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Abstract

Covalent adaptable hydrogels (CAHs) reversibly adapt their structure in response to external 

stimuli, emerging as a new platform for biological applications.Due to the unique and complex 

nature of these materials, a characterization technique is needed to measure the rheology of these 

CAHs in biological processes. μ2rheology, microrheology in a microfluidic device, is a technique 

that can fully characterize real-time CAH degradation in a changing environment, such as the pH 

environment of the GI tract. This characterization will enable design and tailoring of these 

materials for controlled and targeted oral drug delivery. Using μ2rheology, we can exchange the 

fluid environment without sample loss and measure the change in CAH rheological properties. We 

show degradation kinetics and material property evolution are independent of degradation history. 

However, the initial cross-link density at each pH exchange can be decreased by degradation 

history which decreases the time for the CAH to degrade to the gel-sol transition. These results 

indicate that CAH degradation can be tuned by changing the initial material properties by varying 

polymer concentration and ratio of functional groups. We also show that μ2rheology will enable 

the design of new dynamic materials for targeted drug delivery by enabling these materials to be 

characterized and tailored in vitro.
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Dynamic covalent chemistry is used in the design of stimuli-responsive scaffolds including 

covalent adaptable hydrogels (CAHs). In CAHs, these chemistries form covalent network 

bonds that are remodeled when pushed out of equilibrium in response to external stimuli, 

such as mechanical forces or environmental conditions1–5. Because of this dynamically 

evolving structure, CAHs have a wide range of potential applications including biosensors, 

3D printed cell culture platforms and vehicles for drug delivery1,2,6–8. For some biological 

applications, scaffolds are designed to degrade. When these scaffolds degrade, bonds break 

but they also reform throughout this process. For a drug delivery application, this means 

active molecules tethered or entrapped in these materials can be released and also protected 

during network degradation. These dynamically evolving bonds can be exploited in CAH 

design as therapeutic delivery vehicles, to controllably release molecules at a target during a 

biological process. To inform this design, the dynamic material evolution and degradation 

mechanism must be understood. Our work focuses on the characterization of CAH 

degradation, specifically a poly(ethylene glycol) (PEG)-hydrazone CAH, as the material is 

degraded in the transient pH environments in the gastrointestinal (GI) tract, which is enabled 

by a novel characterization technique.

To investigate the material property evolution and degradation mechanism of our CAH, a 

unique experimental platform μ2rheology, microrheology in a microfluidic device, is used to 

design experiments that mimic the temporal pH environment in the GI tract. During these 

experiments, this technique enables precise characterization of the material rheology9,10. We 

use passive microrheology to characterize CAH scaffold degradation in response to temporal 

pH changes. These measurements are taken in a microfluidic device that enables consecutive 

buffer exchange with minimal sample loss. Experiments are designed to characterize CAH 

degradation in pHs ranging from acidic (pH 4.3) to physiological conditions (pH 7.4) and 

mimic the average pH in each part of the native GI tract and temporal pH changes to 

measure CAH degradation as it would move through the digestive process.

As this material is consecutively degraded in each pH environment, we determine the impact 

of degradation history (whether the material has been previously degraded) on scaffold 

degradation and re-gelation. From these measurements, we determine that the degradation 

kinetics (the rate that bonds break and reform) and evolution of material properties (the 

change in rheology during degradation) are not changed by degradation history. However, 
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the initial cross-link density at each pH exchange can be decreased by degradation history, 

which decreases the time to reach the gel-sol transition.

The dynamic covalent chemistry in our hydrogel is a hydrazone linkage. We use a PEG-

hydrazone scaffold, originally developed by the Anseth group. Their work shows that this 

CAH scaffold is cytocompatible and is promising for applications including as a 3D cell 

culture platform and a tissue mimic12,13. Since this is a pH-responsive hydrogel matrix, our 

work is interested in exploring the viability of this scaffold as a delivery vehicle in the GI 

tract4,11. Additionally, other work has explored the potential of hydrazone CAHs for 

injectable drug delivery at different pHs14,15. However to date, there is little work focused 

on covalent adaptable hydrogels in oral drug delivery. Our CAH is composed of 8-arm star 

