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(pI) of protein, or at very low biopolymer 
concentrations.[1]

One way to broaden the range of pH 
and composition for gel formation is to 
slow down the acidification (or alkali-
zation) process to several minutes or 
hours.[9] A typical example is to use glu-
cono delta-lactone (GDL), which is an 
internal ester.[9,10] It gradually hydrolyzes 
in solution, causing a slow decrease of 
pH over time. However, since GDL is a 
crystalline powder, stirring (15–20 min) 
is needed to dissolve and disperse it. This 
process has two problems: (a) large aggre-
gates or precipitates are formed due to 
the initial fast decrease in pH and (b) the 
initial crosslinks or junctions between pro-
tein/polysaccharide complexes are contin-
uously disrupted due to shear.

Another technique to slow down the acidification (or alkali-
zation) process is vapor-induced gelation (also called vapor-
induced phase separation or VIPS).[11] This technique has until 
now received relatively little attention for the preparation of 
hydrogels. It has been tested exclusively for the preparation of 
chitosan/chitin[12] or curdlan[13,14] hydrogel membranes, and as 
far as we know there are no reports for other gelling polysaccha-
rides or proteins, or for mixed systems. The approach consists 
of using a closed vessel saturated with a volatile compound. By 
diffusing this compound via the gas/liquid interface into a solu-
tion of the gelling agent, a phase separation is induced leading 
to gelation. For example, chitosan hydrogels have been pre-
pared following this approach by exposing the chitosan solution 
to ammonia vapors.[12] This method allows gels to form without 
mechanical perturbation during the entire gelation process, as 
opposed to gelling using GDL.

Herein, we compare all three gelation techniques and cor-
relate the microstructural analysis to mechanical properties of 
mixed gels of gelatin B (GB, protein pI = 5.3) and xanthan gum 
(XG, a negatively charged polysaccharide). We demonstrate 
that VIPS significantly extends the range of pH and composi-
tion that can undergo gelation, including very low biopolymer 
concentrations.

2. Experimental Section

2.1. Materials

Gelatin (type B, G6650, bloom index ≈75, molecular weight: 
20–25 kDa, pI = 5.3) (GB) and xanthan gum (from xanthomonas 

Protein/Polysaccharide-Based Hydrogels

The preparation of hydrogels via vapor-induced phase separation (VIPS) has 
received limited attention. VIPS consists of exposing a solution containing a 
gelling agent to a vapor that induces gelation via mass transfer at the gas/
liquid interface. Using mixtures of gelatin B and xanthan gum exposed to 
acetic acid vapor, it is demonstrated that VIPS is efficient for the prepara-
tion of protein/polysaccharide mixed gels. This method prevents the typical 
precipitation of protein/polysaccharide complexes observed in the strong 
electrostatic attraction regime. It significantly extends the pH window associ-
ated with gel formation, and yields mechanically stronger gels as compared 
to other preparation techniques such as using glucono delta-lactone or the 
conventional dropwise pH adjustment technique. Finally, VIPS yields gels 
at very low gelling agent content, and for a variety of other mixed systems, 
including globular proteins such as bovine serum albumin.

1. Introduction

Protein/polysaccharide mixed gels have recently attracted 
much attention for the protection of bioactive molecules when 
used as encapsulation and delivery systems,[1,2] since gela-
tion can occur without crosslinking agents or enzymes. Their 
mechanical properties can be tuned by controlling various 
parameters such as pH, ionic strength, protein to polysaccha-
ride ratio, and temperature.[2–4] The two most common ways 
to prepare mixed gels are (1) mixing together aqueous solu-
tions of protein and polysaccharide, followed by adjusting the 
pH by adding acidic (e.g., HCl) or alkaline (e.g., NaOH) solu-
tion;[5–7] and (2) preparing two separate solutions of polysaccha-
ride and protein both at the desired pH, and then mixing the 
solutions together.[5,6,8] These methods are quick (pH changes 
within seconds), and usually result in precipitation instead 
of gelation at a pH well below (or above) the isoelectric point 
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campestris, G1253, molecular weight ≈ 2000 kDa) (XG) were 
purchased from Sigma-Aldrich Canada. All other reagents and 
chemicals were of analytical grade and were used without fur-
ther purification.

2.2. Preparation of GB, XG, and GB/XG Solutions

GB solutions (0.4–2.4 wt%) were prepared by allowing the pro-
tein to swell in Milli-Q water (18.2 Ω) for 15–20 min, followed 
by gentle stirring at 60 °C for 15 min. The solutions were used 
on the same day. XG solutions (0.4 wt%) were prepared by dis-
solving the powder into Milli-Q water at a stirring speed of 
600–700 rpm for at least 12 h at room temperature, to ensure 
complete dissolution. Mixed GB/XG solutions with a fixed 
XG concentration (0.2 wt%) and different GB concentrations 
(0.2–2.0 wt%) were prepared by mixing equal volumes of GB 
and XG primary solutions under magnetic stirring at 60 °C for 
approximately 30 min.

