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A self-indicating cellulose-based gel with tunable performance for bioactive
agent delivery

Abstract

Development of carriers with tunable properties can enhance the controllability of the
process of bioactive agent delivery. This study reports a self-indicating gel fabricated from
a cellulose-based derivative, designated as CT, for controlled release of the loaded
bioactive agent. By increasing the concentration of CT, the swelling and erosion rates of
the gel are significantly reduced, with the encapsulation efficiency and release
sustainability of the gel being substantially enhanced. Such changes in delivery
performance can be manifested as changes in the intensity of intrinsic luminescence of the
gel, enabling the gel to display self-indicating capacity. By using paclitaxel as a model
agent, the gel is demonstrated in vivo to effectively reduce the systemic toxicity of the
administered agent. Along with its excitation wavelength-dependent emission tunability
which allows the wavelength of the excitation source to be changed for convenience and
need, our gel shows high potential to be exploited as a self-indicating carrier for delivery
of bioactive agents.

1. Introduction

Development of a carrier with tunable delivery performance is desired in bioactive agent
delivery because it enhances the controllability of the delivery process
[[1], [2], [3], [4], [5]]. Among different types of carriers available in the literature, gels
attract extensive interest because of their ease of fabrication, high biocompatibility, and
their track record of use in pharmaceutical [[6], [7], [8], [9]] and food applications
[[10], [11], [12]]. Over the years, various gels with tunable properties have been reported
[[13], [14], [15], [16], [17]]. One example is the gel generated from a blend of sodium
alginate and carboxymethylcellulose sodium. By changing the mass percentage of sodium
alginate in the blend, the release sustainability of the gel has been found to vary. This gel
has previously been adopted, along with the technique of microfluidic electrospray, to
generate multicompartment gel beads and fibers for co-delivery of multiple agents, with
each of the co-delivered agents being able to be released at a tunable and controlled rate
[18,19]. More recently, a composite gel, which consists of poly(trimethylolpropane
ethoxylate triacrylate) microspheres embedded into a gel formed from a starch-based
bifunctional emulsion stabilizer, has been developed [20]. By altering the composition ratio
of the microspheres, the swelling and erosion rates have been successfully tuned [20].
Along with its capacity of being loaded with agents having different degrees of
hydrophilicity [20], the gel can potentially be developed into a carrier for delivering both
lipophilic and hydrophilic agents.

Despite the advances as mentioned above, the delivery performance of existing gel-based
carriers is controlled predominately by manipulating the process of gel preparation. It can
hardly be tuned after gel formation. To address this need, this study reports a self-indicating
gel which enables reversible transition between the gel state and the solution state. The gel
is fabricated from a cellulose-based derivative, named CT, which is a
clusteroluminogenic in situ-gel forming polymer previously developed by Lai and
coworkers for trackable bioactive agent delivery in which the location and formation of the
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gel inside a body can be tracked in real time [21]. Although our previous study has
demonstrated that by manipulating the molecular weight of CT, gel properties can be
changed [21]. Changing the molecular weight of the polymer, however, has to be done at
the stage of CT synthesis. This restricts the tunability of the gel in practice. In this study,
we report that by altering the concentration of the gel-forming solution, along with the
reversibility of state transition experienced by our gel, delivery performance can be
manipulated during and after gel formation. Furthermore, due to the clusteroluminogenic
property of CT, changes in gel properties and delivery performance can be manifested
externally as changes in the intensity of intrinsic luminescence of our gel, enabling the gel
to be used as a self-indicating carrier for controlled delivery of bioactive agents.

2. Materials and methods

2.1. Materials

4-dimethylaminopyridine (DMAP), 1-chloro-2,3-epoxypropane, 2-methylpropenoic acid,
and various other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Dulbecco’'s Modified Eagle's Medium (DMEM; Gibco, Grand Island, USA), penicillin G-
streptomycin sulfate (Life Technologies Corporation. USA), and fetal bovine serum (FBS;
Hangzhou Sijiging Biological Engineering Materials Co., Ltd., China) were used as the
cell culture medium. Trypsin-EDTA (0.25% trypsin-EDTA) was obtained from Invitrogen
(Carlsbad, CA, USA).

2.2. CT synthesis and gel fabrication

CT was synthesized as previously described from modified cellulose (degree of
hydroxypropylation = 7-12%; degree of methylation = 28-30%), designated as CE, whose
2% (w/v) aqueous solution exhibited the viscosity of 15 mPa-s at ambient conditions [21].
It was dissolved in anhydrous DMSO to reach a concentration of 1% (w/v). The solution
was injected into 25 mL of distilled water for gel formation. The gel was designated as CL.
By increasing the concentration of CT in the DMSO solution from 1% (w/v) to 10% (w/v)
and following the same procedure for gel fabrication as described above, a gel with a higher
CT concentration was generated. It was designated as CH.