PEG-hydrazine (Mn 10 000 g mol−1) that covalently cross-links with an 8-arm star PEG-

aldehyde (Mn 10 000 g mol−1)12,16. The chemical reaction is shown in Figure 1a. All 

hydrogels are made at a 1:1 stoichiometric ratio of hydrazine to aldehyde. The composition 

of our material is 4.4 wt% PEG-hydrazine, 4.4 wt% PEG-aldehyde, 0.04% solids per volume 

of 1 μm fluorescently labeled carboxylated polystyrene probe particles (2a = 1.0 ± 0.02 μm 

where a is the radius, Polysciences Inc.) and 200 mM pH 7.4 HEPES buffer (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid, Fisher Scientific). 1 μm probe particles are 

dispersed in the polymer precursor solution to enable microrheology measurements. The 

material is a stable covalent cross-linked gel at equilibrium12,13. Cross-links begin to break 

and reform when the hydrazone reaction is pushed out of chemical equilibrium by a change 

in pH, this shift is similar to shearing the material resulting in dynamic evolution of the 

structure. A schematic of PEG-hydrazine degradtaion is shown in Figure 1b. Our work 

focuses on determining the dynamic rheological properties of the evolving scaffold when the 

pH environment temporally mimics the GI tract.

To mimic changes in pH of the GI tract and simultaneously characterize CAH degradation, 

μ2rheology is used. This technique uses multiple particle tracking microrheology (MPT) to 

characterize material in a microfluidic device. In MPT, fluorescently labeled probe particles 

are embedded in the material and their Brownian motion is captured using video 

microscopy17–19. Particle motion can be related to rheological properties, such as the creep 

compliance, J(t), using the Generalized Stokes-Einstein Relation Δr2(t) =
kBT
πa J(t), where 

kBT is the thermal energy and a is the particle radius4,20,21. The ensemble-averaged mean-

squared displacement (MSD) is calculated from probe particle positions throughout the 

captured video using 〈Δr2(τ)〉 = 〈Δx2 (τ)〉 + 〈Δy2 (τ)〉 where τ is the lag time. An example 

of MSDs calculated for the GI tracts are shown in Figure S1 and S2 in the Electronic 

Supplementary Information (ESI).

The logarithmic slope of the MSD, α =
d log Δr2(τ)

d log τ , identifies the state of the material. 

When α = 1 particles are freely diffusing in a liquid, α → 0 is a measure of particles 

immobilized in a gel network. When 0 < α < 1 particles are in a viscoelastic sol or gel 
18,19,22. During degradation, the phase transition occurs when the last sample-spanning 

network cluster breaks. A gel is defined as a sample-spanning network structure. Therefore, 

when this sample-spanning structure breaks the material transitions from a gel to a sol. The 
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state of the material is quantitatively determined by comparing α to the critical relaxation 

exponent, n, which is the value of α at the phase transition, n is calculated using time-cure 

superposition23–27. When α > n the material is a viscoelastic sol and when α < n the 

material is a viscoelastic gel. When α = n the material is at the phase transition. The average 

n value for this PEG-hydrazone CAH is navg = 0.79 ± 0.05. This value is calculated from 

control experiments. In previous work, experiments of CAH degradation at a single pH (pH 

4.3 and 7.4) and after a single pH exchange (pH 4.3 to 7.4 and pH 7.4 to 4.3) calculate 

values of n using time-cure superposition. All values of n in the previous work are found to 

be within error of each other. In this work, we extend the control experiments to include 

CAH degradation at pH 5.5, Figure S3 in the ESI. With this additional control experiment, 

we confirm that the n value is within error for CAH degradation at all pHs and report the 

average value from these experiments. This also confirms that n is a material property and is 

independent of degradation pH.

