanalytical measurements. The following sections provide the reader 

with background information on the physical and chemical properties of Pluronic thermal gels. Literature 

is then reviewed which employed thermal gels for biomolecule separations in CGE, MGE, and slab gel 

formats. Applications from the last 30 years are discussed to highlight the advantages of thermal gels 

compared to traditional agarose and polyacrylamide gels. While Pluronic has been previously reviewed 

[49-55], this is the first review discussing its unique properties in the context of electrophoretic separations. 

Applications that do not employ Pluronic for the separation or that use other gel polymers are outside the 

scope of this review and are not discussed. Although temperature-responsive Pluronic gels remain an 

underexplored area of separations science, their numerous benefits highlight their potential utility in 

bioanalytical research. 

 

2. Properties of Pluronic Thermal Gels 



Pluronic polymers (non-proprietary name “poloxamers”) were first developed in 1950 by BASF 

[49, 56, 57]. Initially manufactured for their use as emulsifiers and detergents, Pluronics are now commonly 

used in a variety of applications including cell culture, pharmaceutical drug delivery, and cosmetic products 

[50, 51, 56-63]. Pluronic polymers are non-ionic triblock copolymers comprised of polyethylene oxide 

(PEO) and polypropylene oxide (PPO). These copolymers have the formula (PEO)x(PPO)y(PEO)x, where 

x and y subscripts indicate the number of hydrophilic PEO and hydrophobic PPO subunits (Figure 1). 

Numerous Pluronic formulations are commercially available that differ in the ratio of PEO:PPO, such as 

F127, F87, and P123. The naming scheme for specific Pluronic polymers provides information regarding 

the polymer structure, which is designated by one letter and two or three digits [50]. The letter indicates the 

physical state of the polymer at room temperature: liquid (L), paste (P), or flake (F) [56]. The first digit—

or first two digits—indicates the approximate molecular weight of the PPO region, after multiplying by 

300. The last digit provides the percentage of PEO content in the polymer, after multiplying by 10. As an 

example, Pluronic F127 begins with an “F”, indicating that the polymer is a solid flake at room temperature. 

The “12” indicates that the molecular weight of the PPO content is ~3,600 g/mol (i.e. 12 x 300). Finally, the 

“7” indicates that PEO comprises 70% of the polymer’s total subunits. Comparing F127 and P123, both 

compounds have an equal molecular weight of the hydrophobic PPO segment, represented by the “12”, but 

F127 has a larger percent of hydrophilic PEO content (i.e. 70%) than P123 (30%). The relative amounts of 

hydrophobic and hydrophilic subunits influence the physical form of the polymer and the properties they 

exhibit in a thermal gel solution. Table 1 lists several Pluronic polymers that have been used in 

electrophoretic separations along with their physical and structural properties. 

 

 

Figure 1. Pluronic thermal gels are triblock copolymers comprised of polyethylene oxide (PEO, green) and 

polypropylene oxide (PPO, orange). 

 

 

 

 



Table 1. Chemical and physical properties of several different Pluronic polymers (PEO)x(PPO)y(PEO)x used in electrophoretic separations 

Pluronic 
Molecular 

weighta 

Average 

number of 

PPO units 

(y)a,b 

Average 

number of 

PEO units 

(x)a,b 

CMC (µM)c 

at 37 °C 

CMC (%w/v) 

at 37 °C 

CMTd 

(°C) 

Micelle 

shapee 

Core size 

radius (nm)e 

Corona 

thickness 

radius 

(nm)e 

Packing 

latticef 

Cloud 

point 

(°C)g 

F68 8400 29 76.3 480 0.40 40.0 Spherical 2.1 5.1 
Cubic 

BCC 
>100 

F87 7700 40 61.3 91 0.070 29.4  Spherical 3.0 NA NA >100 

F88 11400 39.3 103.9 250 0.29 30.5 Spherical 2.5 6.4 
Cubic 

BCC 
>100 

F108 14600 50.3 132.7 22 0.032 24.5 Spherical 2.8 7.7 
Cubic 

BCC 
>100 

P123 5750 69.4 19.6 4.4 0.0025 12.5 Cylindrical 4.2 2.4 
Cubic to 

Hexagonal  
90 

F127 12600 65.2 100.2 2.8 0.0035 19.5 Spherical 3.8 7.0 
Cubic 

FCC 
>100 

 

aAverage unit size is based on average molecular weight provided by BASF 
bPPO: polyethylene oxide; PEO: polypropylene oxide 
cCritical micelle concentration (CMC) reported at 37 °C, pH 7.4 using a fluorescent probe (pyrene) technique [64] 
dCritical micelle temperature (CMT) reported at 5 % (w/v) aqueous solution [65, 66]  
eCalculated at 25 °C [67] or 20 °C [68] 
fBCC: body-centered cubic; FCC: face-centered cubic [69-73] 

gCloud point for a 1% aqueous solution [49] 

NA = not available



 

2.1. Micelle Formation and Gelation 

The amphiphilic character of non-ionic Pluronic copolymers gives rise to interesting physical 

properties. Individual Pluronic molecules—called unimers—self-assemble into micelles when dissolved in 

aqueous solution, similar to other surfactants. Two important physical properties describe the self-assembly 

process: the critical micelle concentration (CMC) and the critical micelle temperature (CMT). The CMC 

and CMT values are the concentrations and temperatures, respectively, at which thermodynamically stable 

micelles form (Table 1). Lower CMC and CMT values generally indicate more favorable micelle formation. 

The CMC and CMT for a given Pluronic decrease exponentially with increasing PPO content of the triblock 

copolymer, indicating that PPO drives micellization, as discussed below. The PEO content does not 

influence the CMC/CMT [73].  

The CMC is temperature dependent, and as temperature increases, the CMC for Pluronic F127 

decreases by ~10-fold per 5 °C [65, 72]. Similarly, the CMT is concentration dependent, and as 

concentration increases, the CMT shifts to lower temperature [73, 74]. At Pluronic concentrations (c) below 

the CMC (when c < CMC), insufficient numbers of unimers are present in solution to associate into 

micelles, even at high temperatures. However, when the polymer concentration is above the CMC (c > 

CMC), a critical number of unimers is present for self-association into micelles when above the CMT. A 

particularly interesting property of Pluronic polymers is when the concentration is sufficiently large (c >> 

CMC), increasing temperature causes a transition from a liquid-phase mixture of micelles and unimers to a 

solid-phase gel comprised of micelles packed into an ordered crystalline lattice [49, 75]. The polymer 

concentration at which this gelation occurs is called the critical gel concentration (CGC). 

For a Pluronic solution where CMC < c < CGC, the association of unimers into micelles involves 

an equilibrium between three temperature regions: unimer, transition, and micelle (Figure 2A) [74]. Below 

the CMT, the solution is predominantly made up of unimers. When the temperature reaches the CMT, PPO 

units of the unimers begin to dehydrate and aggregate with other unimers. This produces micelles that have 

a hydrophobic core of dehydrated PPO units and a hydrophilic corona of solvated PEO units. The CMT 

marks the beginning of the temperature region called the transition. The transition region is relatively broad 

because polydispersed unimers and micelles exist in a dynamic equilibrium over a wide temperature range 

[73, 74, 76]. The concentration of micelles increases linearly in this region with temperature until all the 

unimers have self-associated into micelles (T > CMT).  

 



 

 

Figure 2. Illustrations of temperature-dependent Pluronic structures in aqueous solutions. (A) When CMC 

< c < CGC, three regions can form depending on the solution temperature, labeled as unimer (blue), 

transition (yellow), and micelle (red). The concentration of micelles increases as temperature increases, but 

the micelle concentration is not high enough to form a solid gel. (B) When c ≥ CGC, Pluronic polymers 

can be used as thermal gels. Solution-phase micelles and unimers (blue) are present at lower temperatures, 

but micelles readily assemble into close-packed solid gels (red) above the gelation temperature (yellow). 

Green: PEO; Orange: PPO; CMC=critical micelle concentration, CGC=critical gelation concentration.  

 

Pluronic solutions form thermal gels when c ≥ CGC, which solidify at the gelation temperature 

(Tg). The CMT and Tg are different parameters, where Tg > CMT because micelles must first form above 

the CMT before a critical number is reached at a higher temperature to pack into a solid gel. Pluronic 

thermal gels exhibit a sharp transition from liquid solutions to solid gels as temperature increases (Figure 

2B), unlike the broad transition region when polymer concentrations are lower (Figure 2A). This abrupt 

transition into a gel state arises from micelles being forced together beyond the point of hydrodynamic 

contact, where the intermicellar distance is at or less than the micelle diameter [71]. Micelles undergo 

periodic ordering that is driven by repulsive forces to maintain distance between the hydrophobic PPO cores 

[73]. This micelle packing also creates physically entangled networks of solvated PEO chains.  

