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Short Abstract: 

Here, we present a protocol for three-dimensional culture of patient-derived glioblastoma cells 
within orthogonally tunable biomaterials designed to mimic the brain matrix. This approach 
provides an in vitro, experimental platform that maintains many characteristics of in vivo 
glioblastoma cells typically lost in culture. 

Long Abstract: 

Glioblastoma (GBM) is the most common, yet most lethal, central nervous system cancer. In 
recent years, many studies have focused on how the extracellular matrix (ECM) of the unique 
brain environment, such as hyaluronic acid (HA), facilitates GBM progression and invasion. 
However, most in vitro culture models include GBM cells outside of the context of an ECM. 
Murine xenografts of GBM cells are used commonly as well. However, in vivo models make it 



difficult to isolate the contributions of individual features of the complex tumor 
microenvironment to tumor behavior.  Here, we describe an HA hydrogel-based, three-
dimensional (3D) culture platform that allows researchers to independently alter HA 
concentration and stiffness. High molecular weight HA and polyethylene glycol (PEG) comprise 
hydrogels, which are crosslinked via Michael-type addition in the presence of live cells. 3D 
hydrogel cultures of patient-derived GBM cells exhibit viability and proliferation rates as good 
as, or better than, when cultured as standard gliomaspheres3. The hydrogel system also enables 
incorporation of ECM-mimetic peptides to isolate effects of specific cell-ECM interactions. 
Hydrogels are optically transparent so that live cells can be imaged in 3D culture. Finally, HA 
hydrogel cultures are compatible with standard techniques for molecular and cellular analysis, 
including PCR, Western blotting and cryosectioning followed by immunofluorescence staining. 

Introduction: 

Three-dimensional (3D) culture systems recapitulate interactions between cells and their 
surrounding extracellular matrix (ECM) in native tissues better than their two-dimensional (2D) 
counterparts1,2. Advancements in tissue engineering have yielded sophisticated, 3D culture 
platforms that enable controlled investigations into 1) how chemical and physical components of 
the matrix microenvironment affect cell behaviors and  2) efficacy of new therapeutic strategies 
for a number of diseases, including cancers2. While in vitro models cannot account for systemic 
factors, such as endocrine and immune signals, and thus cannot completely replace in vivo 
models, they provide several advantages including reproducibility, experimental control, 
affordability and speed. Here, we describe the use of brain-mimetic hydrogels in which 3D 
cultures of patient-derived brain tumor cells capture many aspects of tumor physiology, in 
particular, the dynamics of acquiring treatment resistance3. Compared to other in vitro methods, 
these cultures better represent in vivo tumor models and clinical observations3. 

Glioblastoma (GBM) is the most frequent and lethal cancer originating in the brain, with a 
median survival of only 1-2 years4,5. In recent years, many studies have focused on the influence 
of tumor matrix environment in GBM6–8. The unique brain ECM has been reported to affect 
GBM cell migration, proliferation, and therapeutic resistance6–12. Hyaluronic acid (HA) is an 
abundant glycosaminoglycan (GAG) in the brain, where it interacts with other GAGs and 
proteoglycans to form a hydrogel-like mesh13. Many studies have reported HA overexpression in 
GBM tumors and its subsequent effects on cancer progression8,9,13–17. Other ECM components 
also affect GBM tumor growth and invasion6,7,15,18. For example, fibronectin and vitronectin, 
which are typically overexpressed in GBM, induce heterodimerization of cell surface integrin 
receptors through binding to the “RGD” sequence and initiate complex signaling cascades that 
promote tumor survival19–21. Besides biochemical influences, physical properties of the tissue 
matrix also affect GBM progression22,23.  

Continual acquisition of resistance to therapies is one of the main drivers of GBM lethality4. 
Drugs showing promising results in 2D or gliomasphere models have failed in subsequent animal 
studies and clinical cases3, indicating that the effects of microenvironmental factors significantly 
contributed to GBM tumor response1. While animal models can provide a 3D, physiologically 
appropriate microenvironment to xenografted patient cells and generate clinically relevant 



outcomes24,25, the complexity of the brain microenvironment in vivo makes it challenging to 
determine which features, including cell-matrix interactions, are key to specific biological 
outcomes. Identification of new therapeutic targets will benefit from the use of simplified culture 
platforms in which biochemical and biophysical properties are defined.  