To mimic pH changes in the GI tract, we use a two layer microfluidic device10,11. This 

device creates equal pressure around the CAH to trap the material during exchange of the 

incubation fluid with minimal sample loss. To mimic temporal pH changes in the GI tract, 

multiple buffer exchanges are necessary. Figure 2a is an image of the microfluidic device 

and an in-depth discussion of the operation of this device is provided in the ESI and previous 

publications10,28. Briefly, μ2rheology experiments are set up by loading buffer solution into 

both layers of the device. After the entire device is filled, the CAH precursor solution is 

injected into the sample chamber (the first layer of the device). This is the first pH change 

since the CAH is made at pH 7.4 and the device is initially at pH 5.5. μ2rheology data are 

collected in this incubation pH. The buffer is then exchanged by continually adding new pH 

buffer to the solvent basin (second layer of the device) and pulling gentle suction through the 

suction chamber. This draws the old buffer out of the sample chamber while drawing the 

new buffer into the sample chamber. The entire volume of the device is exchanged 5× with 

the new pH buffer to ensure CAH degradation is measured at the new incubation pH. All 

μ2rheology measurements are measured after exchange when there is no flow in the system. 

Our previous work focused on validating that the use of this device provided the same 

degradation kinetics and rheological properties during phase transitions that are measured in 

a static sample chamber. We found that the microfluidic device did not change MPT 

measurements or material evolution. These control experiments enable the experiments 

presented here which characterize CAH degradation while the temporal pH environment in 

the GI tract is mimicked11.

To mimic degradation in the GI tract, we use the average pH of the native environment in 

each part of the digestive tract29. Similarly, the degradation time used is also the average 

time in each organ. Because of large variations in pH in normal and pathological conditions 

in the intestines, two GI tract schemes have been designed and are shown in Figure 2b. Both 

schemes begin the same way, a CAH is fabricated at pH 7.4 and immediately incubated at 

pH 5.5 for 1 hr. This mimics the pH change from saliva to the upper stomach. Next, the 

buffer is exchanged and the scaffold is incubated at pH 4.3 for 3 hr, mimicking the pH in the 

lower stomach. The next step is exchange to pH 7.4, the pH in the duodenum, for 1 hr. After 

this point the two degradation schemes differ. In the first scheme, incubation at pH 7.4 is 

continued until complete degradation. This mimics the higher range of pH in the small and 
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large intestines. The second scheme includes an additional buffer exchange at 5 hr to pH 4.3 

to mimic pathological pH conditions in the small and large intestines. Pathological 

conditions account for disease states such as tumor tissue growth or inflammatory bowel 

disease30. The scaffold is incubated at this pH until complete degradation. The total time of 

these experiments are different due to the difference in the time for complete scaffold 

degradation at pH 4.3 and 7.4.

Figure 3 is the measured degradation profile for GI tract 1. Another experiment and the 

MSDs are provided in Figure S5 and S1 in the ESI, respectively. The vertical dotted lines are 

the time when buffer is exchanged and the horizontal dashed lines indicate the gel-sol 

transition region, defined by the critical relaxation exponent navg = 0.79 ± 0.05. In GI tract 1, 

buffer is exchanged twice and CAH degradation is measured at each incubation pH. At pH 

5.5, α → 0 at t = 0 min indicating the material begins as a gel. As time increases, the slope 

increases rapidly to α ≈ 0.5 over 6 — 10 mins indicating rapid initial degradation. When the 

value of α reaches 0.5, the increase in α slows and passes into the gel-sol transition region. 

In the transition region, there will be loss of polymer due to diffusion out of the scaffold, 

which results in a lower cross-link density compared to the starting material before pH 4.3 

degradation begins. Buffer is then exchanged to pH 4.3, resulting in a decrease in α starting 

below the sol-gel transition until α ≈ 0.4 within approximate t = 14 mins (exclude the time 

for buffer exchange). This indicates the scaffold has regelled and undergone a short re-

gelation event. After re-gelation, the slope quickly increases, indicating that the material is 

degrading. Once the scaffold degrades into the gel-sol transition region it then regels. This is 

a ‘degradation-gelation cycle’, which has been measured in our previous characterization of 

this CAH at pH 4.34,11. The ‘degradation-gelation cycle’ arises due to pH-dependent 

reaction kinetics when the scaffold is pushed out of equilibrium. At pH 4.3. the material will 

undergo hydrazone hydrolysis with very little simultaneous bond re-formation. Once a new 

equilibrium is reached in the sol phase, the reaction will shift towards hydrazone formation, 

resulting in the re-gelation of the scaffold4,16. Finally, buffer is exchanged to pH 7.4 at 4 

hours. At this buffer exchange the scaffold is a sol. At pH 7.4, the CAH oscillates around the 

upper limit of the critical transition until complete degradation in three days. This is a 

decrease in the degradation time scale when compared to control experiments of degradation 

at only pH 7.4 (Figure S3c) but is the same time scale measured in a consecutively 

degradation experiment when the scaffold is first degraded at pH 4.3 (Figure S7)11. This 

result indicates that the gel has a lower cross-link density when degradation at pH 7.4 is 

begun because polymer has been lost in the first 4 hours of degradation due to diffusion out 

of the scaffold. The time to complete degradation is now similar to the average time of 

digestion in the GI tract (24 — 72 hrs).

