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Abstract

Obstructed transport of biological molecules can result in improper release of pharmaceuticals or
biologics from biomedical devices. Recent studies have shown that nonionic surfactants, such as
Pluronic® F68 (F68), positively alter biomaterial properties, such as mesh size and microcapsule
diameter. To further understand the effect of F68 (incorporated at concentrations well above the
critical micelle concentration (CMC)) in traditional biomaterials, the transport properties of BSA
and riboflavin were investigated in F68-alginate composite hydrogels. Results indicate that small
molecule transport (represented by riboflavin) was not significantly hindered by F68 in
homogeneously crosslinked hydrogels (up to an 11% decrease in loading capacity and 14%
increase in effective diffusion coefficient, Dgff), while protein transport in homogeneously
crosslinked hydrogels (represented by BSA) was significantly affected (up to a 43% decrease in
loading capacity and 40% increase in Dgff). For inhomogeneously crosslinked hydrogels (CaCl, or
BaCl, gelation), the Defs increased up to 50% and 83% for small molecule and proteins,
respectively. Variation in the alginate gelation method was shown to affect transport through
measurable changes in swelling ratio (30% decrease) and observable changes in crosslinking
structure as well as up to a 3.6 and 11.8-fold difference in Dg¢s for riboflavin and BSA,
respectively. The change in protein transport properties is a product of mesh size restrictions (10—
25 nm estimated by mechanical properties) and BSA-F68 interaction (DLS). Taken as a whole,
these results show that incorporation of a nonionic surfactant at concentrations above the CMC
can affect device functionality by impeding the transport of large biological molecules.
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1 Introduction

The effect of nonionic surfactants on protein and small molecule transport within hydrogel
matrices is not fully understood despite their widespread use in the design and formulation
of drug delivery systems, biomaterials, and tissue engineering scaffolds [1-5], and the
known interaction of many surfactants with proteins and small molecules in solution [6-9].
Many investigators have explored the use of surfactants to improve material properties such
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as pore size, water retention, tensile strength, and hydrogel or fiber uniformity, without
accounting for the effect of the surfactant on protein secretion or cellular signaling. For
example, in electrospun-scaffold generation for tissue engineering, the addition of a
surfactant to a polymer solution can reduce the surface tension and increase the
conductivity, improving fiber uniformity and reducing bead formation [5]. Pluronic® F127,
a nonionic tri-block copolymer, has been shown to bind poly(e-caprolactone) fibers at cross-
points, maintaining fiber diameter and pore area while improving mechanical properties
such as shrinkage, ultimate tensile strength, and burst pressure [10]. The formation of sol-gel
bioactive glasses or silica-gelatin hybrid scaffolds for bone regeneration uses nonionic or
anionic surfactants at low volume percentages to reduce surface tension and stabilize bubble
formation during the foaming process prior to gelation [3]. The pore size within the silica-
gelatin hybrid scaffold can be tailored by varying the surfactant concentration [3]. Also,
addition of surfactants to polymer solutions for encapsulation reduces microcapsule size and
affects porosity, which are important parameters influencing delivery of cell secreted
proteins and metabolites in therapeutic devices [4, 11, 12].

Choice of surfactant is important for biocompatibility and specific device improvement.
Formulations of the nonionic family of thermo-reversible PEO-PPO-PEO (poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide)) surfactants were developed in the
1980’s for the delivery of anticancer agents [13]. PEO-PPO-PEO nonionic surfactants, such
as Pluronics® F68, F108, and F127, are commonly employed in drug delivery systems for
pharmaceuticals and proteins [2, 9, 14-17], as injectable gels for drug administration [1, 18,
19], as additives for tissue engineering [4, 11, 20], as vehicles for gene therapy [21], and as
cellular membrane stabilizing agents [22]. At concentrations below the critical micelle
concentration (CMC for F68 = 0.04 mM or 0.0336% w/v), F68 has been shown to reduce
the uptake and release of growth factors and signaling molecules [23, 24]. Above the CMC,
fundamental studies evaluating the effect of surfactant-mediated transport limitations in
hydrogels have not been reported. Above the CMC, micelles form, which can significantly
alter material properties and transport in a hydrogel. Studies on the effect of surfactant
addition on hydrogel mechanical properties show various results, which are dependent upon
the surfactant type, surfactant concentration, operating temperature, and inherent hydrogel
matrix properties [20]. Composite solutions of biopolymers and surfactants are of significant
importance as mechanical and transport properties can be precisely tuned with appropriate
combinations. Effective transport within both tissue engineering constructs and drug
delivery vehicles is critical to the success of such devices [12, 25-27] and a thorough
understanding of the effect of scaffold additives, such as nonionic surfactants, is necessary
for optimal design. In this study, incorporation of Pluronic® F68 (F68) in an alginate
hydrogel is used to understand transport of biological molecules within a surfactant-
biopolymer composite hydrogel network.

Due to their tunable degradation kinetics and mechanical properties as well as intrinsic
biocompatibility, alginate hydrogels are one of the major scaffold platforms used in tissue
engineering [28-31] and drug delivery [32, 33]. Alginate is a natural biopolymer composed
of randomly distributed units of 1,4-linked B-mannuronic (M) and a-guluronic acid (G)
residues. Alginate gelation occurs when divalent cations such as Ca2* or Ba2* ionically
interact with COO™ and “OH groups in G residues from differing chains [34], creating a
three-dimensional matrix described by the egg-box model [35, 36]. Two common methods
used to crosslink alginate include an inhomogeneous method using CaCl, or BaCl, [37] and
a homogeneous method utilizing /n situ release of calcium ions from pH-sensitive CaEDTA
decomposition [38]. The effect of Pluronic® addition on rheological properties has been
explored to enhance the understanding of nonionic surfactant addition to alginate matrix
properties [20]. Transport in alginate matrices, as well as other hydrogel formulations, is
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dependent upon the gelation method and crosslinking density, alginate or polymer
concentration, and pore size of the resulting matrix [25, 37, 39, 40].