The packing of Pluronic micelles has a significant effect on the viscosity of thermal gels. Figure 3 

shows viscosity curves for different concentrations of F127 in water [77]. At low temperature, Pluronic 

thermal gels are free-flowing Newtonian fluids regardless of polymer concentration. The viscosity of these 

liquid-phase gels decreases slightly with increasing temperature, similar to typical liquids [78, 79]. At the 

CMT, however, viscosity increases due to an increase in the concentration of micelles. As temperatures 



 

increase further, significant changes occur in the gels, depending on the polymer concentration. At 

concentrations below the CGC (e.g. 12.5%), relatively small increases in viscosity are observed (10-fold) 

starting at the CMT; however, the concentration of micelles is too low for an ordered thermal gel to form 

[77, 80]. At higher polymer concentrations (e.g. 20%), micelles pack densely above the CMT. Viscosity 

increases substantially once the Tg is reached (108-fold), as an ordered solid gel forms [77]. The Tg decreases 

with increasing Pluronic concentration because more micelles are present to readily pack into a gel (Figure 

3) [78]. Increasing the concentration of Pluronic also increases the maximum viscosity of the solidified 

thermal gel [77, 79, 81]. The ability to control thermal gel viscosity using temperature and polymer 

concentration provides unrivaled versatility for electrophoresis analyses. Temperature can be adjusted in 

real-time to load liquid-phase gel into a capillary or microchannel and then increased to solidify the gel to 

the desired viscosity. This dynamic behavior also enables analyte migration through the thermal gel to be 

tuned to maximize resolution in bioanalytical separations, which will be discussed further in Section 3. 

 

 

Figure 3. Viscosity curves of different F127 concentrations in water demonstrate that thermal gels are 

highly dependent on temperature. The CMT value corresponds to the initial increase in viscosity. The Tg 

(labeled as gelation) is the sharp inflection point in the viscosity curve. Figure adapted from Ref. [77]. 

 

Another interesting property of Pluronic thermal gels is their optical transparency regardless of the 

temperature, concentration, or the phase of the polymer [82]. Most polymers have relatively low cloud 

points where the solution becomes opaque because the polymer is no longer soluble at certain temperatures 

and concentrations. This opacity obscures optical detection of analytes in the gel. Pluronic thermal gels, 

however, have cloud points well above normal running conditions (>100 °C, Table 1). Because the phase 



 

of the thermal gel has no bearing on its optical transparency, thermal gels are viable for a broad range of 

bioanalytical applications irrespective of the required analysis temperature.  

 

2.2. Micelle and Lattice Structures in Gel Packing 

Pluronic thermal gel micelles have different shapes and sizes in solution depending on the polymer 

concentration, temperature, and specific Pluronic used (Table 1). Various light scattering techniques have 

been used to characterize micelles as either spherical, cylindrical, or lamellar (Figure 4A). The PEO:PPO 

ratio of the polymer influences micelle shape; larger ratios (>0.5) predict spherical micelles, while smaller 

ratios predict cylindrical micelles (~0.25) or lamellar micelles (~0.1) [73]. The shape of the micelles dictates 

the mesophase of the gel. Spherical micelles form a cubic phase; cylindrical micelles form a hexagonal 

phase; lamellar micelles form a sheet-like lamellar phase (Figure 4A) [83].  

Temperature-dependent dynamic light scattering (DLS) has shown that at low Pluronic 

concentrations (CMC < c < CGC), unimers have a hydrodynamic radius of ~1 nm and micelles have a 

radius of ~10 nm [49]. Solidified thermal gels (c > CGC) have been analyzed using small-angle X-ray 

scattering (SAXS) and small-angle neutron scattering (SANS), which found the radius of the micelle PPO 

core (Rcore) to be 3–5 nm and the intermicellar distance (Dinter) to be 15–18 nm [70-73, 80, 81]. The specific 

sizes of Rcore and Dinter are dependent on the specific Pluronic type. However, the general trend for all 

Pluronic polymers is that Dinter is only affected by the polymer concentration, not temperature, where 

distance decreases with increasing concentration [71-73]. This occurs because more micelles must be 

packed within the same unit volume, thus forcing the micelles into closer proximity. Once a thermal gel is 

in a solid state, Rcore and Dinter are generally unaffected by further increases in temperature because the PPO 

core is already completely dehydrated (Figure 4B) [72, 73, 80, 81]. However, the PEO corona length 

(Rcorona) decreases with increasing temperature due to dehydration of the PEO chains (Rcorona
Twarm >  Rcorona

Thot ). 

PEO continues to dehydrate and collapse towards the micelle core until a sufficiently high temperature is 

reached where the micelles can no longer maintain a closed-packed structure and the thermal gel reverts 

back to a solution phase [80]. However, this temperature is above those conducive for electrophoretic 

separations of biological molecules. 

 

 



 

 

Figure 4. (A) Cartoons illustrating the different micelle shapes and their respective mesophase gel packing 

structures. (B) The face-centered cubic (FCC) structure of F127 thermal gel, where c > CGC and T > Tg. 

The microstructure involves four distinct regions: hydrophobic PPO micelle cores (orange), hydrated PEO 

coronas (green), entangled PEO regions (dark green), and water-rich gaps. As temperature increases (Thot), 

PEO units become dehydrated and shrink towards the core (Rcorona
Thot < Rcorona

Twarm ). Rcore and Dinter do not 

change with temperature. Thus, higher temperature increases the size of water-rich gaps (i.e. pores), 

providing more space for analytes to migrate. Figure based on results from several references [72, 78, 84-

86]. 

 

The mesophase that Pluronic micelles pack into is a consideration when using thermal gels as a 

matrix to separate biomolecules. The lattice packing structure influences analyte migration through the gel. 

Most thermal gels used for electrophoretic separations (Table 1) form spherical micelles (PEO:PPO >0.5) 

that pack into an isotropic cubic structure. This packing structure creates four distinct regions: hydrophobic 

PPO micelle cores, hydrated PEO coronas, entangled PEO regions, and water-rich gaps (referred to as 

pores) (Figure 4B) [78]. During electrophoresis, analytes will migrate following the path of least resistance 

through the open pores before entangling with the deformable PEO coronas or being forced into the more 

rigid micelle cores. A benefit of thermal gels is that the interactions between the analytes and the gel can 

be tuned using temperature to control the mesophase packing. As previously described, SAXS and SANS 



 

experiments show the PEO chains shrink towards the micelle core with increasing temperature, while 

maintaining the Dinter. The shrinking of the PEO chains with unchanging Dinter results in wider pore regions 

through which analytes can transit. The use of temperature provides a simple mechanism to dynamically 

control thermal gel pore sizes and influence separation outcomes. 

The types of mesophases that form are dependent on temperature and polymer concentration, which 

can be mapped out in phase diagrams (Figure 5). For example, the phase diagrams for F127 and F68 show 

that isotropic phases—mixtures of micelles and unimers—occur at lower temperatures and concentrations; 

this indicates that the thermal gel is in a liquid state. As temperature increases, F127 and F68 solidify as 

they reach the 2Φ line (2Φ indicates an intermediate state between two phases) and form cubic structures. 

Note that gelation occurs at much higher temperatures and concentrations for F68 than F127. The lower 

hydrophobic PPO content of F68 makes micellization—and ultimately gelation—less favorable. Thus, high 

temperatures and polymer concentrations are required to solidify F68 thermal gels, diminishing their 

practicality for the analysis of biomolecules. P123, however, only requires moderate temperatures and 

concentrations to form spherical or cylindrical micelles (Figure 5), which increases its versatility. In fact, 

P123 can exist in multiple mesophase structures in aqueous solution that are readily interchangeable. Cubic 

structures form at lower temperatures and concentrations, whereas hexagonal and multi-phase structures 

(mixture of cubic and hexagonal) occur at higher concentrations and temperatures. As P123 micelles 

convert from cubic to hexagonal packing, the micelle core size and Dinter increase [66, 87], which influences 

analyte migration through P123 thermal gels.  

 

 

Figure 5. Phase diagrams of F127, F68, and P123 indicate the mesophase that forms at specific 

temperatures and polymer concentrations. Multiphase is a mixture of different phases, 2Φ is an intermediate 

state, and iso is the isotropic state of a mixture of liquid micelles and unimers. Figure adapted from Ref. 