 
Unlike previously reported biomaterial models of the GBM tumor microenvironment26,27 which 
have not achieved true orthogonal control over individual biochemical and physical features of 
the ECM, the biomaterial platform reported here enable decoupling of the contributions of 
multiple independent features to GBM cell phenotype.	Here, we present an HA-based, 
orthogonally tunable, hydrogel system for 3D culture of patient-derived GBM cells. Hydrogels 
are formed from two polymer components: 1) biologically active HA and 2) biologically inert 
polyethylene glycol (PEG). PEG is a widely used biocompatible and hydrophilic material with 
low protein adsorption and minimal immunogenicity28. Here, approximately 5% of glucuronic 
acid moieties on HA chains are functionalized with thiol groups to enable crosslinking to a 
commercially available 4-arm-PEG terminated with maleimides via Michael-type addition. In its 
most common form in the body, HA exists in a high molecular weight (HMW) chains. Here, a 
low degree of modification of HMW HA (500~750 kDa) helps to preserve native interactions of 
HA and its cell receptors, including CD4429. By substituting PEG-thiol for HA-thiol while 
maintaining a constant molar ratio of total thiols to maleimides, HA concentration can be 
decoupled from mechanical properties of the resulting hydrogels. Furthermore, stoichiometric 
controls can be used to conjugate cysteine-terminated peptides to a defined average number of 
maleimide-terminated arms on each 4-arm-PEG. Incorporation of ECM-derived, adhesive 
peptides enables interactions with integrins on cultured cells, through which biochemical and 
chemical signals are transduced1. Maleimide-thiol addition occurs very quickly under 
physiological conditions, minimizing the time required for cell encapsulation and maximizing 
survival of patient-derived cells. Moreover, hydrogel cultures can be treated like typical tissue 
specimen and are compatible with standard characterization techniques including Western 
blotting, flow cytometry, and immunofluorescence staining. The following protocol describes the 
procedures for fabricating hydrogels, establishing 3D cultures of patient-derived GBM cells and 
techniques for biochemical analysis. 

Protocol Text: 

1. Thiolation of Hyaluronic acid 

Note: Molar ratios are stated with respect to total number of carboxylate groups unless otherwise 
specified.  

1) Dissolve 500 mg sodium hyaluronate (HA, 500-750 kDa) at 10 mg/ml in deionized, distilled 
water (DiH2O) in an autoclave sterilized, 250 mL Erlenmeyer flask. Stir the solution (~200 rpm) 
at room temperature for 2 hours to fully dissolve HA. Use a stir bar and magnetic stir plate to 
keep reaction stirring during thiolation procedure.  

2) Using 0.1 M hydrochloric acid (HCl), adjust the pH of the HA solution to 5.5. Weigh out 69.6 
mg (0.25x molar ratio) of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). Although 



undissolved EDC can be added directly to the HA solution, it is typically easier to dissolve EDC 
first in 1 mL of DiH2O and then quickly add the EDC solution to the HA solution. Note: Pre-
dissolution in 1 mL DiH2O can also be done with N-hydroxysuccinimide (NHS) and cystamine 
dihydrocholoride before adding to the reaction in steps 3 and 4.	

3) Add 17.9 mg (0.125x molar ratio) of NHS to the reaction. Adjust the pH of the reaction 
solution to 5.5 using 0.1 M HCl and incubate the reaction at room temperature for 45 minutes. 

4) Add 70.0 mg (0.25x molar ratio) cystamine dihydrochloride into the reaction solution. Use 0.1 
M Sodium hydroxide (NaOH) to adjust pH to 6.25. Incubate the reaction at room temperature 
overnight while stirring. 