To fully understand the implication of surfactant additives on device performance, transport
of proteins and metabolites in the presence of surfactant must be evaluated. Such studies will
impact important applications such as the dispersion of perfluorocarbon droplets [11, 41] for
enhanced oxygen delivery to encapsulated islet cells for the treatment of type 1 diabetes [12,
42] or to seeded stem cells to enhance differentiation [43], the encapsulation of biologicals
for drug delivery [44], and the mechanical performance of surfactant-incorporated
biomaterials and tissue engineering scaffolds [1, 3-5]. Recent research in our laboratory has
focused on the use of surfactants at concentrations above the CMC in biomaterials [4, 11,
41, 45] and here, we expand this work to investigate the influence of surfactant (i.e., F68) on
both the transport of biological molecules and the effect on hydrogel (i.e., alginate)
mechanical properties.

2 Materials and Methods

Cell culture grade sodium alginate (lot#1353824, %G = 60, M,~240 kDa determined from
intrinsic viscosity in 0.1 M sodium chloride [40]) was obtained from Sigma Aldrich (St.
Louis, MO). Polymer solutions were made with water from a NanoPure Water System
(nanopure water) purified to 18 mQ/cm. Bovine serum albumin (BSA), HEPES buffer,
D(+)-glucose, sodium pyruvate, sodium bicarbonate, L-glutamine, riboflavin, lysozyme, and
sodium citrate were obtained from Sigma Aldrich. BCA Protein Assay Kits were obtained
from Pierce (New York, NY). Dulbecco’s Modified Eagle’s Medium (DMEM), Roswell
Park Memorial Institute medium (RPMI 1640), and trypsin/EDTA were obtained from
Mediatech, Inc. (Manassas, VA). Heat-inactivated fetal bovine serum (FBS) was obtained
from Atlanta Biologicals (Atlanta, GA). NIH 3T3 fibroblasts and RIN-m5F rat insulinoma
cell lines were obtained from American Type Culture Collection (ATCC, Manassas, VA).
Adult human epidermal keratinocytes (HEKa), EpiLife®, and EpiLife® defined growth
supplement (EDGS) were obtained from Invitrogen (Carlsbad, CA). All additional materials
were obtained from Thermo Fisher Scientific (Waltham, MA) unless otherwise noted.

2.1 Preparing alginate hydrogels

2.1.1 Alginate solutions—Sodium alginate solutions were prepared using nanopure
water at 1% weight by volume (w/v) with the addition of 0.1% glucose and 10 mM HEPES
buffer and stirred for 24 hours at room temperature. Pluronic® F68 was added to the alginate
solution and stirred for an additional 24 hours at room temperature.

2.1.2 CaEDTA-GDL-alginate cylinders—Homogeneously crosslinked alginate
hydrogels were made by an internal gelation technique described elsewhere [38, 46].
Briefly, 50 mM CaEDTA and 50 mM glucono-6-lactone (GDL) were mixed with alginate
solution and aliquoted into 6- or 12-well non-treated tissue culture plates. Following 12
hours of initial crosslinking, hydrogels were soaked in 100 mM calcium chloride (CaCly) in
a humidified chamber at 25°C (=90% humidity) for an additional 48 hours. For gels
containing surfactant, the same concentration of surfactant was added to the 100 mM CacCl,
to prevent surfactant leaching. Final hydrogel dimensions were measured using calipers.

The mass of water in the hydrogels was calculated by dividing the difference in mass of a
swollen hydrogel (mg s) and mass of dry polymer (mp) in the hydrogel by the mass of dry
polymer, (mgq s — m,)/m, (Equation 1). The volume change of alginate during the gelation
process is reported as percent shrinkage. Equation 2 calculates the change in the amount of
polymer solution used to create gels, Vg, and the relaxed volume of the resultant hydrogel,
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Vg,r- The relaxed and swollen volumes of a hydrogel were calculated geometrically using
calipers.

% Shrinkage =(Vso1 — Vg )/ Vo100 (Equation 2)

2.1.3 CaCl, and BaCl, alginate cylinders—To form hydrogel cylinders by passive
diffusion crosslinking, alginate solution was poured into 10 mm dialysis tubing with a
molecular weight cut-off of 3-5 kDa and submerged in either 1 M CaCl, or 0.5 M barium
chloride (BaCl,) with a specified F68 concentration for 48 hours. The lower concentration
of BaCl, was used because similar mechanical properties were expected using this
concentration. The long cylinder was cut into individual gel cylinders with a thickness of 5
mm using a knife. Final hydrogel dimensions were measured using calipers. Samples were
lyophilized for 36 hours in a Labconco FreeZone 6 freeze dry system (Kansas City, MO).

2.2 Protein and small molecule transport

BSA was prepared by dissolution in nanopure water at 25 mg/mL. Riboflavin was dissolved
in nanopure water at a concentration of 75 pg/mL.

2.2.1 Loading—Protein and small molecules can be loaded into hydrogels using two
methods: /n situloading and imbibing. Riboflavin transport was explored using both
methods. /n situloading required the addition of solid riboflavin to both the alginate solution
and crosslinking bath at a concentration of 75 ug/mL. For addition by imbibition, fully
formed hydrogels were soaked in a solution of 75 pg/mL riboflavin for 24—-48 hours in 6- or
12-well non-tissue culture plates in a humidified incubator (=90% humidity) at 25°C. For
experiments with BSA, the same procedure was utilized to imbibe the hydrogels, using a 25
mg/mL BSA solution. /n situloading of BSA was not performed due to the electrostatic
interaction between alginate and BSA in solution [47].