2.3. Determination of the encapsulation efficiency (EE)

Methylene blue (MB), lysozyme (LYS), capecitabine (CAP), and paclitaxel (PTX) were
adopted as model agents. To form an agent-loaded gel, CL or CH was prepared as described
above, but 0.02 g of a model agent was dissolved in 4 mL of the DMSO solution of CT
before injection into distilled water. The gel produced was retrieved by centrifugation for
30 min at a relative centrifugal force of 10,000 x g, followed by the removal of the
supernatant. The concentration of unloaded MB was determined by ultraviolet—visible
(UV-Vis) spectroscopy at Amax 0of 665 nm. The amount of unloaded LY'S was estimated by
using the Bradford reagent (Sigma-Aldrich, Missouri, USA) as previously described [22].
The concentrations of CAP and PTX were quantified by using reverse-phase ultra-high
performance liquid chromatography (UPLC), coupled with a triple quadrupole mass
spectrometer (UPLC-MS/MS). The EE was calculated using the following equation:

EE(%)=ml/mtx100%
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where m is the mass of the agent successfully loaded into the gel, and mt is the total mass
of the agent added during the agent encapsulation process.

2.4. Determination of the agent release profile

1 g of the lyophilized agent-loaded gel was placed in 10 mL of PBS (pH 7.4) and incubated
at 37 °C in a 5% CO2 atmosphere. At regular time intervals, 1 mL of the release medium
was withdrawn and replenished with the same volume of PBS. The amount of MB released
was determined by UV-Vis spectroscopy at Amax 0f 665 nm. The amount of LYS released
was estimated by using the Bradford reagent (Sigma-Aldrich, Missouri, USA) as
previously described [22]. The concentrations of PTX and CAP in the release medium were
quantified by using UPLC-MS/MS.

2.5. Determination of the protein activity

An LYS-loaded gel was thoroughly crushed in PBS with mortar and pestle. The debris was
removed by filtration. The amount of LY'S extracted from the gel was determined by using
the Bradford reagent (Sigma-Aldrich, Missouri, USA) as previously described [22].
100 pL of a solution containing extracted LYS was added to a cuvette, followed by the
addition of 1 mL of a 0.01% (w/v) Micrococcus lysodeikticus cell suspension. The activity
of extracted LYS was determined as previously reported [21].

2.6. Morphological examination

CE, CT, lyophilized CL, and lyophilized CH were sputter-coated with gold. Their
morphological features were observed by using a scanning electron microscope (JSM-6380;
JEOL, Tokyo, Japan) operated at an accelerating voltage of 10 kV.

2.7. Photoluminescence (PL) characterization

PL and PL excitation (PLE) measurements were performed by using a FLS920P
fluorescence spectrometer (Edinburgh Instruments Ltd., Livingston, UK). The PLE
spectrum of the DMSO solution of CT was measured at an emission wavelength of 465 nm.

2.8. Spreadability tests

A drop of a DMSO solution of CT with a desired concentration was placed on a glass slide.
The solution was spread on the slide using a scraper. The spreadability of the solution was
qualitatively determined.

2.9. Rheological measurements

The viscosity of a DMSO solution of CT before and after injection into distilled water was
measured using a Brookfield DV-IIl Ultra programmable rheometer (Brookfield
Engineering Laboratories Inc., Middleboro, MA, USA) with spindles (CP-40). Viscosity
parameters were determined at different shear rates at ambient conditions. The
equilibration time at every shear rate was set to be 15 s. Viscoelastic properties of CL and
CH were also studied by determining the storage modulus (G’) and loss modulus (G").
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2.10. Determination of the water content (WC) and swelling ratio

A lyophilized gel was weighed and immersed in 100 mL of PBS (pH 7.4). At regular time
intervals, the gel was retrieved by centrifugation for 5 min at a relative centrifugal force of
4000 x g, followed by the removal of the supernatant. The swelling ratio and WC of the
gel were calculated.

2.11. Evaluation of the erosion behavior

The erosion behavior of the gel was examined as previously described [23]. In brief, a
known amount of a lyophilized gel was immersed in PBS (pH 7.4) and incubated at 37 °C.
At regular time intervals, the gel was retrieved and dried in an oven at 65 °C. The final dry
mass of the gel was recorded.