[73].  

 

2.3. Effects of Buffer Modifiers 

Electrophoresis requires a conductive BGE to carry out a separation, so the effects of buffers and 

salts on the Tg and viscosity of thermal gels are important considerations when designing separations 



 

experiments. The addition of ionic species generally shifts thermal gel Tg values to lower temperatures. 

When salt is added, water molecules preferentially hydrate the salt ions, consequently dehydrating the 

polymer. This causes the effective polymer concentration in the thermal gel solution to increase [88], thus 

lowering the CMT and Tg. For example, the addition of NaCl to 1% (w/w) F127 lowers its CMT by 12 

°C/M NaCl [89]; but the hydrodynamic radius of micelles is unaffected, as shown by DLS experiments 

[90]. Because salt affects the viscosity of the gel, the operating temperature of an electrophoresis analysis 

may need to be adjusted for optimal performance. Added salts also decrease cloud points of Pluronic 

solutions. For example, the cloud point of 1% (w/w) F68 decreases from >100 °C to 50 °C by adding 1 M 

KF [90]. Similarly, the cloud point for 30% (w/w) F127 decreases 44 °C/M NaCl [88]. However, as most 

electrophoresis experiments utilize <100 mM concentrations of salt, the cloud point will not have a 

significant effect on the transparency of the gel, so analytes will remain readily detectable. The pH of the 

buffer can also impact gel solidification. Gelation of 30% F127 and F87 were measured across a pH range 

[91]. Although the gelation temperature for F87 was unaffected by pH, F127 did not solidify below pH 6 

even at temperatures up to 70 °C; F127 in acidic buffers remained in an isotropic transition state. The reason 

for this is unclear and may simply be an artifact of the salts used to make the buffers, as salts decrease the 

Tg, as described above. 

Additions of sodium dodecyl sulfate (SDS), urea, and organic solvents are common when preparing 

biological samples for electrophoresis. These reagents exhibit an effect on the Tg of thermal gels, but often 

counter to those produced by salts [88]. SDS is a surfactant that associates with Pluronic to form mixed 

micelles that require higher temperatures to solidify. Additionally, increasing concentrations of SDS cause 

micelles to undergo a significant reduction in size [92]. For 1% F127, light scattering experiments showed 

that the effective hydrodynamic radius of the micelle decreased from 11 nm to 5 nm with 1 mM SDS [93]. 

Above 2 mM SDS, only 2 nm molecules remained, approximately the size of one F127 unimer. SDS is 

thought to adsorb onto the hydrophobic PPO subunit of Pluronic, which prevents the unimer from 

aggregating with other unimers. Thus, addition of SDS decreases micellar aggregation and requires higher 

temperatures to solidify. Gelation is precluded at concentrations >110 mM SDS for 25% F127 [94]. Urea 

has the same effect on Pluronic micellization as SDS, but under a different mechanism. Urea molecules 

interact with the hydrophilic PEO units and the surrounding water, maintaining a hydrated unimer [95]. 

This prevents the dehydration of the unimers, requiring higher temperatures to initialize micellization. The 

effects of urea are more pronounced for Pluronic polymers with higher PEO content. 

Addition of alcohols to Pluronic thermal gels affects the CMT, Tg, and cloud point with a 

dependence on the alkyl chain length. Short chained alcohols (methanol and ethanol) favor demicellization 

(increases CMT, Tg, and cloud point) while longer chain alcohols (butanol and larger) induce micellization 

(decreases CMT, Tg, and cloud point) [96-98]. Propanol is the intermediate where low concentrations of 



 

propanol favor demicellization, but ≥20% favor micellization [96]. The degree to which the CMT, Tg, and 

cloud point shifts is dependent on both the concentration and the length of the alcohol’s alkyl chain. NMR 

studies found that short chained alcohols disrupt the hydrogen bonding network around the micelle, thus 

more water molecules are available to prevent dehydration of the PPO core [98]. Longer chained alcohols 

create favorable hydrophobic interactions with the PPO core, expelling water from the core and inducing 

micellization [98].  

The addition of salts and organic solvents can affect the gel mesophase formed for some Pluronic 

polymers that have multiple mesophases, like P123. A SANS experiment showed the time-dependent 

transformation from spherical to cylindrical micelles with 1 M NaCl for 1% P123 [87]. This occurs because 

the addition of salt increases the effective concentration of the polymer, meaning the transition line from 

cubic mesophase to hexagonal phase in the phase diagram is shifted to lower concentrations (Figure 5). 

Adding salt to F127, which only has one mesophase (Figure 5), shifts the gelation 2Φ transition line to 

lower concentrations, but does not create any new mesophases. However, additional phases can be created 

with the addition of organic solvents, such as butanol. The addition of butanol induces a new phase diagram 

for F127 that includes hexagonal and lamellar phases with the addition of 20–50% butanol [99].  

The additions of buffers, salts, and modifiers to the BGE or sample affect Pluronic thermal gels 

and therefore should be considered when designing experiments. However, most electrophoretic 

separations are carried out under mild conditions, so salt and pH effects on the gel are relatively minor. The 

Tg shifts slightly to lower temperatures at <100 mM NaCl, while the cloud point remains >90 °C for the 

Pluronic polymers listed in Table 1. This enables thermal gels to readily facilitate electrophoretic 

separations of biomolecules at biologically appropriate conditions, as discussed in Section 3. 

 

2.4. Pluronic Polymer Blends 

Different Pluronic formulations can be blended together to alter the physical properties of thermal 

gels such as the Tg and viscosity, which are important properties for a separations medium. The Tg of a 

blend is shifted between the Tg of the two parent Pluronic polymers, proportional to the mixing ratio [100]. 

For example, the Tg of 30% F87 and 30% F127 in TBE are 38.1 °C and 17.8 °C, respectively, while a 1:2 

blend of 30% F87:F127 has an intermediate Tg of 27.1 °C [100]. Similarly, the Tg values of 30% F68:F127 

blends increase with higher percentages of F68. In fact, because pure F68 solutions are unable to solidify, 

F68:F127 blends cannot form a solid gel at higher blend ratios (>20:80) [101]. Interestingly, though, 

rheology experiments found that even in a F68:F127 blend ratio that does not solidify, the viscosity is just 

as high as a blend that does solidify [101]. The rheology data shows a sharp transition in viscosity with 

temperature (similar to Figure 3) suggesting that at higher temperatures the polymer still undergoes a 

change in state. Such gels are described as being in a glassy-amorphous state where a high density of 



 

micelles is present in solution to significantly increase the viscosity, but a crystalline lattice does not form 

[101].  

 

3. Pluronic Thermal Gels in Separation Science 

The properties of Pluronic thermal gels described in the previous section highlight many facets 

which can impact electrophoretic separations. Controlling parameters such as polymer concentration, 

buffer, and temperature dictates the micelle packing density and absolute viscosity of the thermal gel. In 

the following sections, a comprehensive survey of literature employing Pluronics as thermal gels and 

coating agents is discussed. This information is presented to highlight the operating conditions in past work 

that influence the separations of biomolecules. This review will provide insight to guide the reader to select 

analysis conditions most suitable for their own analytes of interest.  

 

3.1. Pluronic Coatings 

Although Pluronics form solid thermal gels under appropriate conditions, historically, their most 

common use in separations science has been as coating agents in CGE or MGE to improve reproducibility 

and separation resolution [102-109]. Silica capillaries and glass or PDMS microchannels generally possess 

negative surface charges during electrophoresis. This charge attracts cationic analytes from solution, 

causing surface adsorption. The undesired retention of analytes along the channel wall causes band-

broadening and reduces separation efficiency and reproducibility. This problem can be mitigated by 

covalently modifying the surface to alter its charge or hydrophobicity using silane chemistry [110-112], but 

this process can be tedious and require specialized equipment. Pluronic polymers provide an alternative to 

rapidly passivate capillaries or channels as a practical, cost-effective means of preventing nonspecific 

adsorption.  

Pluronics can serve as static coatings where the polymer adsorbs to surfaces via physisorption. The 

procedure simply entails conditioning a capillary or channel with a Pluronic solution and then rinsing it out. 