5) On the following day, use 1 M NaOH to adjust the pH of the reaction solution to around 8. 
Add 192 mg (4x molar ratio) of dithiothreitol (DTT) to the reaction. Adjust the pH back to 8 
after addition of DTT and leave stirring for 1-2 hours at room temperature. 

6) Use 1 M HCl to adjust pH to 4. Transfer the entire reaction mixture into pre-soaked dialysis 
membrane (molecular weight cut-off around 13,000 Daltons) and dialyze against DiH2O pre-
adjusted to pH 4. The volume of DiH2 O for dialysis should be at least 40 times the volume of 
the reacted HA solution (e.g., 50 mL sample in 2 L DiH2O, pH 4).  

7) Replace the dialysis solution (DiH2O, pH 4) twice daily for 3 days at room temperature. 

8) Filter the dialyzed solution through a 0.22 µm membrane, vacuum-driven filter. Flash freeze 
solution of thiolated HA in liquid nitrogen. Use a lyophilizer to freeze dry samples over 2 days. 
Thiolated HA in dry form can be stored in a vacuum-sealed dessicator at -20 ºC for at least 6 
months. 

9) To determine the degree of thiolation, use Ellman’s test and/or proton NMR spectroscopy30,31.  

2. Preparation of crosslinking materials: 

1) Dissolve thiolated HA at the desired concentration (in this example, 13.3 mg/mL) in HEPES-
buffered saline (20 mM HEPES in Hank’s balanced salt saline (HBSS) buffer, adjusted to fall 
within a pH of 8-9) in an amber vial to minimize exposure to ambient light. Keep solution 
stirring constantly.  

Note: Formation of disulfide bonds between thiols conjugated to HA may occur if the pH is 
above 8, solution concentration is too high, or the solution is left stirring for too long before 
gelation. To avoid this issue, we recommend using below 15 mg/mL of thiolated HA and 
dissolving thiolated HA within 2 hours of forming hydrogels. 

2) Dissolve 4-arm-PEG-maleimide (PEG-Mal, 20 kDa) and 4-arm-PEG-thiol (PEG-thiol, 20 kDa) 
in phosphate buffered saline (PBS), pH 7.4, to prepare 50 mg/mL PEG-Mal and PEG-thiol stock 
solutions.  

Note: It takes at least 1 hour to fully dissolve PEG reagents. 



3) If adding ECM-derived peptides, dissolve cysteine-containing peptides in PBS to prepare a 
stock solution. We recommend using a stock concentration of 2–4 mM.  

4) Silicone rubber molds should be soaked in ethanol for at least 20 min to clean and 
subsequently autoclaved for sterilization.  

3. Hydrogel crosslinking and cell encapsulation: 

As an example here, we describe encapsulation of four individual, 80 µL hydrogels with 0.5% 
(w/v) HA and compressive modulus of 1 kPa, as previously described3. Please see Table 1 for 
example recipes that yield hydrogels with varying properties. In this example, we describe 
making two hydrogels incorporating the integrin-binding peptide RGD and two hydrogels 
incorporating cysteine caps as a negative control for peptide activity. Seeding concentration of 
patient-derived GBM cells is 500,000 cells/mL. 

1) Dilute PEG-Mal stock solution (50 mg/mL, from step 2.2.) to 12.5 mg/mL by adding 40 µL of 
the stock solution to 120 µL PBS. Split the diluted solution into two, 1.5 mL microcentrifuge 
tubes so that each tube has 80 µL. Add 16 µL of stock RGD solution (2.8 mM, from step 2.3) to 
one tube and 16 µL of stock cysteine solution (2.8 mM, from step 2.3) to the second tube. Vortex 
to mix. Place the PEG-Mal-RGD or PEG-Mal-CYS solutions on ice until use in step 3.8. 

Note: The procedure as described here yields hydrogels with ~140 µM of peptide.  This is 
equivalent to approximately 1 out of every 8 available PEG arms being occupied with a peptide. 
This can be varied by altering the molar ratio of cysteine-terminated peptides to available 
maleimide groups. In general, a maximum concentration of 280 µM of peptide can be achieved 
while still leaving sufficient numbers of maleimide groups available for hydrogel crosslinking.  