The rheological properties presented in Figure 3a and b are compared to control 

experiments: (i) degradation at a single pH (control experiments at pH 4.3, 5.5 and 7.4, 

shown in Figure S3 in the ESI) and (ii) pH 4.3 degradation after a single pH exchange from 

pH 7.4 (shown in Figure S7 in the ESI). The trend in material property evolution and 

kinetics are similar between all experiments. Since degradation at pH 5.5 is first in GI tract 1 

there is no previous degradation history and there is no change between the control 

experiments and GI tract 1 measurements. All experiments at pH 4.3 have degradation-

gelation cycles. However, our measurements show that in GI tract 1 the time of a complete 
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cycle, defined as the Δt between the two minimum α values, is reduced. Δt ≈ 130 mins 

(Table S1) in GI tract 1, while in single pH and single pH exchange experiments this value is 

Δt ≈ 220 mins. In GI tract 1 the time of a complete cycle is approximately 60% that of a 

single pH or single pH exchange experiment. The maximum α value reached in these cycles 

is similar in all experiments, indicating a similar amount of degradation regardless of the 

degradation history. This further confirms that degradation kinetics aren’t changing. The 

decrease in the complete cycle time is due to the degradation history, which is the previous 

degradation at pH 5.5. At pH 5.5, the scaffold quickly passes into the gel-sol transition 

region and polymer loss can occur due to polymer diffusion away from the scaffold and into 

the incubation fluid. Due to this, when the scaffold is incubated at pH 4.3, fewer polymers 

participate in bond reformation, resulting in a shorter cycle with a looser cross-linked gel 

structure. This also explains the shorter time to complete degradation in the final incubation 

buffer, pH 7.4. Shorter time to complete CAH degradation is due to the starting material at 

pH 7.4 being a looser cross-linked gel with a lower polymer concentration.

Figure 4 shows degradation of our CAH triggered by pH changes in GI tract 2. A second 

experiment and the MSDs are provided in Figure S6 and S2 in the ESI, respectively. Again, 

the three vertical dotted lines represent buffer exchanges and the horizontal dashed lines 

bound the region where the gel-sol transition occurs. In this scheme, buffer is exchanged 

three times. At pH 5.5, the material starts as a gel with α →0 and rapid degradation results 

in a value of α ≈ 0.7, similar to the first tract. Then the CAH passes the gel-sol transition. 

Like in GI tract 1, the material degrades to a sol resulting in a looser cross-linked scaffold 

before incubation in pH 4.3 begins. At pH 4.3, the material undergoes a complete 

degradation-gelation cycle with Δt ≈ 130 mins. The more complete re-gelation event 

measured in this GI tract is due to slight differences in the initial cross-link density of each 

scaffold, this results in difference in absolute values of α but the change in rheological 

properties in each process remains consistent. When buffer is changed to pH 7.4, the 

scaffold starts as a gel and degrades quickly to the gel-sol transition region and oscillates in 

this region. The third buffer exchange is to pH 4.3 to characterize degradation in the 

intestines under acidic conditions. In pH 4.3, the first spontaneous re-gelation event drives 

the scaffold back to a gel and complete cycles are again measured with Δt ≈ 130 mins, Table 

S1. In Figure 4, α increases after each re-gelation. This indicates that a weaker gel is 

forming each time but the same dynamics of material evolution are measured.