On hydrophobic surfaces (e.g. PDMS), the hydrophobic PPO regions form an adsorption layer to passivate 

the surface and prevent analyte adsorption [107]. On hydrophilic surfaces (e.g. oxygen plasma-treated 

PDMS, fused silica), both PPO and PEO regions interact with the surface leading to flat adsorption of the 

polymer. Separation efficiencies of a protein mixture increased up to 13-fold in capillaries statically coated 

with Pluronic F108 compared to uncoated capillaries because proteins were prevented from interacting with 

the capillary wall [105]. Pluronic can also be used as a dynamic coating by adding it directly to the BGE 

during electrophoresis at concentrations below the CGC [106, 113]. For example, 0.1% F127 prevented 

protein adsorption and was more effective than a polyacrylamide coating, even after several analyses within 



 

the same capillary [114]. Compared to untreated channels, non-specific adsorption was reduced by 94% in 

Pluronic-treated channels.  

In addition to reducing analyte adsorption, Pluronic coatings also greatly reduce electroosmotic 

flow (EOF) [105, 107, 114]. The adsorbed polymer disrupts the formation of a layer of mobile cations near 

the capillary surface. Consequently, the bulk fluid transport typically observed in capillary zone 

electrophoresis cannot be established. For example, the addition of 0.1% F108 decreased EOF by 60-fold 

compared to an uncoated capillary. The elimination of EOF also improves separation resolution by 

accentuating the relative mobility differences between analytes. Pluronic polymers with more PEO units 

provide the largest decrease in EOF and the highest increase in separation efficiency [105]. Comparing 

capillaries coated with P103 (30% PEO) and F108 (80% PEO), the F108 coating decreased EOF 10-fold 

more and increased separation efficiency of a model protein by 10-fold. This example highlights the 

benefits of reducing EOF to improve separations, but it should be noted that in cases where both cationic 

and anionic analytes must be measured, separate analyses will be required because the EOF will not be 

present to push both ionic species towards the detector. 

 

3.2. Thermal Gel Loading and Operation 

Pluronic polymers at low concentrations provide effective surface coatings, but thermal gels that 

form at higher concentrations (c > CGC) provide a unique material in which to conduct CGE and MGE. 

The dynamic nature of thermal gels greatly simplifies analytical workflows when compared to conventional 

static gels comprised of polyacrylamide or agarose. For example, casting a polyacrylamide gel in a 

microchannel first requires acrylamide monomers and crosslinking reagents to be loaded into the channel. 

This filled device must be exposed to UV light to form the gel. Unreacted reagents must then be flushed 

out before use in bioanalytical applications. This tedious process must be repeated for every run. Further 

driving up cost of this approach is the inability to remove the crosslinked gel after an analysis, so new 

capillaries or microdevices must be used. Agarose presents another challenging gel material for analytical 

separations because the polymer is only liquid at high temperature. Loading hot polymer solutions often 

leads to bubble formation and incomplete gel loading through the capillary as the gel cools into its solid 

form. Thermal gels present a much more attractive gel material that overcome the challenges associated 

with loading other gel polymers and avoids the toxicities of materials like acrylamide [84].  

Thermal gels can be readily loaded into capillaries or microchannels by taking advantage of their 

temperature-dependent viscosity. At low temperatures (e.g. 10 °C), thermal gels exist in a liquid state. These 

low-viscosity solutions can be readily introduced into narrow channels or capillaries (≤100 µm diameter) 

by applying vacuum or pressure to load the gel or allowing capillary action to fill them [33, 85, 115]. 

Depending on the specific Pluronic used and its concentration (e.g. >20% F127), loading should be done 



 

on ice or in a cold room to ensure thermal gel is maintained as a liquid. Once filled, the temperature can be 

increased (e.g. ambient temperature) to induce gelation. Converting the thermal gel into a solid state 

provides a sieving matrix for electrophoretic separations [116-118]. Because the viscosity of thermal gels 

is reversible, the gel matrix can be removed after an analysis by cooling the temperature and removing the 

liquid-phase gel. The ability to load and remove thermal gels is desirable for creating multiuse devices [85]. 

Unlike polyacrylamide, fresh Pluronic thermal gels can be reloaded into the same channel/capillary for 

multiple analyses, saving the device from being discarded and reducing overall analysis costs. 

Although fresh gel can be loaded between analyses, it would be advantageous to reuse the same 

gel in multiple runs to expedite analyses. To evaluate whether this approach is viable, CGE was used to 

analyze replicate DNA samples on the same capillary filled with 21.2% F127 [78]. Results from this study 

revealed degradation of the separation with every sequential run, as migration times increased and 

separation current decreased. Interestingly, this problem could be overcome by leaving the capillary 

overnight to recondition. Migration times could also be recovered after applying a reverse electric field 

between runs. Performance degradation was attributed to polarization of ions within the gel network during 

consecutive runs. However, the authors concluded that the best way to regain separation performance was 

to replace the thermal gel after each run, which reduced the relative standard deviation to <2%. Thus, using 

fresh thermal gel is recommended for every analysis.  

Thermal gels provide another advantage in their ability to spatially segregate electrolytes and 

analytes in different regions of a microfluidic device. Thermal gels with distinct compositions can be 

introduced into different channels within a microfluidic device at low temperatures. Increasing the 

temperature then solidifies the gels, preserving reagents in their intended discrete locations. One study 

monitored the diffusion of a small molecule dye through solidified F127 thermal gel between different 

microchannels. Only minimal diffusion was observed after 1 h, unlike in a control experiment without 

thermal gel (Figure 6) [119]. This demonstrates the ability of thermal gels to maintain concentration 

gradients of small molecules between adjoining gel regions. This spatial segregation is beneficial for 

techniques such as transient isotachophoresis (tITP) that require a discontinuous buffer system. tITP 

employs two pairs of electrolytes: one pair for analyte enrichment, one pair for electrophoretic separation. 

Thermal gel preserves these discontinuous buffer systems prior to analysis, greatly reducing diffusion and 

unwanted mixing that would otherwise preclude the analysis. The use of discontinuous electrolytes in 

thermal gels has been demonstrated in the tITP analyses of DNA and proteins in microfluidic devices [27, 

119]. 

 



 

 

Figure 6. A cross-channel microfluidic device was filled entirely with (A) 30% F127 or (B) 0% F127 with 

the sample channel (top) and waste channel (right) also containing a small molecule fluorescent dye. Images 

are displayed 0, 5, and 60 min after channel filling. Thermal gel was found to minimize diffusion of the dye 

into the other channels even after an hour. Yellow lines highlight the channel boundaries. “PF” indicates 

the percentage of Pluronic F127 in the device. Figure from Ref. [119]. 

 

3.3. Nucleic Acid Analyses 

The primary applications of Pluronic thermal gels in electrophoresis to date have been in the 

analysis of DNAs (Table 2).  Although numerous studies have been conducted by international researchers, 

two main groups pioneered the field. The first demonstration using thermal gels as a separations matrix was 

published by the Chu group in 1997 [72] followed closely by the Rill group in 1998 [84]. Prior to this work, 

Pluronic was only used as a coating agent for capillaries, as described above. Studies from these two groups 

and others determined the effects of polymer concentration, temperature, type of Pluronic, and voltage on 

the separations of DNA and other biological molecules.  

Chu and coworkers first demonstrated that solidified F127 (21.2% and 28.0% (w/v) in TBE) could 

be used to separate a DNA ladder (89 to 1560 base pairs (bp)) using CGE [72]. Narrow, well-resolved bands 

were observed using a 13 cm fused silica capillary applying 200 V/cm. An anomalous DNA migration was 



 

found in the small bp region (138 and 157 bp fragments migrated in reverse order), which is consistent with 

SGE and CGE analyses using polyacrylamide and attributed to sequence-dependent conformations that 

affect DNA mobility [120, 121]. These initial results validated that separations in Pluronic thermal gels can 

be achieved comparably to those in conventional gels. Rill and coworkers then used tube gel electrophoresis 

and CGE to separate double-stranded DNA (dsDNA), single-stranded DNA (ssDNA), and supercoiled 

DNA plasmids with F127 thermal gel [84]. dsDNA up to 3,000 bp was separated in 20% F127 in a 13 x 0.5 

cm tube. Comparisons between tube gel electrophoresis using 20% F127, 2% agarose, and 6% 

polyacrylamide found that F127 thermal gel was superior for resolving smaller DNAs (246-615 bp DNA), 

while the resolving power was equivalent for 625-861 bp, and worse for >1000 bp. These early studies 

demonstrated that thermal gels are capable of analyzing nucleic acids similar to conventional gel polymers; 

however, the dynamic nature of the thermal gels have the potential to be harnessed to improve analytical 

performance.



 

Table 2. Applications and operating conditions for electrophoresis conducted in Pluronic thermal gels. 

