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Addition of Self-assembling Small Molecules to 
Cellulose Hydrogels to Enhance Gelation and 
Tune Microstructure

Chronic kidney disease (CKD) affects 1 in 7 U.S. adults 
(CDC). 71% of those with CKD are treated with dialysis 
(NIDDK), which lowers the quality of life for patients 
due to the long treatment times and the stress it puts 
on the patient’s body. In this work, orally administered 
sorbent microgels synthesized from cellulose are being 
explored as an alternative treatment to NIDDK. These 
dual-functioning microgels mimic dietary fiber by ab-
sorbing uremic toxins while releasing probiotics.

Cellulose is an abundant organic compound found in 
plants [1]. Due to cellulose being natural and biode-
gradable, it is the perfect matrix material for gels and 
microgels. Cellulose microgels have many advantages 
including tunable pore size for diffusion, large surface 
area, and an adaptive shape. These characteristics make 
cellulose microgels useful for absorbing materials and 
carrying active substances through the body [7].

However, a few challenges with these gels include a 
lengthy gelation time and variable microstructures, 
which affects the diffusion of materials into and out of 
the microgels  [6,8]. Self-assembling small molecules 
can be added to cellulose gels to tune the microstruc-
ture of the gel and ensure the correct pore size and ge-
ometry  [2,3]. The addition of these small molecules 
can also decrease the gelation time due to rapid self-as-
sembly. In this study, we investigate the gelation charac-
teristics of an Fmoc-derivative that is a pH-responsive 
small molecule and its effect on cellulose-based micro-
gel structure.1

Cellulose is soluble at low temperatures in high pH 
sodium hydroxide (NaOH) solutions, while the small 
molecule used in this study self-assembles to form a 
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gel at high pH; by mixing these solutions, we form a 
sacrificial template (small-molecule gel) for cellulose 
gel formation at high pH. The small molecule used is 
mono-Fmoc ethylene diamine hydrochloride, which 
contains the Fmoc protecting group. The Fmoc protect-
ing group is widely used to synthesize small molecule 
gels and helps with self-assembly due to π-π stacking 
and structural packing arrangements [4].   Additionally, 
the Fmoc group is connected to a hydrophobic peptide 
chain that leads to gelation at high pH.

To fabricate the most effective gel, the stability of Fmoc 
at different pH levels was investigated. The pH level also 
corresponds to NaOH concentration and, for a strong 
base, significant changes in concentration are needed 
to decrease the pH. Fmoc gels synthesized in pH rang-
ing from 12.5 to 12.9 were fabricated by dissolving 0.5 
mg of mono-Fmoc ethylene hydrochloride in 1 mL of 
DI water. Different concentrations of NaOH solutions 
were calculated using equations (1) - (3), then mixed 
with the Fmoc solution to create the gels at different pH 
levels. The vial inversion test was then used to deter-
mine whether a gel was formed [2,5].

The gel at the lowest pH, 12.5, did not fully gel and 
flowed during the vial inversion test. The gels at a higher 
pH were noticeably more opaque and maintained sta-
bility and position when inverted (Figure 1). This leads 
to the conclusion that Fmoc forms a more uniform gel 
as you increase the pH.
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Fig 1. NaOH and Fmoc gels immediately after gelation.

Fig 2. NaOH and Fmoc gels after a month

Following the effects of the pH on gelation, the stabili-
ty of the gel over time was investigated (Figure 2). The 
gel at the highest pH broke down the fastest with the 
gel showing decomposition after 3 weeks. The gel at the 
lower pH also broke down quickly with decomposition 
present at 3 weeks, but with more gel present than in the 
higher pH. In contrast, the gels at a pH of 12.7 remained 
the most stable with the gel still uniform after 1 month, 
and the gel even remained after 2 months.  From this, 
it can be determined that the Fmoc also destabilizes at 
a certain high pH, leading to the breakdown of the gel  
[10]. On the other hand, the lower pH gel behavior can 
be explained by the Fmoc not fully forming a gel when 
the pH is lowered to a certain pH.

Light microscopy was used to determine the effect 
of pH on the gel structure. The microscopy images 
showed an increase in the density and connectivity of 
fiber networks that was proportional to an increase in 
pH, as shown in Figure 3. In Figure 3, (A) showed a 
uniform interconnected network with Light microsco-
py was used to determine the effect of pH on the gel 
structure. The microscopy images showed an increase 
in the density and connectivity of fiber networks that 

was proportional to an increase in pH, as shown in Fig-
ure 3. In Figure 3, (A) showed a uniform interconnect-
ed network with a concentration of 10 x 10-3 M NaOH 
(pH ~12.7). Image (B) in Figure 3 used a concentration 
of 7.5 x 10-3 M NaOH (pH ~12.5) and (C) in Figure 3 
had a concentration of 5 x 10-3 M NaOH (pH ~12.3); 
these images show a jump between where the gel is still 
able to form a fiber network. From (B) to (C), a loss of 
stability occurs due to the fibers having less of an in-
terconnected network. Image (D) has a sparser forma-
tion with a concentration of 2.5 x 10-3 M NaOH (pH 
~12.1). In image (D) a gel was not fully able to form. 
This is consistent with the hypothesis that the lower 
concentration of NaOH was unable to create enough 
fiber networks to make a stable gel.

Fig 3. Microscopy images on Fmoc solutions.

Proton nuclear magnetic resonance spectroscopy 
(H-NMR) was used to better understand the non-co-
valent interactions in the gel. Along with NaOH, urea 
is used to help dissolve cellulose in aqueous solutions; 
therefore, the interactions between urea and Fmoc 
also need to be considered. H-NMR shows the chem-
ical shifts and hydrogen bonding that occur when the 
different compounds are mixed together. The H-NMR 
spectra in Figure 4 indicate that there are interactions 
between the Fmoc and NaOH, but not Fmoc and urea. 
Specifically, comparing peaks (a) and (b) for native 
Fmoc with respect to the other mixtures, it can be seen 
that these peaks are only suppressed with the addition 
of NaOH – indicating interactions via hydrogen bond-
ing between the two compounds. Furthermore, it can 
be seen that a urea peak is present in the Fmoc and 
urea sample, while it is missing in the Fmoc, NaOH, 
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and urea sample; this indicates that there are hydro-
gen bonding interactions between the urea and NaOH 
compounds, but not between urea and Fmoc.

Fig. 4 HNMR Microscopy images on Fmoc solutions.

In summary, there is an optimal range for pH during 
gelation of Fmoc-based gels that influences the for-
mation of the fiber network needed for gel stability. 
Additionally, there are time dependent effects on gel 
stability that relate to gel composition. Lastly, H-NMR 
spectroscopy indicates hydrogen bonding and physical 
interconnections between NaOH and Fmoc that can be 
used during gelation with cellulose solution to tune gel 
properties. Future work includes characterizations of 
these Fmoc gels coassembled with cellulose gels as well 
as mechanical testing to quantify gel stability.
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