When comparing GI tract 1 and 2, Figures 3a and 4 respectively, similar trends in CAH 

degradation are measured. This is not unexpected because the tracts only deviate at the third 

exchange in GI tract 2. A more quantitative comparison of these experiments shows that the 

kinetics remain the same between the two tracts prior to the final buffer exchange in GI tract 

2. This quantitative analysis finds the slopes in Figure 3a and 4 for each degradation and 

gelation in each experiment. These slopes are the change in rheological properties over the 

same time intervals in an experiment, dα
dt , shown in Figure 5. The error bars represent 

propagation of the errors for fitting the slope in each experiment. This concept is also 

illustrated in Figure S8 of the ESI. In Figure 5, comparing these rheological changes over 

time, which indicate the kinetics of either degradation or gelation, all experiments have good 

quantitative agreement up to the change in GI tract schemes. Although the kinetics remain 
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the same, within experiments there are changes in the rheological properties measured due to 

degradation history. Figure 5 shows that degradation kinetics are unaffected by degradation 

history but that the amount of scaffold degradation can be tailored by changing the initial 

cross-link density, which would allow this scaffold to be designed for targeted drug delivery.

This study characterizes CAH evolution as the pH is mimicked temporally through the entire 

GI tract. Using μ2rheology the dynamic rheological properties and structure are measured in 

realtime. For applications in oral drug delivery, specially chemically conjugated release of 

therapeutics, CAH degradation will directly drive drug release. This in-depth understanding 

of CAH degradation kinetics in response to pH, an environmental stimuli, will enable the 

design of this material for site specific drug delivery. These future investigations will tailor 

scaffold degradation by changing the size and functionality of the polymers and the initial 

scaffold cross-link density. Additionally, this work provides a technique to mimic the pH 

environment in a complex biological process, the GI tract, and precisely measure the kinetics 

and change in rheological properties of this unique material to enable the design of the 

scaffold for controlled, targeted oral drug delivery. Although we have used this technique for 

a specific application, it has broad applicability in the characterization of polymeric 

scaffolds that are designed to evolve during their use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Covalent adaptable hydrazone cross-linked hydrogel. (a) The reaction scheme of hydrazine 

and aldehyde. (b) Schematics of a self-assembled CAH hydrazone scaffold between 8-arm 

PEG-aldehyde (grey) and 8-arm PEG-hydrazine (blue) and its dynamic network 

rearrangement.
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Fig. 2. 
Microfluidic device used for μ2rheology measurements and experimental design. (a) A top 

view of our microfluidic device. The sample chamber (the first layer of the device) holds the 

hydrogel sample during incubation and microrheological measurements and the solvent 

basin (the second layer of the device) is a reservoir for the buffer solution. The sample 

chamber has six channels that are evenly distributed around the edge of the chamber. The 

incubation fluid enters the sample chamber through these six channels, creating equal 

pressure around the hydrogel sample trapping the material in place with minimal sample loss 
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during fluid exchange. (b) Temporal pH changes in the GI tract. Two GI tract schemes have 

been designed. The color of each curve represents the pH that mimics the pH in each part of 

the GI tract. Black, red and green indicate pH 5.5, 4.3 and 7.4, respectively. The vertical 

dotted lines indicate when the buffer is exchanged.
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Fig. 3. 
Consecutive degradation with temporal pH changes in GI tract 1. MPT measures the 

logarithmic slope of the MSD, α, throughout the entire degradation. The vertical dotted lines 

represent the time when buffer is exchanged. The horizontal dashed lines are the upper and 

lower n values, which bound the phase transition region determined using time-cure 

superposition. The plots are separated to better show the microrheological measurements 

taken on (a) the first and (b) second and third days of the experiment at pH 7.4.
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Fig. 4. 
Consecutive degradation with temporal pH changes in GI tract 2. MPT measures the 

logarithmic slope of the MSD, α, throughout the entire degradation. The vertical dotted lines 

represent the time when buffer is exchanged. The horizontal dashed lines are the upper and 

lower n values that bound the phase transition region, which is determined using time-cure 

superposition.
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Fig. 5. 
Comparing CAH degradation kinetics in both GI tract schemes. The slopes calculated from 

the change in rheological properties over the same time intervals during either gelation or 

degradation in each experiment, dα
dt , are calculated. The average values of dα

dt  are plotted with 

the error bars representing the propagation of errors in fitting each segment of the data. The 

vertical dotted lines represents the time when each buffer is exchanged. Each symbol 

represents an average of at least three measurements in each tract.
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