2.2.2 Release and quantification—~Protein release was monitored similarly to
traditional studies which examine drug release from hydrogels [39]. Briefly, following a
predetermined time course, the hydrogels were moved among wells of a 6- or 12-well plate
containing fresh nanopure water to maintain ambient sink conditions. After 120 minutes, the
hydrogels were soaked in 5 mL of 100 mM sodium citrate to dissolve the alginate for
complete mass balance analysis. Six replicates were run for each condition to allow for
statistical validation. BSA concentration was quantified using a BCA Protein Assay kit by
following the provided protocol which measures the color change of bicinchoninic acid due
to copper reduction at 562 nm on a pQuant spectrophotometer (BioTek Instruments, Inc.,
Richmond, VA). The riboflavin concentration was quantified by analyzing 200 uL of sample
using a pQuant spectrophotometer at 370 nm and comparing to a standard riboflavin curve.
All samples were quantified in triplicate.

Effective diffusion coefficients were calculated from release kinetics analyzed with a three-
dimensional diffusion model for polymeric tablets developed by Fu and co-workers [48].
Similar studies have effectively applied this model to calculate diffusion coefficients [40,
49]. Hydrogel disks were geometrically measured using calipers and the average radii and
thicknesses were utilized in the model [48], as shown in Equation 3.

«_M, 8 o —2 =D, _2 =D, : :
M () ()
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In Equation 3, A is the hydrogel half thickness, ris the radius of the hydrogel, Dggis the
effective diffusion coefficient, ¢is time, M;is the amount of protein released at time ¢ M is
the amount of protein released at infinite time, and jand kare integers. a;is defined as the
roots of the zero-order Bessel function, Jo(ra;)=0 (Equation 4). B is defined as
Bi=(2k+1)r/2h (Equation 5). The summations in Equation 3 were evaluated for j=1,2,...,15,
and k=0,1,...,150. D #was determined by minimizing the sum of an objective function,

w=(M; (1) — M:(1)* /(M (r))* (Equation 6), where A7 represents the theoretical release
fraction at time £ and the a7 represents the experimental release fraction at the same time &
Figure 1 is a representative experimental release profile fit with the diffusion model in
Equation 3 using the calculated effective diffusion coefficient determined from the objective
function minimization described above.

2.3 Solution viscosity

Alginate solution viscosity was measured using a TA Instruments AR-G2 stress-controlled
rheometer (New Castle, DE). Samples were injected into a Couette geometry and were
maintained at 25 + 0.1°C by the built-in Peltier control. Dynamic viscosity measurements
were performed using steady-state flow with shear rates ranging from 0.1 to 100 s™2.

2.4 Hydrogel mechanical properties

Alginate hydrogel mechanical properties were measured using a TA Instruments AR2000
stress-controlled rheometer (New Castle, DE). Samples were prepared using the CaEDTA/
GDL method (section 2.1.2) in 100 mm Petri dishes. Acrylic parallel plates (60 mm) were
used and gels were maintained at 25 + 0.1°C by the Peltier control. Storage (G’) and loss
(G”) moduli were measured using oscillation frequency sweeps covering frequencies from
0.1 to 10 Hz while maintaining an oscillation stress of 1 Pa to remain in the linear
viscoelastic region of the hydrogel. The linear viscoelastic region was determined using an
oscillation stress sweep at 0.1, 1, and 10 Hz. Batches of six gels were made in triplicate, and
each gel was run once on the rheometer.

Hydrogel mesh size, €g, was estimated from rheological measurements. Equation 7
estimates € for F68-containing alginate hydrogels based on the measured shear modulus
[50].

fRN(kT/GO )1/3 (Equation 7)

The low-frequency shear modulus, Gy, was approximated as the complex shear modulus,

* G*=(G)*+(G")? i i
G*, measured at 0.1 Hz where (Equation 8). Temperature, T, is 298 K for
all estimations and the Boltzmann’s constant, k, is 1.38x10724 J/K.

2.5 Hydrogel swelling

Hydrogel swelling studies were performed as previously reported [51]. Hydrogel volume in
the relaxed state, Vg, was defined as the volume of an alginate hydrogel immediately after
soaking for 24 hours in 100 mM CaCl, (or 50 mM BaCls) solution (derived from [51]).
Hydrogel volume in the swollen state, Vg s, was defined as the volume of an alginate
hydrogel after soaking for 24 hours in nanopure water (derived from [51]). Corresponding
polymer volume ratios can be calculated as v, ,=V,/V, . (Equation 9) and v ;=V,/Vg
(Equation 10), respectively, where Vj is the volume of dry polymer [51].

Acta Biomater. Author manuscript; available in PMC 2013 February 04.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Stoppel et al.

Page 6

Based on a method described by Peppas and colleagues [51], the mesh size, €, of
homogeneously crosslinked hydrogels was estimated using data from swelling experiments.
&s was calculated based on the molecular weight between crosslinks, Mc, and end-to-end
distance of alginate chains in an unperturbed state, (r2g)/2. M was calculated from
Equation 11. The Flory interaction parameter for alginate was taken as x=0 .738 [52]. V1 is
the molar volume of the solvent (water), 7is the specific volume of alginate (0.48 mL/g
[53]) and M, is the number average molecular weight of alginate (estimated by the viscosity
average molecular weight [53], not shown).