2) Dilute the PEG-thiol stock solution (50 mg/mL, from step 2.2.) to 5 mg/mL by mixing 4 µL of 
50 mg/mL stock solution with 36 µL of PBS.  

3) Add 120 µL of dissolved, thiolated HA from step 2.1 to mixture. 

Note: Solutions of HMW HA are very viscous. Thus, we recommend using wide-orifice 
micropipette tip to transfer solutions. Perform pipetting slowly to avoid solution sticking to the 
walls of micropipette tip and to improve measurement accuracy.  

4) Place the clean, dry molds (prepared in step 2.4) into each well of a non-tissue cultured treated 
12-well plate. Using the clean, blunt end of a pipette tip, press the gel mold again and double 
check sealing between molds and bottom of well plate.  

Note: We recommend checking the seal again right before encapsulation to prevent leakage. 

5) Passage GBM cells, dissociate to single cells and determine cell concentration as previously 
described3. Some GBM lines cannot be dissociated to single cells. In this case, whole 
gliomaspheres can be encapsulated. However, we recommend preparation of dissociated single 
cells after precise cell counting to improve reproducibility.  The protocol for gliomasphere 
passaging varies among different labs and many of these are likely compatible with hydrogel 
encapsulation. Here, we recommend centrifuging gliomaspheres at 500 x g for 5 min. After 



removal of the supernatant, add 1mL of TrypLE Express to the cell pellet and incubate for 5 min, 
gently tapping the tube to agitate. Then, add 4 mL of complete culture medium (50 ng/mL EGF, 
20 ng/mL FGF-2, 25 µg/mL heparin, G21 supplement and 1% penicillin/streptomycin in 
DMEM/F12 to cells in TrypLE Express. Centrifuge again at 500 x g for 5 min. and remove the 
supernatant. Finally, resuspend the cell pellet in 1 mL of the complete medium and pass 
suspended cells through a 70 µm cell strainer. We recommend washing the strainer with an 
additional 4 mL of the complete medium to maximize the number of cells recovered. 

6) Estimate the concentration of cells in the suspension using a hemacytometer. Split the cell 
suspension into at least 2 microcentrifuge tubes, where each tube contains ~80,000 cells. 
Centrifuge at 500 x g for 5 mins. In general, 80,000 cells will make 2 80 µL hydrogels.  

7) Remove the supernatant and resuspend one pellet in 80 µL PEG-MAL-RGD solution and a 
second pellet in 80 µL PEG-MAL-CYS solution (prepared in step 3.1). 

8) Using a 200 µL, wide-orifice micropipette tip, dispense 40 µL of HA solution (from step 3.3 
above) into each rubber silicone mold (as prepared in step 3.4). 

9) Using 200µL, wide-orifice micropipette tip, mix the 40 µL of PEG-MAL-CYS or PEG-MAL-
RGD cell solution with the HA solution in the mold. Pipette up and down quickly no more than 
10 times. Repeat for each gel culture being prepared. PEG-MAL-CYS and PEG-MAL-RGD can 
be combined at varying ratio to achieve the desired RGD peptide concentration. 

Note: This step takes practice, since initial gelation occurs quickly (within 30 s). Pipette up and 
down while moving the tip to different locations in molds to ensure even mixing. Always keep 
the tip below liquid level to avoid formation of air bubbles. Do not mix the solution too many 
times as gel may get form inside of the micropipette tip.  

11) Place well plate containing gel-encapsulated cells into a 37 ºC cell culture incubator for 5–10 
minutes to ensure completion of the reaction.  

12) Add 2–2.5ml of culture medium to each well with formed gels.  

13) Use a sterile, 2 µL pipette tip or micro-spatula, to gently separate the mold and gel. 

14) Use pre-sterilized forceps to remove the mold from the well plate. 

Note: Pull the mold vertically upward to avoid harming the gel cultures. 