2.12. Cytotoxicity assays

3T3 mouse fibroblasts were cultured in DMEM supplemented with 10% (v/v) FBS, 100
Ul mL! penicillin, 100 pg mL"! streptomycin, and 2 mM L-glutamine. The cells were
seeded at a density of 5000 cells per well in a 96-well plate, and incubated for 24 h at 37 °C
under a humidified atmosphere of 5% CO2. An appropriate amount of a lyophilized gel
was ground in the fresh cell culture medium using mortar and pestle to obtain a suspension
with a desired concentration. During the assay, the medium in each well was replaced with
100 puL of the suspension. The 96-well plate was then incubated at 37 °C under a
humidified atmosphere of 5% COz2 for 5 h before the suspension in each well was replaced
with the fresh cell culture medium. The percentage of viable cells in each well was
evaluated, either immediately or after 24 h of post-treatment incubation, by using the
CellTiter 96 Aqueous Non-radioactive Cell Proliferation Assay (MTS assay; Promega
Corp., Madison, WI1) according to the protocol provided by the manufacturer.

2.13. Evaluation of in vivo toxicity

BALB/c nude mice (5 weeks of age, female) were purchased from the Institute of
Laboratory Animal Sciences (Beijing, China). BGC-823 xenograft models were stablished
as previously described [21]. All procedures were approved by the Animal Subjects Ethics
Sub-committee (ASESC) of the Hong Kong Polytechnic University (approval number: 19-
20/118-ABCT-R-STUDENT), and complied with the ARRIVE guidelines and EU
Directive 2010/63/EU for animal experiments. When the tumor reached a volume of
100 mm?3, the mice were weighed, coded, and randomly divided into 2 groups, with 7 mice
in each group. Each mouse was administered intraperitoneally with PTX, at a dose of
20 mg/kg body weight, either in the form of a DMSO solution of PTX or of a PTX-
containing CT solution which was prepared as described in Section 2.3. The treatment was
performed on day 1, day 4 and day 8. The body weight of the mice was monitored regularly.

2.14. Blood collection and hemolysis assays

Blood was collected from anesthetized BALB/c nude mice (5 weeks of age, female) via
cardiac puncture, stored in a heparin-containing tube, and centrifuged at 4 °C for 10 min at
2000 x g to obtain erythrocytes. All procedures were approved by the ASESC of the Hong
Kong Polytechnic University (approval number: 19-20/118-ABCT-R-STUDENT), and
complied with the ARRIVE guidelines and EU Directive 2010/63/EU for animal
experiments. The collected erythrocytes were washed with PBS (pH =7.4) until the
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supernatant became colorless. Procedures for treating the erythrocytes with CT and
performing the hemolysis assay were carried out as previously reported [21].

2.15. Statistical analysis

All values were expressed as the mean * standard deviation. Unless otherwise specified,
the mean value was obtained by averaging five replicates. Student's t-test was carried out
to determine the statistical significance. Differences with p-value < 0.05 were considered
to be statistically significant. Statistical analysis was performed using GraphPad Prism
8.2.0 software (GraphPad Software Inc., San Diego, CA, USA).

3. Results and discussion

3.1. Synthesis and rheological properties of CT

CT is acellulose derivative, whose synthesis starts from hydroxypropylation and
methylation of cellulose, followed by transesterification which is facilitated by using a
polar aprotic solvent as the reaction medium [21]. The DMSO solution of CT has a PL
peak at 465 nm and a PLE peak at 380 nm (Fig. 1A); however, the solution shows
excitation-dependent emission. Excitation at 340 nm gives an emission peak at 440 nm.
When the excitation wavelength is increased to 480 nm, the emission peak is shifted to
560 nm (Fig. 1B). The intrinsic luminescence of CT is attributed to interactions among
electron-rich heteroatoms [particularly those from functional groups such as C—=0, N—
0, and C=N] as sub-fluorophores [24,25]. Such interactions help narrow down the energy
gap between the HOMO and LUMO to render CT luminescent despite the absence of a
conjugated structure [[26], [27], [28], [29]].
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Fig. 1. (A) PLE and PL spectra of the DMSO solution of CT. The PL spectrum was
taken at an excitation wavelength of 380 nm; whereas the PLE spectrum was measured
at an emission wavelength of 465 nm. (B) PL spectra of the DMSO solution of CT
taken at different excitation wavelengths.