 

aThe colon indicates a blend of two Pluronic polymers 

bTBE = Tris–borate–EDTA buffer: 89 mM tris(hydroxymethyl)aminomethane, 89 mM boric acid, and 2 mM EDTA

Analyte Platform Pluronic 

Type 

Percent 

Pluronic 

(%) 

Buffer Temperature 

(°C) 

Electric 

Field 

(V/cm) 

Reference 

ssDNA (8–32 nt, 255–

456 nt) 

Capillary,  

Glass microchip  

F127,  

F87, 

F127:F87a, 

F108, 

F68, 

9–35 TBEb 

Proprietary buffer solution 

20–50 200–600 [78, 83, 84, 

100, 122-131] 

dsDNA (10–3500 bp) Capillary,  

Tube gel, 

Glass Microchip, 

PMMA Microchip, 

PDMS Microchip, 

Slab  

F127,  

F108, 

P123, 

F127:F108a, 

F108:F88a, 

F108:F87a, 

F127:F68a 

13.5–30 TBEb 

TBE/1-butanol 

Aminocaproic acid and 

HCl, 

Proprietary buffer solution, 

Tris–HCl  

15–60 CGE and 

MGE: 15–

30, 177–

500, 1200  

Tube and 

Slab: 6–8  

[72, 78, 83, 

84, 86, 115, 

119, 123, 126, 

132-135]  

DNA Plasmids (>3,000 

bp) 

Capillary, 

PMMA Microchip 

F127 20–30 TBEb  25 300–500 [83, 84, 132] 

RNA (22-32 nts) Capillary, 

Glass microchip, 

PDMS microchip 

F127 20, 30 TBEb 

Aminocaproic acid and 

HCl, 

Tris–HCl 

25–30 100–400 [133, 136-

138] 

Peptides (<3 kDa) Slab, 

Capillary 

F127 15–24 Tris–HCl 

Phosphate buffer 

21, 40 Slab: 28  

CGE: 270 

[139, 140] 

Proteins (>5 kDa) Capillary, 

PDMS microchip 

F127 15–30 TBEb 

Tris–HCl 

Phosphate buffer 

10–40 200–750 [27, 72, 140, 

141] 

Small molecules Capillary,  

PDMS Microchip 

F127 20–30 TBEb 

Tris–HCl 

25–30 185–625 [83, 119, 136, 

142] 

Cells PDMS Microchip F127 30 Tris–HCl 10 333–1333 [143] 



 

3.3.1. Concentration and Temperature Studies on F127 

Pluronic F127 is the most commonly used thermal gel in the literature, and its effects on separations 

have been well characterized. A study was conducted to determine the effects of F127 concentration on the 

separation of a dsDNA digest (72 to 1353 bp). The polymer concentration was incrementally increased 

from 13.5% to 28%. CGE separations at 25 °C were first able to resolve distinct DNAs using 17.4% F127, 

with 10 of 11 species resolved. Note that the 17.4% F127 concentration is just above the CGC (17%) under 

these conditions [78]. Below 17%, F127 did not form a solid gel, and was unable to resolve the DNAs. At 

21.2% F127, all 11 peaks separated; however, further increasing the thermal gel concentration only 

increased DNA migration times and did not improve separation resolution. This trend was validated in other 

studies that found increasing the thermal gel concentrations above 20% led to a decrease in separation 

resolution [84, 134]. Increasing thermal gel concentration increases the micellar packing density and forces 

more interactions between the DNA and the gel, thus slowing migration and likely increasing band-

broadening. Analyte mobility was found to decrease by 2-fold going from 21.2% to 28.0% thermal gel [72]. 

Collectively, these studies determined that an optimal thermal gel concentration is needed to maximize 

separation resolution, similar to standard gels. Insufficient gel concentrations do not provide enough 

interactions between the analytes and the gel to separate, while excess gel slows analyte migration and 

prevents resolution between similar sized species. 

A DNA digest was analyzed while varying the temperature of 21.2% F127 from 15 to 60 °C. All 

11 DNA fragments separated below the Tg (Figure 7) [78]. This demonstrates that a solid gel is not essential 

for DNA separation as long as a sufficiently high polymer concentration is used. However, baseline 

separation of the larger DNAs (872 to 1353 bp) was not achieved below the Tg [78]; but increasing the 

temperature to 25 °C solidified the thermal gel and resolved the larger DNA fragments. Further increasing 

temperature to 40 °C resulted in the comigration of 271 and 281 bp fragments but did not affect the large 

DNAs. Additional comigration of smaller DNAs (72–281 bp) also occurred at hotter temperatures (≥40 

°C), which is consistent with another report [134]. At a constant thermal gel concentration of 21.2%, the 

mobility of the DNAs increased by 2-fold as temperature was increased from 25 °C to 50 °C [72]. However, 

micellar density does not change with temperature above the Tg, as demonstrated by SAXS and SANS 

experiments. Thus, the increase in mobility with temperature is likely due to a combination of higher 

thermal energy increasing the rate of DNA migration and larger pore sizes stemming from the shrinking of 

the PEO chains (Figure 4B). Wider pores result in lower entanglement between DNAs and the polymer, 

which decreases separation resolution. This effect is accentuated in small DNAs because they preferentially 

migrate through the pores and do not interact with the PEO, consequently leading to comigration at higher 

temperatures. Thus, lower temperatures are preferred for smaller DNAs even if the thermal gel is not in a 



 

solid state [78]. Large DNAs are less susceptible to this decreased resolution at high temperature because 

they are too large to exclusively transit through the pores and must interact with the PEO regions.  

In summary, polymer concentration and temperature can be used to control effective pore sizes in 

Pluronic thermal gels to tune DNA migration. Although pore sizes in agarose or polyacrylamide gels can 

be controlled through polymer concentration, temperature cannot be used to fine-tune separation outcomes, 

which demonstrates the utility of thermal gels. Although previous studies on Pluronic thermal gels have 

limited their work to isothermal analyses, integrating dynamic temperature control into the analysis has the 

potential to adjust performance on-demand to achieve optimal separation conditions for each analyte. This 

gradient analysis strategy—similar to those implemented for protein analyses (discussed in Section 3.4)—

poses interesting opportunities for future studies.  

 



 

 

Figure 7. Electropherograms of a DNA digest using 21.2% F127 in TBE at various temperatures. Migration 

times and separation resolutions are affected by the temperature dependence of the thermal gel. Figure from 

Ref. [78]. 

 

3.3.2. Other Pluronic Thermal Gels 

Several Pluronic thermal gels have been used to separate dsDNAs (e.g. F127, F108, F87, F88, and 

P123) [78, 86, 100, 126] with each having different effects on separation efficiency. However, there is a 

lack of systematic studies to determine which physical properties of Pluronic improve separation outcomes. 

Only one comparative study reported the resolution between two genomic DNAs of the same size (255 bp) 

in 15% F108, F127, F88, and F87 at 35 °C using capillary electrophoresis single-strand conformational 



 

polymorphisms (CE-SSCP) [126]. Note that these thermal gel solutions were incapable of solidifying under 

the experimental conditions. High PEO content was reported to be a critical factor in achieving high 

resolution between DNAs. Given that the DNA strands interact with the PEO corona during migration, 

additional PEO composition likely accentuated entanglement of the polymer with one DNA conformation 

and, consequently, increased resolution between the pair. No trend was observed with increasing PPO 

composition, as expected, because DNA does not interact with the micelle PPO core. Interestingly, 

resolution was found to increase with increasing molecular weight of the Pluronic: F108 > F127 > F88 > 

F87. Further systematic studies directly comparing separation efficiencies of DNA over a broader size range 

in different Pluronic thermal gels are needed to validate conclusions. 

 

3.3.3. Blended Pluronic Thermal Gels 

Blends of two Pluronic copolymers have been utilized to improve separation efficiency of DNAs 

[100, 119, 126]. Higher resolution was attained using a blend of F87 and F127 fixed at 30% (w/v) when 

separating short ssDNA sizing markers 8–32 nt in microfluidic devices [100, 131]. Although the separation 

of these DNAs was previously achieved in unblended 30% F127 in a 3-cm long silica capillary [122], using 

30% F127 in a 1.5 cm glass microfluidic device led to complete comigration of four of ten oligomers (Figure 

8A) [100]. In 30% F87, only one of ten oligomers could be precisely quantified (Figure 8B). However, 

using a 1:2 blend of F87:F127 resolved all species (Figure 8C). Similarly, another study found that a 30% 

(w/v) blend of F68:F127 in a 1:9 ratio was optimal for separating a DNA ladder (50 to 1,000 bp) in a PDMS 

microfluidic device [119].  