15) Place the well plate back to cell incubator (37 ºC and 5%CO2) for culture and future 
experiments.  

16) In general, medium in gel cultures should be replaced every 3-4 days. Take care not to 
aspirate hydrogels when removing medium. If this is an issue, we recommend using a plastic 
transfer pipette. 

17) If bioluminescence imaging to track cell number is planned, GBM cells must be transduced 
with lentivirus encoding constitutively luciferase expression before encapsulation, as previously 



described3. For bioluminescence imaging, add 1 mM of D-luciferin to culture medium1 hr prior 
to imaging using an IVIS Illumina. 

4. Lysate preparation for Western blotting: 

1) Chill 1.5 mL microcentrifuge tubes on ice (1 per gel samples). Cool centrifuge to 4 ºC.  

2) Remove medium from well plates. Transfer gels into prechilled microcentrifuge tubes. 

3) Add 100 µL of RIPA buffer with 1x protease/phosphatase inhibitors. 

4) Using a 1 mL syringe with a 20 G needle, break up the gel by pushing the whole mixture 
through needle at least 20 times. 

5) Flash spin the sample using bench top microcentrifuge and place the sample back on ice. 

6) Vortex samples briefly every 5 min for at total of 20 min. 

8) Centrifuge samples in at 14000 x g for 15 min. at 4ºC. 

9) Transfer supernatant to new, pre-chilled microcentrifuge tubes and store at -20 ºC (short-term) 
or and -80 ºC (long-term). Perform gel electrophoresis using standard procedures, as previously 
described3. 

5. Extracting single cells from hydrogel cultures for flow cytometry: 

1) Remove medium and transfer gel culture into a 1.5 mL microcentrifuge tube. 

2) Incubate gel with 500 µL of TrypLE Express at 37 ºC for 5 min., occasionally flicking the 
tube to agitate. 

3) Transfer the mixture into a 50 mL centrifuge tube with 5 mL of complete medium. Place the 
tube on ice. 

4) Attach a 20 G needle onto a 10 mL syringe. Gently pull the cell suspension up and down 
through the needle 8 times. 

5) Flow the mixture through 70 µm cell strainer into a new 50 mL centrifuge tube. Apply an 
additional 5 mL of complete medium through the strainer to collect any remaining cells.  

6) Centrifuge the sample at 400 x g for 5 min. Remove the supernatant and resuspend the pellet 
in desired buffer for flow cytometry, using standard protocols3.  

6. Cryopreservation of hydrogels for sectioning: 

1) Remove medium from gel cultures. 

2) Incubate gel cultures with 2 mL 4% paraformaldehyde (PFA) at 4 ºC overnight. 

3) On the next day, remove PFA. Add 2 mL of 5% sucrose in PBS to gels and incubate for 1 hr 
at room temperature.  

4) Replace 5% sucrose solution with 2 mL of 20% sucrose in PBS and incubate for 30 min. 



5) Replace sucrose solution with 2 mL fresh 20% sucrose in PBS and incubate for an additional 
30 min. 

6) For a third time, replace the sucrose solution with 2mL fresh 20 % sucrose in PBS. Incubate at 
4 ºC overnight. 

7) Prepare 20% sucrose in Optimal Cutting Temperature (O.C.T) compound. Due to the viscosity 
of O.C.T, dissolution of sucrose can take some time (up to overnight). We recommend putting 
the mixture onto a shaker during dissolution to maintain agitation.  

8)The next day, remove the 20% sucrose solution and gently pour the 20% sucrose, O.C.T. 
solution over the gel. Make sure to cover the entire gel. Incubate at 4 ºC for 3 hrs. 

9) Transfer the gel into center of an embedding mold using a large, flat spatula. This must be 
done carefully to avoid damaging the gel. 

10) Cool 2-methylbutane inside a cryochamber with excess of dry ice. 

11) Fill the embedding mold with pure O.C.T. (no sucrose). Fill to just below top edge of mold. 

12) Freeze the hydrogel sample by immersion in cooled 2-methylbutane.  