1 2wl —vy )43 ]

E_E_ vz,r[(m)m 1(\7_S)] (Equation 11)

V2 V2,r

2
7%:[2Cn (ZMC/M,> (Equation 12)
1/2
gy:v;ﬁ(ﬁz}) / (Equation 13)

_7\1/2
Using Equation 12, (r(z)) is calculated from M¢ and the characteristic ratio of the alginate
chain, C,,, was taken as 24 [40]. The length of a C-C bond (/= 1.54 A) and the molecular

n\1/2
weight of the alginate repeating unit (M, =198 g/mole) were used to determine (V(Z)) in

Equation 12. The mesh size, €g, was calculated using Equation 13.

2.6 Particle size analysis

Dynamic light scattering was performed using a Brookhaven Instrument Corporation
ZetaPlus Particle Size Analyzer (Holtsville, NY) to determine the effect increasing F68
concentration has on the effective diameter of aqueous BSA and lysozyme. Initially, F68
was dissolved in 10 mM sodium chloride at a pH 7.4. BSA was added to the F68 solution at
a concentration of 10 mg/mL. To investigate the interaction between F68 and alginate in
solution, F68 was added to a 0.5% alginate solution in nanopure water. A 90° angle and a
wavelength of 660 nm were used. Size distributions were analyzed using the Brookhaven
Instrument Corporation Particle Analyzing software. Effective diameter and the
corresponding standard deviations of the analyses are reported.

2.7 Cell encapsulation

Analysis of viability within 1% alginate hydrogels containing 1% F68 was performed
through encapsulation of two cell types (primary human keratinocytes, HEKa, and rat
insulinomas, RIN-m5f) by coaxial air flow following a previously described protocol [11,
41] using sterile alginate, Pronova SLG1g¢ (NovaMatrix, Sandvika, Norway). Briefly, cell
pellets were mixed with alginate solution to resuspend cells at 1x10° cells/mL alginate
solution. The mixture was pumped using a peristaltic pump (Cole Parmer, Niles, IL) through
a syringe needle (23-gauge for HEKa, 30-gauge for RIN-m5f) fitted with 1/8” luer-lock
glass tubing inserted into an air chamber with an air inlet on one side to maintain coaxial air
flow. Alginate microcapsules were formed at the tip of the needle and were extruded into a
non-tissue culture 6-well plate filled with 50 mM BaCl,, where they were allowed to
crosslink for 30 minutes. Capsules were maintained in cell culture medium in 6-well plates
on a rocker (Stovall Life Sciences, Greensboro, NC) in a humidified incubator at 37°C and
5% CO,. For the HEKa cells, EpiLife® was supplemented with 1.5 g/L sodium bicarbonate,
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1X EDGS, 100 U/mL penicillin, 100 pg/mL streptomycin, and 10% FBS. For the RIN-m5f
cells, RPMI 1640 was supplemented with 292 mg/L L-glutamine, 10 mM HEPES buffer, 3
g/L sodium bicarbonate, U/mL penicillin, 100 pg/mL streptomycin, and 10% FBS.

2.8 Cell viability

2.8.1 Encapsulation—Cell viability within the encapsulation matrix was investigated
using a LIVE/DEAD assay. Encapsulated cells were stained for 10 minutes using acridine
orange (LIVE stain, 120 ug/mL cell culture media) and propidium iodide (DEAD stain, 30
pg/mL cell culture media). Capsules were rinsed 5 times in 8 mL of cell culture medium for
2 minutes each prior to imaging to minimize background. Fluorescence imaging was
performed on an Olympus 1X71 Inverted Epi-fluorescence Microscope (Center Valley, PA,
USA) equipped with a Ludl Motorized Z-Stage (Hawthorne, NY, USA), a monochromatic
Hamamatsu cooled-CCD Digital Camera (Hamamatsu City, Japan), and a CRI MicroColor
trichromatic filter (Woburn, MA, USA). Images were analyzed using ImageJ [54] and are
presented as an overlay of both LIVE and DEAD images.

2.8.2 Cell culture—The effect of F68 on cell viability was analyzed by the addition of F68
to cells in traditional culture medium. Cell culture growth and viability were monitored over
a 9-day period. NIH 3T3 fibroblasts were obtained from ATCC and grown in tissue culture-
treated flasks as directed in the specifications for this cell line. Briefly, cells were
maintained using DMEM supplemented with 110 mg/L sodium pyruvate, 3.7 g/L sodium
bicarbonate, and 584 mg/L L-glutamine, and 10% FBS. Cells were subcultured every 6 days
into fresh medium for maintenance. To investigate the effect of F68 on growth and viability,
2% and 5% wi/v F68 was added to the cell culture medium. All biological media solutions
were filtered under sterile conditions using a 0.22 pm polyethylene terephthalate (PET) filter
(Millipore, Billerica, MA) after F68 addition. Cells were passaged into 12-well tissue-
culture treated plates at 1x103 cells/cm?2. After two days, media was replaced with F68-
containing media. Media containing F68 was changed every two days throughout the
experiment. To determine growth and viability, three wells of the 12-well plate were
trypsinized every two days and were counted on a hemacytometer using Trypan blue
exclusion to determine the total number of cells in each well along with percentage viability.
Experiments were run in triplicate. Relative growth rate was determined by subtracting the
number of live cells on day 0 from the number of total live cells on the sample day and
dividing the result by the number of live cells on day 0.

2.9 Statistical analysis

All samples were analyzed in triplicate unless stated otherwise. Rheological properties at
each independent variable, sample loading capacity, and sample release were analyzed for
significance using a two-sample equal variance Student’s t-test. All reported values are
mean + standard deviation. Diffusion coefficients were analyzed using a two-sample equal
variance Student’s t-test comparison of samples one standard deviation above and below the
average release rate for each sample type. Differences were considered statistically
significant for p < 0.05 for all tests.