After transesterification, the granular morphology of CE is changed to the fibrillar one (Fig.
2A). This is because the incorporated side chains can agglomerate to make the morphology
of the product fibril-like [23]. The viscosity of the CT solution, before and after injection
into distilled water, at 25 °C is shown in Fig. 2B and C. Compared to that of the 1% (w/v)
solution, the spreadability of the 10% (w/v) solution is substantially lower (Fig. 2B). This
may be because the viscosity of the 10% (w/v) solution is much higher than that of the 1%
(w/v) counterpart. Rheological analysis reveals that the apparent viscosity of the CT
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solution, before and after injection into distilled water, is greater at a low shear rate (Fig.
2C). This suggests that pseudoplastic behavior is exhibited by the CT solution and by the
fabricated gel. The viscosity of the CT solution is positively related to the CT concentration.
This is explained by the fact that an increase in the solution concentration leads to a
decrease in the intermolecular distance. The viscosity of the CT solution also increases
remarkably after injection into distilled water, owing to the gelation of the solution.
Compared to CL, CH has higher G’ and G” values (Fig. 2D). This is explained by the
positive relationship between the extent of molecular entanglement and the concentration
of the gel-forming solution. An increase in the extent of molecular entanglement can lead
to the formation of a gel with enhanced mechanical strength. In addition, in both CL and
CH, G’ values are higher than G” values. This implies that both of the gels exhibit solid-
like behavior and are robust.
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Fig. 2. (A) SEM images of (a) CE and (b) CT. (B) Photos of CT solutions with different
concentrations [(a, ¢) 1% and (b, d) 10%)] (a, b) before and (c, d) after spreading. (C)
Viscosity curves of CT solutions with different concentrations. Measurements were



made (a) before and (b) after injection of the solutions into distilled water. (D) Changes
in (a) G’ and (b) G" values of CL and CH along with changes in the angular frequency.

3.2. Agent encapsulation and bioactivity maintenance

By changing the concentration of the gel-forming solution, the level of entanglement per
unit volume of the gel increases, leading to the formation of a gel with a more compact
structure. This is confirmed by using scanning electron microscopy (SEM) (Fig. 3A), and
explains the fact that, compared to CL, CH displays a remarkably lower swelling ratio,
lower WC, and lower erosion susceptibility (Fig. 3B and C). To examine the efficiency of
CL and CH in agent encapsulation, MB, LYS, CAP, and PTX are adopted. The EE of the
gel varies with various factors (including the concentration of the gel-forming solution, and
the solubility and molecular weight of the model agent), and is in the range of 13-94%
(Fig. 4A). The optimal EE of the gel formed from CT is comparable to the reported EE
(around 60-80%) of formulations or carriers generated from other cellulose derivatives
(such as hydroxypropyl methylcellulose [30] or carboxymethyl cellulose [31]).
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Fig. 3. (A) SEM images of (a) lyophilized CL and (b) lyophilized CH. Scale
bar = 500 um. (B) The swelling capacity of CL and CH as shown by the (a) swelling
ratio and (b) WC. (C) Erosion profiles of CL and CH.
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In order to be used practically as a carrier of bioactive agents, not only should the gel
possess high EE but it should also maintain the bioactivity of the loaded agents [32,33].
Unlike photopolymerized gels in which exposure of the loaded agents to UV may
compromise the agent stability [[34], [35], [36]], gelation of CT takes place under mild
conditions without having a need for UV irradiation or any other physical/chemical
initiators, thereby enabling CL and CH to more effectively maintain the bioactivity of the
loaded agent. This is evidenced by the high antibacterial activity level (over 80%) of LYS
extracted from the LYS-loaded gels (viz., LYS/CL and LYS/CH), as revealed by the high
rate of lysis of Micrococcus lysodeikticus (Fig. 4B and C). This suggests that the
antibacterial activity of LYS is not affected by the gel fabrication process or by possible
interactions between the gel components and the protein.
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3.3. Biocompatibility and tunable agent release