13) Section the sample using a cryostat. We recommend a section thickness of 10–18µm and a 
sectioning temperature of around -26 ºC. 

14) Perform standard immunostaining procedures on sectioned gel culture, as previously 
described3. 

Note: PFA is known irritant and carcinogen. Please handle and dispose PFA according to locally 
applicable standards and regulations. 

7. Total RNA extraction from samples in hydrogel: 

Note: Here, we describe a protocol using Qiagen RNeasy Mini kit to extract total RNA from 
hydrogel cultured cells. 

1) Remove culture medium. Use a P1000 transfer pipette with wide-bore tip to transfer the 
hydrogel culture into 1.5 mL microcentrifuge tube. 

2) Add 350 µL buffer RLT (RNAeasy mini kit) to the hydrogel culture.  

3) Using a 20 G needle attached to a 1 mL syringe, shred the gel by pushing the whole mixture 
through needle at least 20 times. 

4) Transfer the whole mixture into a QIAshredder spin column placed in a 2 mL collection tube. 
Centrifuge at 13,000 x g for 2 min. 

5) Transfer the supernatant into a clean 1.5mL microcentrifuge tube. Be careful not to disturb the 
gel precipitate at the bottom. 



6) Mix the lysate sample with 350 µL 100% ethanol. Transfer all the sample to an RNeasy spin 
column place in a 2mL collection tube. Centrifuge for 1 min at 13,000xg. 

7) For subsequent steps for RNA purification for PCR please follow general protocol in Qiagen 
RNeasy Mini kit handbook. Once RNA is extracted, standard protocols for PCR can be used. 

Representative results: 

For each batch of thiolated HA, the degree of thiolation should be verified using H1-NMR or an 
Ellman’s test. HA modification using the procedure described here consistently generates ~5% 
thiolation (defined as the molar ratio of thiols to HA disaccharides) (Fig. 1).  

Setting up this new culture platform will require each laboratory to perform rigorous testing to 
ensure good culture viability prior to implementing large-scale experiments. Our 80 µL 
hydrogels with a seeding density 500,000 cells/mL (40,000 cells/gel) consistently results in 
proliferation rates that are comparable to, or better than, gliomasphere cultures (Fig. 2A-C). As 
HA/PEG hydrogels are optically transparent, cell behaviors can be observed directly in live, 3D 
cultures using phase contrast or fluorescence microscopy. Fig. 3A shows that, 4 days after 
encapsulation, GBM cells in RGD-containing hydrogels exhibit an invasive phenotype, while 
cells cultured in hydrogel using PEG-MAL-CYS controls have a spherical morphology.   

As is typical with xenograft models where researchers must wait for days to months until 
implanted tumors reach progressive growth 24,32, patient-derived cells also take time to adjust to a 
new culture environment. Thus, we recommend culturing 4-8 days before commencing 
experiments, such as drug treatment, to ensure most cells have entered the exponential growth 
phase. Beyond drug treatments, reagents like soluble, cyclo-RGD, which competitively disrupt 
cell interactions with RGD in hydrogels, can be added to culture medium (Fig. 3A). 

Our hydrogel system is compatible with many common methods for investigating glioma cell 
biology. Using bioluminescence imaging, which is commonly used to monitor rodent xenograft 
tumors, relative numbers of viable cells can be observed in hydrogel cultures during the course 
of treatment. Fig. 3B provides an example of this method, where effects of erlotinib treatment on 
hydrogel-cultured GBM cells were evaluated over 6 days. In general, hydrogel cultures can be 
treated as tissue samples when preparing lysates for Western blot or PCR. Western blot analysis 
of cleaved poly ADP polymerase indicates that relative degree of apoptosis in treated CD44 
knockout cells is higher than wildtype GBM cells cultured in 0.5% HA hydrogels (Fig. 3C). 
Similarly, single cell suspensions can be prepared from hydrogel cultures for analysis via flow 
cytometry using standard protocols for liberating single cells from intact tissues (Fig. 2). In 
addition to cell features, cryosections of hydrogel-based, 3D cultures preserve ECM deposited by 
cultured cells. For example, deposition patterns of type IV collagen shift upon erlotinib treatment 
of hydrogel cultures (Fig. 3D).  