3 Results and Discussion

Transport of biological molecules within nonionic surfactant-containing hydrogels was
evaluated using a Pluronic® F68 (F68)-alginate system. The addition of F68 above the CMC
allowed for incorporation of nonionic surfactant micelles in the hydrogel which were
capable of interacting with imbibed proteins and small molecules. The bulk structure of a
hydrogel defines its transport characteristics and biofunctionality. Important parameters for
characterizing hydrogel matrices include polymer volume fraction in the swollen state (v; g),
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molecular weight of the polymer chain between two neighboring crosslinking junctions
(Mg), and mesh size (E) [55]. The effects of F68 micelle incorporation and crosslinking
method on the transport properties of the alginate hydrogel were analyzed using these
parameters along with release kinetics (Mi{/Mwo) and calculated effective diffusion
coefficients (Deg).

Gelation method influences transport of both small and large molecules by altering the
internal structure of the hydrogel, mainly through variations in mesh size [56].
Homogeneously crosslinked alginate hydrogels are achieved by utilizing the decomplexation
of CaEDTA using GDL to slowly reduce the pH of the solution, thus releasing the calcium
ions [38]. Inhomogeneously crosslinked alginate hydrogels are formed by passive diffusion
of Ca?* or Ba2* by simply exposing alginate solution to CaCl, or BaCl, [37]; however, this
method does not allow for homogeneous dispersion of cations throughout the matrix [57],
creating variations in crosslinking density which can be observed by examining the cross-
section of a hydrogel. Inhomogeneously crosslinked hydrogels have a lower protein or small
molecule loading capacity compared to homogeneously crosslinked hydrogels, due to
decreased swelling ratios and decreased final hydrogel volume (or increased matrix
shrinkage upon gelation), which therefore decreases the amount of protein which can be
imbibed. Hydrogels created by crosslinking with BaCl, retain the least amount of water and
BaCls has been shown to be a more robust crosslinking method compared to CaCls, yielding
stronger and tighter hydrogel structures for lower cation concentrations [37]. Therefore, the
effect of gelation parameters, such as cation concentration and cation delivery (passive
diffusion or CaEDTA degradation), should be considered when designing alginate hydrogels
for tissue engineering applications.

The effect of surfactant and gelation method on release of riboflavin, a small metabolite
(hydrodynamic radius of 0.58 nm [58]), and BSA, a large, multi-domain protein
(hydrodynamic radius of 4.5 nm [59]) was investigated. Riboflavin was chosen because it is
a small hydrophaobic molecule, whose transport parameters mimic those of other relevant
small metabolites such as glucose, vitamins, or small-molecule therapeutics. BSA was
chosen as a model protein containing multiple tertiary domains including charged,
hydrophobic, and globular. Because of its tertiary structural characteristics, BSA closely
resembles the structure of biological therapeutics, such as human serum albumin (HSA), and
the results of these transport studies are therefore applicable to the delivery and release of
such proteins [60]. Results below summarize and discuss the influence of F68 on the
transport of both riboflavin and BSA in alginate hydrogels.

3.1 Effect of F68 and loading method on small molecule transport

For transport of small molecules such as riboflavin, no statistical difference related to F68
incorporation was observed for Dgg for homogeneously crosslinked alginate hydrogels
(CaEDTA/GDL method). Conversely, an increase (up to 23% for CaCl, and 50% for BaCly)
in Dg¢s for riboflavin was observed for inhomogeneously crosslinked hydrogels (CaCl, and
BaCl,), which is likely due to the wide variation in mesh size caused by the inhomogeneities
in the hydrogel structure, observed in Figure 2a. Arrows in Figure 2a indicate changes in
optical properties across a cross-section of a 1% alginate hydrogel formed with 1 M CaCl,.
Figure 2b shows the change in swelling ratio or water uptake properties for 1% alginate
hydrogels formed using various formulations and gelation strategies. These data help
explain the 12-24% decrease in the riboflavin loading capacity observed across gelation
methods. The release percentage and loading capacity of riboflavin were largely unaffected
by the addition of 1 or 2% F68 to an alginate hydrogel regardless of the gelation method.
Based on these results, we can conclude that small molecule transport within hydrogels is
improved slightly by the addition of F68, as evidenced by the increase in Dg¢s for
inhomogeneously crosslinked hydrogels. Use of a higher surfactant concentration or larger
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molecular weight surfactant, such as Pluronic® F108 or F127, is expected to continue to
enhance Dg¢r and improve transport characteristics, as long as the material properties of the
hydrogel are not strongly affected by the change in formulation.

Riboflavin was loaded into the homogeneously crosslinked hydrogels by two methods: 1) in
situ addition by adding solid riboflavin to the alginate solution prior to crosslinking and 2)
imbibition of the riboflavin into a fully crosslinked hydrogel. The /n situ method allowed for
incorporation of significantly more riboflavin per gram of alginate in the hydrogel (up to a
44% increase), as seen in the comparison of the loading capacities for riboflavin in Table 1.
Adding the small molecule to the alginate solution prior to gelation increases the loading
capacity without altering the release profile or Dggs (Table 1). This is particularly relevant for
the delivery of therapeutics. For instance, the creation of alginate microcapsules for the
steady release of angiogenic factors has been investigated [61]. Our data support the creation
of these capsules by first adding a growth factor, such as VEGF, to the alginate solution and
then extruding the capsules into a crosslinking solution rather than forming capsules and
imbibing the growth factor later in the process. For the same volume of capsules, more
growth factor or protein can be loaded and hence delivered.