The intensity of blue emission of the CT solution, as well as that of the gel formed, is
positively related to the CT concentration (Fig. 5A-C), which also has a positive
relationship with the release sustainability of the gel (Fig. 5D). This enables the gel to
possess self-indicating properties, by which the delivery performance of an agent-loaded
gel can be estimated even before use. The working principle is that by increasing the
concentration of CT, the extent of molecular entanglement (and hence clusterization-
triggered emission) is enhanced [21]. Meanwhile, agent release from a matrix-type device
is generally driven by Fickian diffusion, which is partly governed by the degree of swelling
exhibited by the device [37]. Changes in the concentration of CT directly affect the
swelling and erosion rates of the gel, leading to changes in release sustainability. The
concentration of CT, therefore, serves as a bridging factor between release sustainability
and the luminescence intensity, allowing the possible use of the luminescence of CT as an
indicator to predict the delivery performance of the gel.
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Fig. 5. (A) Photos of CT solutions with different concentrations [(a, d) 1%, (b, ) 5%,
and (c, f) 10%] under (a—c) visible light and (d—f) UV light. (B) Photos of (a, b) CL and
(c, d) CH under (a, c) visible light and (b, d) UV light. (C) PL spectra of CT solutions
with different concentrations. The spectra were taken at an excitation wavelength of
380 nm. (D) Release profiles of (a) PTX, (b) CAP, (c) MB, and (d) LYS from agent-
loaded CL and agent-loaded CH.
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The tunability of the gel performance is mediated by the fact that the CT solution can switch
to the gel state upon injection into water, with the gel being able to get back to the solution
state upon the addition of DMSO (Fig. 6A). To demonstrate that state transition has no
effect on the delivery performance of the gel, the release profile of LYS from LYS/CL and
LYS/CH, with or without undergoing one cycle of state transition (from the gel state to the
solution state, and finally back to the gel state), is determined. Results show that the effect
of state transition on the release rate of the loaded agent from both CL and CH is negligible
(Fig. 6B). This suggests that whenever the performance of a pre-formed gel has to be
changed, one can simply convert the gel back to the solution state, followed by adjustment
of the CT concentration to the desired level before re-gelation of the solution. Contrary to
many existing gel-based systems whose delivery performance is controlled predominately
by manipulating conditions during gel preparation and hence post-hoc tuning of the gel
performance is difficult, the delivery performance of CL and CH can be easily tuned in
a post-hoc manner.

(B) (a)120 ¢ (b) 90  —o—Before
- 100 ~ 75 | —@—After
< 80 t £ 60
@ 60 I : @ 45
% 40 | —0— Before % 30
&€ 20 —0— After € 15
0 i 1 L L L 1 J 0 i 1 1 L 1 L J
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Time (day) Time (day)

Fig. 6. (A) Reversible state transition experienced by CT solutions with different
concentrations [(a—d) 10%, and (e—h) 1%]. (a, €) CT solutions switch to the (b, f) gel
state upon injection into distilled water. (c, g) The gels are converted back to the
solution state upon the addition of DMSO. (d, h) The solutions formed undergo re-
gelation upon injection into distilled water. (B) Release profiles of LYS from (a) agent-
loaded CL and (b) agent-loaded CH, before and after one cycle of state transition.

Finally, the toxicity of CT is assessed by using 3T3 fibroblasts as a model system. Results
show that the toxicity of CT is negligible (Fig. 7A). The negligible hemolytic
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activity exhibited by CT also demonstrates the high biocompatibility of the polymer (Fig.
7B). The safety profile of CT is determined in vivo by using PTX as a model bioactive
agent. From day 2 onwards, the relative body weight of mice treated with a DMSO solution
of PTX is significantly lower than that of mice in the PTX/CT group (Eig. 7C). This is
attributed to the fact that the gel formed from CT can lead to sustained release of PTX.
This reduces the systemic drug concentration, resulting in a decline in the systemic toxicity
brought about by PTX.
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Fig. 7. (A) Viability of 3T3 fibroblasts after 5-h treatment with different concentrations
of CL or CH, (a) before and (b) after 24-h post-treatment incubation. (B) Percentages
of erythrocytes lysed upon treatment with different concentrations of CT. (C) Changes
in the relative body weight of mice injected intraperitoneally with either
a DMSO solution of PTX or a PTX-containing DMSO solution of CT. * denotes
p < 0.05 and ** denotes p < 0.01.

4. Conclusions

So far the tuning of the delivery performance of existing gel-based carriers has been relying
largely on the manipulation of the process of gel preparation. This restricts the possibility
of changing the gel performance in a post-hoc manner. This study reports a self-indicating
gel which not only shows tunable efficiency in delivering bioactive agents, but also
displays intrinsic luminescence whose intensity can serve as an indicator revealing the
delivery performance of the gel even before use. In addition, due to the excitation
wavelength-dependent emission tunability, the wavelength of the excitation source can be
chosen on the basis of convenience and need. This, along with its low toxicity and high
biocompatibility as demonstrated both in vitro and in vivo, the gel formed from CT has
high potential to be exploited as a tunable carrier for use in bioactive agent delivery in the
future.
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