Figure captions: 

Figure 1: Representative H1-NMR spectrum of thiolated hyaluronic acid.  Integrated peaks 
indicate that approximately 5% of HA glucuronic acid groups have been modified with a thiol.  



Figure 2: A) Example images of fabricated 80 µL gels in 12-well plates. After crosslinking, 
hydrogels were swollen in cell culture medium. B) Representative results of proliferation rate 
measured using flow cytometry. GBM cells (HK301) were incubated with 1 µM EdU (5-
ethynyl-2′-deoxyuridine) for 2.5 hrs on the fourth day after encapsulation or passaging.  A click-
reaction was used to conjugate fluorescent dye to incorporated EdU, as detailed in Xiao et al. 
2017.3 Negative controls, where no EdU was added to cultures, were included. C) Representative 
confocal microscopy images of live (green) and dead (red) cells 24 hours after hydrogel cultures 
of GBM cells (HK157) were established. Live/Dead kit was purchased from Life Technologies 
(L3224). Scale bars = 200 µm. 

Figure 3: A) Representative phase contrast images of 0.5% (w/v) HA hydrogel-cultured cells 
under varying conditions for 8 days after encapsulation. Scale bar = 200 µm. Arrows indicate 
cells with an invasive morphology. B) Representative images of bioluminescence signal 
measured after 15 days of treatment with 1 µM erlotinib or vehicle (DMSO). 1 mM D-luciferin 
was added to cell culture medium 1 hr prior to imaging. Cells were transduced with lentivirus 
encoding for constitutive expression of firefly luciferase prior to encapsulation. C) 
Representative immune-blot images analyzing cleaved poly ADP polymerase (cl-PARP) 
expression in GBM cells (HK301) cultured in hydrogels with 0.5% (w/v) HA and 1 kPa 
compressive modulus. All cropped images shown were from the same blot. D) Representative 
staining of collagen IV (green) and Hoechst 33342 (blue) in hydrogel-cultured HK301 cells 12 
days after treatment with 1 µm erlotinib or vehicle (DMSO).  

Table 1. Hydrogel formulations yielding independent control of HA concentration and 
mechanical properties. 

Discussion:  

Generation of reproducible data using this 3D culture system requires: 1) consistent batch-to-
batch thiolation of HA, 2) practice to achieve efficient mixing of hydrogel precursors and 
handling of hydrogel cultures to prevent damage and 3) optimized seeding density for each cell 
line used. 

When a particular weight percentage of HA is desired in the hydrogel, the degree of thiolation of 
HA determines the crosslink density. We recommend using a consistent amount of HA for each 
thiolation reaction to minimize batch-to-batch variation. We suggest that at least 300 mg of HA 
be used for each thiolation reaction so that the same batch of thiolated HA can be used for 
multiple experimental repeats. The molar ratio of thiols to maleimide groups on 4-arm PEG 
should be always be 1.1:1 to ensure maximum crosslinking efficiency. Thus, if the degree of 
thiolation is varied, then the amount of PEG-Mal added must be adjusted accordingly. When 
peptides are conjugated to maleimides prior to gel formation, the estimated number of PEG arms 
with tethered peptides must be subtracted from the total number of available maleimides for this 
calculation. In addition, we recommend keeping the degree of HA thiolation below 10-15% to 
avoid disulfide bond formation that will prevent dissolution and consistent gelation. 

The Michael-type addition reaction between thiol and maleimide groups ensures that gelation 
occurs in under a minute. While this fast gelation minimizes the amount of time cells suspended 



in hydrogel precursors are without complete medium, which may compromise their viability, the 
encapsulation process requires experience with all pipetting and mixing steps to achieve 
reproducible results. Typically, we have new trainees practice several rounds of gelation without 
cells before performing “real” encapsulation experiments.  