Inhomogeneously crosslinked hydrogels demonstrated an approximate increase in Deggs Of
200% as compared with homogeneously crosslinked hydrogels. The increase in Degf could
be due to the variation in mesh size in the inhomogeneously crosslinked material. The model
used to analyze the data is commonly used to determine Dggs, but it assumes transport within
a uniform network [48], and therefore the effect of the non-uniform network within the
inhomogeneously crosslinked hydrogels may be exaggerated. The loading capacity of an
inhomogeneously crosslinked hydrogel may be affected by the change in swelling ratio
(Figure 2b) and the tight outer pore structure, which may limit the ability of small molecules
to fully diffuse into or out of the matrix [57].

3.2 Effect of F68 and loading method on protein transport

The loading capacity of BSA within the composite hydrogel decreased with increasing F68
concentration independent of the gelation method as shown in Table 1. Similar results would
be expected using other PEO-PPO-PEOQ synthetic surfactants, with a decrease in protein
loading expected for a hydrogel containing micelles of a surfactant with a high ratio of
hydrophobic PPO units to lipophilic PEO units, such as Pluronic® F108 or F127 [14].
Observable changes show increased water loss upon gelation with increasing surfactant
concentration. One way to evaluate this change in volume over the liquid to solid transition
is with a shrinkage ratio. Shrinkage, or water loss upon gelation, increases with increasing
F68 concentration as shown in Figure 3. Increased shrinkage results in a decrease in final
hydrogel volume (and an increase in final crosslinking density), which leads to a change in
matrix properties, such as mechanical strength (G’ discussed below) and swelling ratio
(Figure 2b) [37]. A smaller hydrogel volume would lead to less water retention and therefore
lower protein loading capacity through the imbibement method. These changes in shrinkage
upon gelation contribute to the 24-44% increase in the /n situ riboflavin loading capacity.
Shrinkage measurements translate to lower drug or biological therapeutic loading per gram
of delivery vehicle used.

Hydrogel properties and device dimensions play crucial roles in complete release of proteins
from a scaffold [25]. Addition of a nonionic surfactant, such as F68, can both improve and
inhibit protein release over a two-hour period based on the mechanical properties [40, 56] of
the hydrogel. Table 1 summarizes the effect of F68 incorporation in alginate hydrogels on
the transport properties of BSA for two gelation methods (inhomogeneous and
homogeneous; described above). For inhomogeneously crosslinked hydrogels, addition of
F68 facilitated release of BSA (up to 21%) and enhanced Dg¢t (Up to 83%) (Table 1),
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improving the general BSA release properties. In the context of the release of protein
therapeutics or signaling molecules, the use of a nonionic surfactant may decrease the time it
takes for release. Conversely, homogeneously crosslinked hydrogels containing F68 showed
a modest decrease in release percentage compared to alginate-only controls (up to 14%) with
no change in Dgff (Table 1). The tight pore size of the outer surface of inhomogeneously
crosslinked hydrogels as compared to the homogeneously crosslinked hydrogels may
contribute to the 30% decrease in overall release percentage observed (Table 1). These
results strongly suggest that choice of gelation method is critical in device design and
impacts the influence of surfactant addition on protein release.

Observed changes in BSA transport caused by addition of F68 can be explained through two
physical measurements: 1) mesh size estimations of alginate and alginate-F68 gels based on
swelling (€s) and mechanical properties (€r), and 2) the interaction of F68 with proteins
using dynamic light scattering (DLS). Mesh size can be approximated using order of
magnitude estimations [50, 51] as described by Equations 7 and 13. Both estimation
methods yield an average mesh size of 10-25 nm, regardless of F68 incorporation in
alginate. Therefore, particles at or above 10 nm will have transport limitations due to mesh
size constraints. DLS analysis of BSA-F68 solution in Figure 4a shows an increase in
particle size with increasing F68 concentration, suggesting the possibility of conformational
changes to the protein structure [8, 62]. The percentage particle size increase with the
addition of 2% and 5% F68 was 27.1% and 71.0%, respectively.

The increase in BSA particle size with added F68 may contribute to the decrease in release
percentage in homogeneously crosslinked hydrogels through mesh size limitations. The
incomplete release of BSA has implications for the use of surfactant-containing hydrogels
intended for delivery of protein pharmaceutics. The addition of 1% F68 to BSA solution
caused the BSA particle size to increase to 10.3 £ 0.1 nm as shown by DLS, which is within
the estimated mesh size range for the alginate hydrogels investigated. This change in protein
diameter with the addition of >2% F68 may also account for the decrease in the BSA
loading capacity observed (described above). Transport limitations due to mesh size
restrictions will increase with increasing particle size and therefore a decrease in BSA
loading capacity is expected for increasing concentrations of F68 [63].

The increase in BSA effective particle size with added F68 may also be due to a relaxation
of the hydrophobic cores of the protein pockets or direct interaction of the free F68 polymer
or micelles with hydrophobic sections of the protein [8, 62]. BSA shares 76% sequence
homology with human serum albumin [8], and therefore similar trends for transport and
particle size would be expected with F68 addition to this pharmaceutical formulation. Due to
the complexity of interaction, research investigating the effect of nonionic surfactants on
specific protein conformational changes is necessary to understand the implications of the
surfactant-protein interaction on the ability of any particular protein to maintain its
functionality [8].