Studies have suggested that blending Pluronic copolymers with different PPO1:PPO2 ratios result 

in non-cooperative micelle formation (i.e. each Pluronic forms micelles only with itself) [144], which is 

suggested to be the case for F68:F127 [101]. A thermal gel containing 30% F68:F127 in a 1:9 ratio solidifies 

>27 °C [119]; however, based on rheology and calorimetry experiments, the gel consists of only F127 

micelles with F68 unimers occupying the pores [101]. The unimers present in the pores may interact with 

the DNAs during electrophoresis and increase frictional drag to improve separation in a 1:9 F68:F127 blend 

compared to F127 alone [119]. More studies are needed to confirm this gel microstructure. 

 



 

 

Figure 8. Electropherograms of ssDNA markers separated using (A) 30% F127, (B) 30% F87, and (C) 

30% blend of F87:F127 in a 1:2 ratio. Figure adapted from Ref. [100]. 

 

Using Pluronic blends does not always result in increased separation performance. A CGE study 

evaluated Pluronic blends that had similar PEO content but spanned a large range of molecular weights. 

The highest separation resolution between two genomic DNAs (255 bp) was achieved in 15% F108. 

Resolution decreased when a blend was used, regardless of the ratio or type of Pluronic (F88, F87, or F127) 

added to F108 [126]. The blend that least effected resolution was F127 into F108, which could be attributed 



 

to their similar molecular weights [126]. However, this is inconsistent with the studies described above that 

showed improvements when the molecular weights were appreciably different, e.g. 1:2 F87:F127 [100] and 

1:9 F68:F127 [119]. There does not appear to be a systematic trend that indicates which Pluronic polymers 

should be blended to enhance separations of DNA. Evaluating the potential benefits provided by blends 

must be performed empirically.  

 

3.3.4. Effects of Mesophases 

Separations of dsDNA have mostly been conducted in Pluronic thermal gels that have cubic 

mesophases. Of the thermal gels listed in Table 1, only P123 can form hexagonal phase in aqueous 

solutions. However, the only study that used P123 in an electrophoretic separation maintained the thermal 

gel in the cubic phase for analysis [86]. F127 is generally in the cubic phase for all temperature and 

concentration ranges above the Tg and CGC (Figure 5). However, different types of mesophases can be 

induced in F127 by including butanol into the thermal gel [85, 99]. A DNA digest (72 to 1353 bp) was 

analyzed by CGE in 22% F127 in three different mesophases: cubic phase (0% butanol), hexagonal phase 

(17% butanol), and lamellar phase (28% butanol). No separation was observed in the lamellar phase, likely 

due to the lamellar sheets oriented perpendicular to the DNA migration, which impeded migration [85]. 

The hexagonal and cubic gel structures provided similar results, although a slight improvement in 

separation resolution was observed with hexagonal packing. The Dinter for hexagonal and cubic phases are 

the same within experimental error [85], which explains their similar separations performances. But in the 

cubic phase, DNA molecules can cause a dynamic change in the micellar structure as they migrate through 

the small pore regions, similar to any non-crosslinked gel (e.g. agarose). However, the cylinders in the 

hexagonal phase (Figure 4A) should be more rigid and better maintain their interactions with the DNA to 

improve separation resolution. Therefore, it is surprising that the hexagonal phase did not have a more 

pronounced effect on the separation efficiency. Further studies are needed to evaluate the effect of gel 

mesophases on larger DNAs, proteins, and other biomolecules. Studies using P123 would be especially 

interesting because cubic and hexagonal phases occur in aqueous conditions without requiring the addition 

of alcohol. However, maintaining thermal gel in a cubic phase likely helps reproducibility between replicate 

analyses because the isotropic packing of the spherical micelles has no orientational effects. This enables a 

capillary or microchannel to be reproducibly filled with uniformly packed micelles each time. 

3.3.5 Mechanism of Migration 

In traditional agarose and polyacrylamide gels, biomolecules must sieve through pores in the 

polymer matrix (20–500 nm), described by three models: Ogston, reptation, and reptation with stretching. 

The sieving mechanisms through traditional gels and other entangled polymers have been previously 

reviewed [8, 10, 145-147]. Generally, small DNAs (<1000 bp) follow the Ogston model where DNA 



 

molecules migrate through the pores, colliding with the gel polymer chains as they travel. Larger DNA 

molecules (>1 kbp) follow the reptation model. Reptation involves a headfirst, snake-like motion of the 

analyte through the pores of a polymer network. Much larger DNA molecules stretch and become oriented 

in the direction of the electric field, which is termed the reptation with stretching model (other names 

include biased reptation or reptation with orientation). DNA molecules become stretched when hooked 

around obstacles (i.e. gel polymer chains) followed by relaxation back to the equilibrium conformation after 

sliding off the obstacle [8]. Studying DNA mobility as a function of size, gel concentration, and/or electric 

field strength informs the sieving mechanism. 

Mobility studies of dsDNA were carried out to determine the sieving mechanism in Pluronic 

thermal gel. DNAs 118–1353 bp demonstrated linear Ferguson plots, which suggests Ogston sieving [78]. 

However, log-log plots of mobility vs. 1/bp showed a sigmodal shape for 17.7–28% F127 thermal gel 

concentrations, which is inconsistent with the Ogston model [78]. Similar plot shapes have been seen in 

other entangled polymer matrices (e.g. poly-N,N’-dimethylacrylamide) that were attributed to all three 

sieving mechanisms of separation occurring in a single analysis [8]. Although this could also pertain to 

thermal gels, the authors of the study concluded that the mechanism does not follow traditional sieving 

mechanisms because of inconsistencies between experimental results and each model [78].  

Comparison studies were undertaken to determine the sieving mechanism of dsDNA 123–1800 bp 

in 20% F127, 5% polyacrylamide, and 2% agarose gels [84]. Results indicated that polyacrylamide and 

agarose gels followed the reptation with stretching model across the entire DNA size range. However, in 

F127, only the 246–738 bp DNAs obeyed the reptation with stretching mechanism [84]. Sequences outside 

of this size range deviated from traditional sieving models, similar to another report [78]. Another 

comparative study analyzing DNA (25–800 bp) in 20% F127 and methylcellulose observed a non-linear 

decrease in mobility with increasing size of dsDNA for both gels in MCE separations. This behavior 

indicates a fundamentally different mechanism than the previously observed reptation with stretching and 

the Ogston sieving typically observed with small DNAs [134].  

The four regions in the micelle packing of Pluronic thermal gels should be considered in the 

elucidation of the separation mechanism (Figure 4B). The entanglement of the PEO coronas is non-

crosslinked, similar to agarose gels. However, the crystalline packing of thermal gel micelles provide well-

defined pore sizes at fixed temperatures and polymer concentrations, like crosslinked polyacrylamide gels. 

Because the micro-structure has elements of both agarose and polyacrylamide gels, the migration 

mechanism is likely a hybrid of both polymers [78]. Computational studies support this claim [86], showing 

that for dsDNA 20–3500 bp, the migration through FCC Pluronic gel matrices involves entanglement with 

high-density and low-density PEO regions and streamlined transit through the pores. The computational 

results agree with the experimental mobility results from a 2D-SGE study. DNAs 20–3500 bp showed an 



 

initial rise in mobility up to ~100 bp in both F127 and P123 gels followed by a mobility decrease [86]. This 

occurs because small DNA molecules preferentially migrate through the pores and push away PEO as they 

move through. This forges a path for other DNA molecules, reducing the drag force and increasing mobility. 

This effect is observed up to a length of 100 bp at which point longer DNAs entangle with the PEO segments 

and migration slows [86].  

Another consideration affecting the migration mechanism is that crystalline thermal gel does not 

form in one continuous domain inside a capillary, microchannel, or slab. Rather, several randomly oriented 

crystallites form with boundaries between each microstructured crystallite domain. Fluorescence imaging 

and linear dichroism studies demonstrated that these mesoscopic (micrometer scale) boundaries affect the 

migration of large DNA [117, 118, 148].  Under low electric field conditions (<10 V/cm), such as in SGE, 

large DNA migrates along the crystallite boundaries. However, under the high electric field strengths used 

in CGE and MGE (>15 V/cm), DNA causes reversable deformation of the gel microstructure as it migrates 

through the cubic lattices. More work is needed to determine the homogeneity of crystallites over a length 

scale relevant to separations (mm to cm). It remains unclear if more uniform packing would reduce 

boundaries and increase interactions with the gel to improve separations in low-voltage formats.  