2.3. Preparation of GB/XG Mixed Gels

For the glucono delta-lactone addition method: the mixtures 
were stirred for 15 min to dissolve and disperse the GDL crys-
talline powder after its addition. Then, for “table-top” rheology, 
6 mL of solution were transferred into 20 mL vials (Fisherbrand, 
OD × H (with cap): 28 × 61 mm), and for mechanical tests, 
20 mL were transferred into petri dishes (OD × H: 50 × 11 mm) 
(see Figure S3 in the Supporting Information). The mixtures 
were kept at room temperature for 24 h to allow gelation before 
analysis. For the vapor-induced method (VIPS), the GB/XG 
mixtures were first transferred into vials or Petri dishes, and 
then sealed in a chamber with acetic acid solutions in water 
(20–100 wt %) for 24 h to allow gelation before analysis.

2.4. Confocal Laser Scanning Microscope

The mixed gels were observed with an Olympus IX 81 inverted 
Confocal Microscope (Olympus Canada Inc., Richmond Hill, 
ON, Canada). GB was stained with Nile Blue A (N0766, Sigma) 
in solution under magnetic stirring for 30 min before mixing 
with XG solutions. XG was covalently labeled with 5-(4,6-dichlo-
rotriazinyl) aminofluorescein (DTAF) (D0531, Sigma) using a 
method described previously.[7] After mixing, solution samples 
were poured into Petri dishes. Observation of XG was made 
by excitation of DTAF at 488 nm, the emission being recorded 
between 510 and 550 nm. Observation of GB was made by exci-
tation of Nile Blue A at 633 nm, the emission being recorded 
between 650 and 680 nm. Micrographs were taken using a 60x 
objective lens at a 2048 × 2048 pixels resolution. All micro-
graphs were subsequently analyzed using Image J software.

2.5. Mechanical Properties

Gel mechanical properties in compression were probed with 
a stress-controlled Physica MCR 501 rheometer (Anton Paar, 

Graz, Austria). The gels were penetrated with a 12 mm diam-
eter cylinder probe (modified using the disposable geometry 
shaft, Figure S3, Supporting Information). A normal force–dis-
placement (or gap) curve was obtained at a crosshead speed of 
0.5 mm s−1 (Figure S5, Supporting Information). To protect the 
instrument, the software was set to terminate the test when the 
normal force reaches 50 N, or the gap is less than 0.5 mm.

3. Results and Discussion

VIPS of GB/XG mixtures were prepared by exposing the 
solutions to acetic acid vapor in a sealed chamber. Due to its 
volatility, acetic acid is gradually transferred into the protein/
polysaccharide aqueous mixture across the gas/liquid interface, 
resulting in a gradual decrease of pH over time. The acidifica-
tion rate is controlled by the acetic acid concentration (Figure 1, 
solid symbols), and the pH keeps decreasing after 24 h. In com-
parison, the acidification rate increases with increasing GDL 
content, and the pH reaches a final value after 4–5 h.

Gelation by VIPS occurs locally from the top to the bottom 
of the vial, starting at the gas/liquid interface, and the gelation 
rate increases with the GB content (Figure S1a, see red dashed 
lines, Supporting Information). Gels prepared by the VIPS 
technique display much less syneresis at a given composition 
compared to those prepared by GDL addition (Figure 2a). All 
mixed gels break down and form precipitates when heated 
at T ≈45 °C (Figure 2a). This process is irreversible due to 
the low pH (≈3.0–4.0) of the mixtures. Adjusting pH to a 
similar value by adding an acidic solution following the con-
ventional method (dropwise pH control) results in the forma-
tion of precipitates (Figure S1b, Supporting Information). The 
obtained mixed gels are stable in water and ethanol (more than  
1 week).

The gelation behavior of the mixtures under VIPS also varies 
depending on the initial pH. For example, when starting at 
pH 5.5, where complexation between GB and XG has already 
occurred,[15] very minor syneresis is observed; whereas at a 

Macromol. Chem.  Phys. 2018, 219, 1700504

0 200 400 600 1400

3.0

3.5

4.0

4.5

5.0

5.5

pH

Time (min)

  vapor (20 wt% acetic acid)

  vapor (80 wt% acetic acid)

  vapor (glacial acetic acid)

  GDL (0.1 wt%)

  GDL (0.5 wt%)

  GDL (1.0 wt%)

Figure 1. pH of a gelatin B solution (1.0% w/v) as a function of time 
under different acidification conditions: acetic acid vapor (solid symbols, 
wt% in water) and GDL addition (open symbols).
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