To determine if similar behavior is observed for other proteins and enzymes, DLS was used
to measure the hydrodynamic diameter of lysozyme (hydrodynamic radius of 2.05 nm [64])
with increasing F68 concentration. It was found that the effective diameter of lysozyme
increases with increasing F68 concentration as shown in Figure 4b. The percentage particle
size increase with the addition of 2% and 5% F68 was 15.9% and 45.5%, respectively. The
reduced effect of F68 on lysozyme particle size as compared to BSA may be due to the
lower percentage of hydrophobic domains in the lysozyme molecule [7], as well as the
smaller size (14 kDa vs. 67 kDa). At the maximum surfactant concentration measured,
lysozyme-F68 particle size is 6.4 £ 0.1 nm, so transport limitations due to mesh size would
not be expected for alginate hydrogels containing <5% F68. Constriction of the hydrogel
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network due to surfactant addition may impact the efficacy of the biomaterial by reducing
both protein and nutrient transport within the matrix. Transport is ultimately dependent upon
both the initial size of the protein [12, 20, 29, 65] and interaction with surfactant. Hence,
changes in protein size due to surfactant addition should be evaluated for specific proteins of
interest.

3.3 Rheological properties

Material strength and integrity is critical for biomaterial design and function [40, 65].
Rheological properties of F68-alginate systems were measured to investigate how
incorporation of nonionic surfactants affects mechanical integrity of an alginate hydrogel.
Solute diffusion is affected by the size and structure of the polymer used to form the
hydrogel [66].

The dynamic viscosity of 1% alginate solution increases with increasing F68 as shown in
Figure 5a. Addition of 5% F68 to the alginate solution increased the dynamic viscosity by
59%. We believe this is due to formation of some type of complex between F68 and alginate
chains, which would increase the effective volume fraction of the polymer in water, leading
to an increase in solution dynamic viscosity [67]. Complexation of F68 with alginate chains
can be observed via particle size measurements (Figure 5b), which show a steady increase in
the effective size of the alginate-F68 assembly with increasing F68 concentration (rather
than two disparate populations of sizes, which would correspond to a solution of
uncomplexed alginate chains and F68 micelles). The size of the alginate-F68 assembly with
5% F68 is nearly double that of neat alginate chains. We expect a similar type of viscosity
increase in solutions of alginate with other types of nonionic surfactants. Solutions of
alginate with the anionic surfactant sodium dodecyl sulfate (SDS) [68] and the cationic
surfactant cetyltrimethylammonium bromide (CTAB) [69] also display a viscosity increase
as compared to neat alginate, although in both of those cases the solution morphology may
be quite different than in the nonionic case due to the charged nature of the surfactant.
Increases in solution viscosity are significant when considering using a mixed alginate-
surfactant solution in creation of a biomedical device. For example, in using alginate
solutions for cell encapsulation in a syringe-type process, a significant increase in viscosity
will affect final capsule morphology as well as processing parameters [70].

Determining the influence of additives on native mechanical properties of the hydrogel is
important for the assessment of the effects on device functionality. The storage modulus
(G”) represents the elastic or solid-like behavior of a material. G was monitored to
determine if F68 addition alters the mechanical integrity of alginate hydrogels. Figure 6a
shows a significant decrease in G’, and therefore mechanical strength, with the incorporation
of 5% F68 across a wide range of frequencies. Figure 6b shows data collected at a frequency
of 1 Hz, clearly demonstrating significant effects for 5% F68 incorporation (reduction in G’
by 57%). For alginate hydrogels, addition of F68 above 2% may lead to undesirable material
properties. When designing tissue engineered scaffolds, such as artificial cartilage or soft
tissue, it is beneficial to match the mechanical properties of the native tissue [65]. Decreases
in mechanical integrity may increase the likelihood of scaffold fracture due to shear or other
forces.

3.4 Cell viability

To investigate the biocompatibility of F68 with a variety of cell types, cells were cultured in
media containing F68 and encapsulated within F68-alginate microcapsules. NIH 3T3
fibroblasts were grown in DMEM supplemented with either 2% or 5% F68 and cell number
and viability were monitored over a 9-day period. Figure 7a shows a 42% decrease in
relative growth for NIH 3T3 fibroblasts cultured in media containing 5% F68. Throughout
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the experiment, 290% viability was maintained for all samples (data not shown), suggesting
minimal F68 toxicity, which agrees with previous studies using a human liver carcinoma
cell line (HepG2) [4, 11] and other studies performed using a human microvascular
endothelial cells (HMEC-1), keratinocytes (HEKa), and beta cell insulinomas (RIN-m5f)
(data not shown). Cells may be exposed to surfactants used in the creation of novel
biomedical scaffolds, such as bioactive glasses [3] or electrospun fibers [5, 10], or through
hydrogels used for drug delivery [15].

To investigate the cytotoxicity of F68 in the gel state on a variety of cell types, HEKa
(keratinocytes) and RIN-m5f (B-cell insulinoma) cells were encapsulated in 1% alginate
containing 1% F68 and viability was compared to cells encapsulated in 1% alginate without
F68. LIVE/DEAD assay results, shown in Figure 7b, support the feasibility of using 1% F68
in alginate biomaterials and concur with previous studies using HepG2s [11] and NIH-3T3s
(data not shown). The effect of F68 on the functionality of these cells and other cell types is
currently under investigation in our laboratory. Based on cell motility studies with
neutrophils [71] and macrophages [72], F68 decreases cell adhesion to the matrix, which
may promote cell migration and aggregation within a microcapsule. For applications such as
B-cell encapsulation for the treatment of type 1 diabetes [12], aggregation of isolated B-cells
in a microcapsule may be encouraged by the use of a biocompatible nonionic surfactant.