 

3.3.6 Other Nucleic Acid Analyses 

The analyses of dsDNA and ssDNA is of primary interest to the biological research community, 

but methods are also required to analyze other classes of nucleic acids. For example, plasmids are key 

components required to obtain cellular expression of target proteins. Thermal gels facilitate validations of 

plasmid samples by enabling these large DNA sequences (2–10 kb) to be separated. Although thermal gels 

struggle to analyze linear dsDNA >3 kbp, the compact shapes of plasmids allow them to migrate through 

the gel [83, 84]. Additionally, ssDNA molecules of the same size can be separated by thermal gels. CE-

SSCP has been used to separate same-length ssDNAs with different conformations[125-130]. DNAs 

derived from 16S rRNA genes were separated in 15% P108 to identify twelve strains of pathogenic bacteria 

[127]. This same separation could not be achieved with multiple standard gel polymers.  

Short non-coding RNAs have also been separated using thermal gels. One study sorted short RNAs 

(~22 nts) from longer nucleic acids (>66 nts) using isotachophoresis (ITP) [133]. A trailing electrolyte was 

selected that enabled focusing of shorter, higher mobility RNAs while longer, slower RNAs could not 

enrich as they transited through the gel. Although individual RNA species could not be separated or 

identified with this approach, effective sample preparation was achieved to isolate target RNAs from other 

nucleic acids in cell lysates.  

MicroRNAs (miRNAs) have been analyzed using a technique called thermal gel electrophoresis 

(TGE) developed by the Linz group [137]. TGE performs inline preconcentration and separation of 



 

miRNAs without the need for sample injections or multiple fluidic channels. This performance is achieved 

by using thermal gel to spatially segregate molecules—both analytes and ITP electrolytes—in separate 

regions of single-channel microfluidic devices. The channel is entirely filled with sample, using the 

solidified thermal gel to preserve a discontinuous buffer system between the channel and reservoirs. 

Confining the sample to the channel and spatially isolating distinct electrolytes and maintaining 

concentration gradients enables hybrid ITP-MGE outcomes to be achieved (Figure 9A) [137, 138]. Four 

target miRNAs of the same length were enriched and separated using TGE (Figure 9B) in the analysis of 

cell lysate samples. Achieving analyte preconcentration followed by a self-initiated separation expedites 

analyses, while using low-complexity single-channel microfluidic devices lowers analysis costs. Selectivity 

of the analysis was subsequently enhanced by conducting the analysis at elevated temperatures [138]. Off-

target interactions of three structurally similar miRNAs were eliminated by conducting TGE at 50 °C rather 

than 30 °C. Although electrophoresis generally cannot operate at high temperatures because of prevalent 

Joule heating concerns, the stability of Pluronic thermal gel at high temperatures enabled single-nucleotide 

resolution to be achieved between these homologous miRNAs. 

 

 

Figure 9. (A) A miRNA and its corresponding probe are loaded throughout the entirety of a single-channel 

microfluidic device. Sample enrichment is conducted (13 mm) followed by an automated separation (25 

mm) of the single-stranded probe (Peak 1) and the double-stranded miRNA-probe hybrid (Peak 2). The 

thermal gel serves to both isolate electrolytes prior to analysis and act as a sieving matrix to help resolve 

analytes. (B) Four miRNA-probe hybrids separate from four excess probes. Figure adapted from Ref. [137]. 

 



 

3.4. Protein and Peptide Analyses 

Thermal gels provide a separations matrix to resolve proteins and peptides with high efficiency. 

But even using low-concentration Pluronic polymers as coatings (c < CGC) provides a simple means of 

increasing method performance [104], as described in Section 3.1. Separation efficiencies of proteins and 

peptides increase when employing dynamic coatings of ≤10% Pluronic in a BGE [106, 113, 149].  A study 

reported that a CGE separation using 7.5% F127 produced higher resolution in a separation of collagen 

cyanogen bromide fragments (271 –27,000 Da) compared to separations performed using high-performance 

liquid chromatography (HPLC) [149]. Interestingly, increasing the Pluronic concentration to 18–30%, 

where a solid thermal gel is formed, was unsuitable due to long migration times (>2 h) and substantial peak 

dispersion. A 7.5% F127 dynamic coating was determined to be optimal [150]. The study also found that 

higher resolution was obtained at 20 °C than at 50 °C. This behavior can be attributed to higher diffusion 

at elevated temperature causing band-broadening and reducing separation efficiency.  

Protein separations can also be conducted in thermal gels (c > CGC). The first electrophoretic 

separation of a protein in a solidified thermal gel was reported by Chu and coworkers who analyzed GH5 

(9.6 kDa) in F127 using CGE [72]. The protein solution was electrokinetically injected into the gel, and 

peaks were observed from the protein and the excess small molecule labeling dye. Rill and coworkers 

separated myoglobin tryptic peptides (~2 kDa) using a 24% F127 slab gel and compared the separation to 

a 15% polyacrylamide gel [139]. The resolution between bands were comparable between the gels. The 

authors suggest sieving may occur in thermal gels as analytes squeeze between hydrated PEO regions, 

similar to sieving through polyacrylamide. 

CGE studies were undertaken to determine the mass range of a series of model proteins (12.5–240 

kDa) using a 7.5% F127 capillary coating [113]. Proteins >45 kDa did not elute after 1 h. Therefore, the 

polymer concentration was reduced to 5% F127 to increase analyte mobility. Separations of proteins 12.5–

68 kDa under these conditions were superior to analyses without Pluronic. However, proteins >68 kDa still 

did not elute within a reasonable time frame (<1 h), and those that did experienced significant broadening 

[151]. The authors suggested that proteins >68 kDa become trapped by the thermal gel, despite insufficient 

amounts of polymer present to form a solid gel at 5% F127. Thus, an upper limit of ~50 kDa was set as a 

cut-off for realistic separations of proteins in Pluronic [106, 151]. An important observation from this study 

found multiple resolved peaks for hen egg albumin (45 kDa) from protein variants. This protein 

microheterogeneity could only be resolved with Pluronic added to the BGE. This highlights the improved 

resolution provided by Pluronic coatings to better assess fine protein structure [151].  

The dynamic range of protein separations in solidified thermal gels was investigated by conducting 

tITP in PDMS microfluidic devices [27]. Proteins and protein subunits 6–464 kDa were separated in a fixed 

10-min run time. Lower mass proteins (<50 kDa) migrated through the channel and were detected in the 



 

time domain, as is standard in MGE. Larger proteins (>50 kDa) did not reach the detector within the analysis 

time, consistent with previous reports on the protein size limit in thermal gels [106, 151]. However, 

detection of proteins >50 kDa was achieved by incorporating a distance domain into the analysis (Figure 

10). Voltage application ceased after 10 min, and the separation channel was imaged upstream from the 

detection spot (similar to SGE). This approach enabled large proteins to be measured within the same 

analysis as small proteins. Combining the time-domain electropherogram with the distance-domain 

electropherogram overcame the protein size limitation to facilitate analysis of proteins over a wide mass 

range.  

Temperature gradients were also evaluated to enhance resolution between proteins in thermal gels. 

The optimized gradient decreased temperature from 35 °C to 25 °C during the analysis to decrease gel 

viscosity over time (Figure 10) [27]. This enabled low-mass proteins to separate under their optimal high-

viscosity conditions and then provide time for high-mass proteins to separate under their optimal lower 

viscosity conditions. Again, thermal gels uniquely afford the ability to dynamically alter separation 

performance to attain optimal results. 

 

 

Figure 10. A sample containing nine proteins and protein subunits 6–464 kDa were analyzed by 

microfluidic tITP. Analyses in a F127 thermal gel using a 35 to 25 °C temperature gradient (top) provided 

higher separation resolution than a 4–20% native polyacrylamide gel (bottom). Peaks 1–9 are (1) epidermal 

growth factor, (2) ovalbumin, (3) R-phycoerythrin subunit, (4) ovalbumin dimer, (5) β-galactosidase 

monomer subunit, (6) β-galactosidase dimer subunit, (7) R-phycoerythrin (intact heptamer), (8) β-

galactosidase trimer subunit, and (9) β-galactosidase (intact tetramer). Figure from Ref. [27]. 

 

Streamlined analyses to assess protein microheterogeneity were also conducted using TGE by Linz 

and coworkers [141]. The protein ovalbumin (45 kDa) was added into a 30% F127 thermal gel, which was 

subsequently loaded throughout the entirety of a single-channel PDMS microfluidic device. Analyses 

conducted with the thermal gel in its low-viscosity state at 10 °C resulted in the continuous enrichment of 



 

the protein as its band migrated along the channel. However, analyses conducted using solidified thermal 

gel at 30 °C exhibited unique behavior. The protein continued to enrich during the analysis while also 

separating into three distinct bands, which were attributed to different proteoform variants of the protein. 