Two factors can be tweaked to modulate gelation speed: reaction temperature and precursor pH. 
Lowering reaction temperature by placing the well plate on ice while mixing slows the reaction 
and provides for greater time to mix precursor solutions. However, this must be done under 
sterile conditions using proper aseptic techniques. Similarly, the pH of precursor solutions can be 
altered to increase or decrease reaction time by using higher or lower pH, respectively. Since 
thiolated HA is dialyzed against acidic water to prevent disulfide bond formation, reconstituted 
thiolated HA will yield lower pH than might otherwise be expected. In general, reconstitution in 
20 mM HEPES in HBSS buffer, adjusted to pH 9, will yield a pH near 7 when 15mg/mL of 
thiolated HA (~5% thiolated) is dissolved. We recommend using pH 6.8-7 thiolated HA solution 
to allow even mixing of gel solution while maximizing cell health.  

Seeding density during encapsulation is critical for cellular viability and experimental 
reproducibility. We recommend seeding in the range of 100,000 to 2,000,000 cells/mL. We have 
found that this range is optimal for viability of most cell types while preventing over-confluency 
within an experimental time frame of at least 3 weeks.  The initial seeding density that optimizes 
viability should be determined experimentally for each cell type used.  

Extreme care should be taken when changing cell medium so as to avoid damaging hydrogel 
cultures. In particular, take care not to aspirate hydrogel into the pipette. To help, do not use 
vacuum aspiration and instead use a sterile transfer pipette to aspirate manually. Changing only 
half the medium in a culture well at a time may also help. 

In general, this technique requires practice to achieve necessary manual dexterity and 
consistency. Once a lab-specific protocol is established, the 3D culture system enables researcher 
to use many characterization methods as typical for cell culture and explanted tissues. Here, we 
have described several techniques for analysis, including immunofluorescence, flow cytometry, 
western blotting, and bioluminescence imaging of live, 3D cultures (Fig. 2-3). For more detailed 
protocols of characterization methods, please see Xiao et al. 20173.  Finally, as HA/PEG 
hydrogels are optically transparent, standard light microscopy techniques, including confocal 
imaging, can be used to monitor live, 3D cultures.  
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Figure 1: Representative H1-NMR spectrum of thiolated hyaluronic acid.  Integrated peaks 
indicate that approximately 5% of HA glucuronic acid groups have been modified with a 
thiol.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 2: A) Example images of fabricated 80 µL gels in 12 well plates. The gels were swollen 
in cell culture medium. B) Representative results of proliferation rate measured using flow 
cytometry. HK301 Cultures were incubated with 1 µM EdU (5-ethynyl-2′-deoxyuridine) 
for 2.5 hr in 4 days after encapsulation or passaging.  A click-reaction was used to 
conjugate fluorescent	dye to incorporated EdU, as detailed in Xiao et al. 2007 3. Negative 
controls were generated where no EdU was added to cultures. C) Representative confocal 
microscopy images of live (green) and dead (red) cells 24 hours after hydrogel 
encapsulation of patient-derived HK157 GBM cells. Scale bars = 100µm.  

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 



 

Figure 3: A) Representative phase contrast images of 0.5% (w/v) HA hydrogel-cultured cells 
under different culture conditions 8 days after encapsulation. Scale bar = 100µm. Arrows 
indicate cells with invasive morphology. B) Representative images of bioluminescence 
signal measured after 15 days of treatment with 1 µM erlotinib or vehicle (DMSO). 1 mM 
D-luciferin was added to cell culture medium 1 hr prior to imaging. Cells were transduced 
with lentivirus encoding for constitutive expression of firefly luciferase. C) Representative 
immune-blot images analyzing cleaved poly ADP polymerase (cl-PARP) expression in 
HK301 cells cultured in hydrogels with 0.5% (w/v) HA and 1kPa compressive modulus. 
All cropped images were taken from thebsame blot. D) Representative staining of 
collagen IV (green) and Hoescht 33342 (blue) in hydrogel-cultured HK301 cells 12 days 
after treatment with 1 µm erlotinib or vehicle (DMSO). 

 



 