4 Conclusions

Nonionic surfactants are often added to traditional hydrogels at high concentrations (i.e.,
above the CMC) to enable proper dissolution and delivery of relevant biologics.
Determining the influence on transport of both proteins and small molecules is critical to
device design and function. Here, we investigated the effect of adding the nonionic
surfactant Pluronic® F68 (F68) to alginate hydrogels using two typical gelation methods on
both small molecule (riboflavin) and protein (BSA) transport. Homogeneous gelation
resulted in increased loading capacity and release percentage, with the most significant
effects observed for protein transport. F68 addition had minimal effects on riboflavin
transport and loading. Conversely, significant effects were observed for BSA where loading
capacity was decreased and release was either increased or decreased depending on the
gelation method. These effects can be attributed to both changes in material properties (i.e.,
water retention) and interaction of F68 micelles with BSA in solution. With 5% F68, an
increase in dynamic viscosity and decrease in mechanical strength were observed, which has
implications for both device processing and function. These results highlight the importance
of studying and optimizing transport of biological molecules, particularly proteins, when
additives (e.g., nonionic surfactants) are included in hydrogel formulations for cell and drug
delivery applications.
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Figure 1.

Representative experimental data with model fit. () represents experimental data and (-)
represents the model fit for release of riboflavin from a 1% alginate hydrogel containing 1%
F68 formed by CaEDTA/GDL gelation.
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Figure 2.

Effect of gelation method on crosslinking density and water uptake. A) Arrows depict
changes in optical properties in the radial direction of a cross-section of 1% alginate
hydrogel which indicate variations in crosslinking density within the hydrogel (1 M CaCly).
B) Water uptake for alginate hydrogels formed using (O0) CaEDTA/GDL, (O) 1 M CaCly,
and (A) 0.5 M BaCl,. Addition of F68 has less of an effect than the gelation method on
water uptake properties for an alginate hydrogel. Error bars represent standard deviation
(p=0.05, n=5).
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Figure 3.

Matrix shrinkage upon gelation. Water loss upon gelation (matrix shrinkage) increases with
increasing F68 incorporation as measured by the relative change of solid hydrogel volume
post-crosslinking to liquid alginate volume prior to gelation as depicted by Equation 2. (*)
denotes statistical difference from the 0% F68 control. Error bars represent standard
deviation (p<0.05, n=4).
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Figure 4.

0 1 2 3 4 5
% F68 added to 2 mg/mL Lysozyme

Effect of F68 on protein diameter measured by DLS. A) Increase in F68 concentration
increases BSA effective diameter (by 71% in 5% F68). B) Increase in F68 concentration
increases lysozyme effective diameter (by 46% in 5% F68). Error bars represent standard
deviation (n=4).
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Figure 5.

Effect of F68 on solution properties of alginate. A) Viscosity of a 1% alginate solution
increases with increasing F68 incorporation. Samples are 1% alginate solution containing
(O) 0%, (O) 1%, (A) 2%, and (¢) 5% F68. 5% F68 incorporation increases solution
viscosity 59% (n=4). B) Increase in F68 concentration increases alginate solution particle
size (by 110% at 5% F68). Error bars represent standard deviation (n=4).
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Figure 6.

Effect of F68 on storage modulus (G’) of alginate hydrogels. A) Addition of 1% and 2% F68
does not significantly affect G’; however, addition of 5% F68 decreases G’ by 54-60% over
the frequencies presented. Samples are 1% alginate solution containing (O) 0%, (O) 1%,

(A) 2%, and (©) 5% F68 (n=5). B) G” measured at 1 Hz. 5% F68 incorporation reduces G’
by 57% over the control (0% F68 incorporation). Error bars represent standard deviation
(p<0.05, n=5).
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Figure 7.

Effect of F68 on cell growth and viability. A) Relative growth of NIH 3T3 fibroblasts
cultured in media containing () 0%, (O) 2%, or (A) 5% F68. After 9 days, 5% F68
incorporation decreases the relative growth rate by 42%. Relative growth is calculated as the
relative change in viable cell number on the sample day from day 0. (*) represents time
points where 5% F68 incorporation is statistically different from the 0% F68 control and
(**) represents time points where both 2% and 5% F68 incorporation are statistically
different from the control (p<0.05, n=9). B) Live/Dead assay of adult human keratinocytes
(HEKa) and RIN-m5f beta cell insulinomas (RIN-m5f) encapsulated in 1% alginate with 1%
F68. Images show cell viability post-encapsulation by an overlay of the live (green) and
dead (red) stains.
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Table 1

Transport properties of riboflavin and BSA in alginate-F68 composite hydrogels.

Loading Capacity ~Release %  Dgg (x10710)  Obj.
g solute/g dry Mi{/Mes (2 m2/s Fxn
polymer hrs)

Riboflavin

CaEDTA/GDL in situ loading

0% F68 727417 979+11 2207 02

1% F68 644+29% 977+16  21+02 0.1

2% F68 64.4+7.2 974+13  25+07 0.1
CaEDTA/GDL

0% F68 50.4+25 992+13  17+01 0.1

1% F68 448+36 994+07  19+02 02

2% F68 51.9+33 967+08% 19+02 0.1
cacl,

0% F68 386+8.1 859+71  61+01 03

19% F68 28825 838+29  70403% 0.1

2% F68 395+21 799+24  75404% 01
BacCl,

0% F68 44.1+74 910+31  50+08 03

1% F68 37.7+15 892+41  60+05 0.1

2% F68 27619 876+£12  75+05* 01

Bovine Serum Albumin (BSA)

CaEDTA/GDL
0% F68 50.9+3.9 953+34  05+01 02
1% F68 351+37% 87.7+62  0.6+01 00
2% F68 28.9+1.2% g22+39* 0701 00
CacCl,
0% F68 395+1.9 68.4+23  36+0.6 04
1% F68 224 +17% 787+44% 4607 0.1
2% Fe8 185+2.0" 827+21° 66x02* 01
BacCl,
0% F68 323+4.0 673+46  59%03 00
1% F68 196+16% 719+24  55%01 02
2% F68 192404 86.8+28° 72x05% 02

*
( )denotes statistical difference from the appropriate 0% F68 control sample (p<0.05, n=8).
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