Only with the 30% F127 thermal gel in its solid state could the variants be observed, which is unlike the 

5% F127 coating required by Mikšík to observe protein microheterogeneity [151]. Interestingly, the Linz 

group observed that the separation was dynamically controllable with temperature [141]. A single enriched 

protein band at 10 °C could be separated into the three distinct variants by increasing the temperature to 30 

°C during the analysis to solidify the gel (Figure 11A). Conversely, three separated bands at 30 °C could 

be recollected into a single band by decreasing the temperature to 10 °C during the analysis to liquify the 

gel (Figure 11B). This reversibility demonstrates the unique ability to control separations in thermal gels 

using temperature. 

 

 

Figure 11. Single-channel microfluidic devices were loaded with 30% F127 containing 5 nM ovalbumin 

and analyzed by thermal gel electrophoresis. (A) A temperature step change from 10 °C (blue) to 30 °C 

(red) was applied to solidify the thermal gel when the band reached 6 mm, 11 mm, 16 mm, or 21 mm. (B) 

A temperature step change from 30 °C (red) to 10 °C (blue) was applied to liquify the thermal gel when the 

band reached 11 mm, 16 mm, or 21 mm. Altering the phase of the gel had an immediate impact on the 

separation by the next detection window. Figure from Ref. [141].  

 

3.5 Voltage Response 

Voltage is a tunable parameter in electrophoresis to alter migration time and separation efficiency. 

Diffusional band-broadening decreases with increasing voltage in CGE, but when voltages are too high, 

thermal band-broadening develops. Reducing conductivity is key to minimizing band-broadening due to 

increased thermal motion. The low dielectric constant of Pluronic allows for high voltages to be applied 

without creating excess Joule heating effects and band-broadening [100]. The conductivity in 20% F127 

thermal gels is 50% that of a 20% polyacrylamide gel and 35% that of a 6% polyacrylamide gel [124], 

which enables higher voltages to be applied with Pluronic. A CGE study analyzing ssDNA obtained optimal 

performance in a 25% F127 thermal gel at 644 V/cm. Other studies applied high electric fields up to 1200 



 

V/cm using 30% F127 thermal gel in microfluidic devices to separate dsDNA in <1 min without loss in 

resolution [100, 119, 133]. Under lower fields (515 V/cm and 387 V/cm), analysis times increased and 

separation resolution decreased [124]. However, resolution is dependent on both applied electric field and 

temperature. At 25 °C, the optimal resolution was achieved at 500 V/cm, but at 40 °C, the optimal resolution 

was achieved at 650 V/cm; however, the resolution was slightly higher at 25 °C and 500 V/cm [124].  

Beyond measuring soluble biomolecules, thermal gels afford a medium for analyzing biological 

particles such as cells. Linz and coworkers developed an electrokinetic temperature control scheme using 

voltage to control channel temperature and, consequently, thermal gel viscosity [143]. Adjoining regions 

of liquid and solid thermal gel were created by applying higher voltage between certain microfluidic 

channels to selectively produce Joule heat in that region to regulate temperature. Cells readily migrated 

through the cooler liquid-phase gel and then accumulated against the warmed solid gel interface. The 

formation of the thermal gel barrier was reversible, as cells were able to freely flow within 1 s of removing 

the Joule heat from the cross channel. Although Joule heating is universally considered to be problematic 

in electrophoresis, Pluronic thermal gels attenuate conductivity, which prevents the formation of 

catastrophic air bubbles. This enables Joule heating to be harnessed to create reversible voltage-actuated 

barriers. Controlling thermal gel viscosity to enrich cells without the need for costly microfabricated heating 

elements simplifies analyses and reduces cost. This voltage-temperature control strategy has the potential 

to be employed for other bioanalytical measurements.  

 

4. Concluding Remarks 

Pluronic thermal gels possess interesting properties, which make them exciting materials for 

electrokinetic separations. The ability to control the viscosity and pore size of the gel through polymer 

concentration, buffer composition, and solvent enables the user to readily tailor conditions for their analytes 

of interest. The unique ability to dynamically use temperature to further control gel properties provides 

another dimension of flexibility for the analysis. In the simplest terms, the ease of use of Pluronic is 

unrivaled among gel matrices for GE. Capillaries and microfluidic devices can be easily filled with liquid-

phase gel at lower temperatures before solidifying the gel at warmer temperatures. The temperature to 

achieve this can be readily tuned based on the specific Pluronic composition to accommodate analyses from 

below to above ambient conditions, which provides an extra degree of freedom to remain compatible with 

the target biological analytes. This temperature-dependent phase change also enables thermal gels to be 

replaced between analyses by cooling and rinsing to reuse devices. The user-friendly flexibility provided 

by Pluronic thermal gels are in stark contrast to the cumbersome traditional polymers (agarose, 

polyacrylamide) that cannot be adjusted after loading.  



 

Despite the many benefits of thermal gels, their use in separations science has largely stagnated 

since peaking around the year 2000. Although it is unclear why, recent publications by our group and others 

have shown that we are only beginning to use thermal gels to their full potential. Standard polyacrylamide 

and agarose gels are static materials. Once cast, the gels cannot be altered to improve the analysis. With 

thermal gels, low-cost Peltiers can be readily integrated into a separations platform to control temperature 

and dynamically tune analysis conditions. The commercial availability of hobbyist electronic equipment 

provides an inexpensive means of regulating temperature—and thermal gel viscosity—that could not be 

easily achieved 20 years ago. Similarly, microfluidic devices can now be readily fabricated from 

inexpensive plastics to provide cost-effective analyses. Use of disposable microfluidic devices reduces total 

analysis times by eliminating the need to cool down CGE capillaries to remove and replace the gel before 

the next run. Improvements in electronic hardware and device manufacturing will help researchers entering 

the field as they work to fully take advantage of the dynamic polymer in numerous bioanalytical 

applications. Incorporating a dynamic element into the separation holds the potential to increase peak 

capacity and improve resolution similar to the use of gradients in liquid and gas chromatographies.  

Thermal gels possess inherent benefits versus other polymers, but additional studies are still needed 

to fully define optimal biomolecule-specific operating conditions. For example, specific gel packing 

structures can be produced with rational foresight, which can maximize separation resolution. This requires 

systematic evaluations of micelle packing density and absolute viscosity to help guide operating conditions 

for bioanalyses. Fundamental studies on the length of PEO coronas and the width of the water-rich pores 

must be assessed in parallel to determine optimal entanglement with diverse analytes to enhance the 

separation. Studies are also needed to determine if the micelle cores can interact with analytes and whether 

they can be utilized to improve separation outcomes. A definitive separation mechanism of thermal gels 

still has not been established, but that information would provide further guidance to maximizing 

performance. The field would benefit from both experimental measurements and computational simulations 

to elucidate separative transport through thermal gels. The effects of electric field on the sieving mechanism 

is especially prudent.  

Fundamental studies under isothermal conditions will provide insight to Pluronic thermal gels; 

however, the untapped potential of thermal gels lie in their dynamic nature. Changing the packing structure 

of the gel through time can maximize resolution for diverse biological analytes. Initial reports have begun 

to utilize the temperature-dependent nature of the polymer to alter analytical outcomes in the analysis of 

proteins and cells. These interesting demonstrations have characterized the tip of the iceberg, but more 

experiments are needed to explore the dynamic potential of thermal gels. Incorporating temperature 

gradients and/or voltage gradients within analyses have the potential to broaden the scope of utility, akin to 

improvements gained by using gradients in chromatography. Furthermore, methods must be developed to 



 

analyze additional classes of biomolecules. Prior research has predominantly focused on DNA, but thermal 

gels have far greater potential to analyze a diverse assortment of soluble biomolecules as well as large 

biological particles such as cells and extracellular vesicles. Few reports have been published measuring 

these other biological analytes, which highlights the need for more work in these areas.  

Although other analytical separations techniques such as HPLC and polyacrylamide gel 

electrophoresis (PAGE) have the advantage of a decades-long head-start, electrokinetic separations in 

thermal gel matrices offer potential benefits that cannot be achieved by the status quo. More research is 

needed to map out the parameter space and demonstrate new applications, but this presents exciting 

opportunities for inquisitive scientists interested in advancing the field of separations science. Given the 

universal need for separations in research science, manufacturing, and quality control applications, results 

from these endeavors will have a tangible impact on the real world.  
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