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HYPROMELLOSE-GRAFT-CHITOSAN AND METHODS THEREOF FOR
SUSTAINED DRUG DELIVERY

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS

This application claims priority to U.S. Provisional Application Ser. No. 62/153,063 filed

on April 27, 2015, which is incorporated by reference herein in its entirety.

1. Introduction
[0001] Disclosed herein is a novel polymer, hypromellose-graft-chitosan (HC), which is used in
a system for sustained and controlled release delivery of a drug to a subject. In certain
embodiments, the drug is a chemical, a small molecule or a biologics. Also disclosed herein is a

process for making HC from chitosanwhich has improved aqueous solubility.

2. Background

[0002] Conventional drug administration methods entail periodic dosing of a therapeutic agent
in a formulation that ensures drug activity, stability and bioavailability. These methods include
topical administration using salves or ointments for skin applications, parenteral administration
by injection, and oral administration by ingestion (e.g. tables, pills, and liquids). These methods
reduce drug bioavailability by various factors (particularly the physiological barriers and blood
clearance), as drug administration typically leads to a sharp initial increase in drug concentration,
followed by a steady decline in concentration as the drug is cleared and/or metabolized. Periodic
dosing 1s required to reach and maintain the drug concentration within the appropriate efficacy
range. The consequence of this repeated administration is a drug concentration profile that

oscillates over time. Such oscillation and initial burst of drug release are particularly undesirable
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for drugs that are unstable in the blood stream or gastrointestinal tract, are toxic at high doses or

have a narrow therapeutic window.

[0003] To resolve these difficulties, efforts have been directed over the last several decades to
develop alternative drug carriers for more sustained drug action. Due to the ease of
functionalization, low cost and the possibility of mass production, polymers are promising
candidates for development of drug delivery systems. In this approach, the drug is dispersed
within a polymeric matrix, which is wettable (i.e. capable of imbibing water) and serves to
control the rate at which the drug is released. Polymeric delivery vehicles offer several
advantages over conventional methods of drug administration, such as localization to the desired
target site by implantation, topical application or by ingestion. This increases drug potency and
reduces systemic toxicity. Polymeric delivery vehicles also release drugs at a controlled rate,
thereby maintaining plasma drug concentration within an appropriate therapeutic window and
reducing harmful side effects. Lastly, patient compliance is improved because the discomfort

that accompanies periodic dosing is eliminated.

[0004] Among different polymers studied for polymeric delivery, chitosan (CS) is one polymer
that has received significant interest because of its biocompatibility, biodegradability, non-
allergenicity and non-toxicity. Chitosan is created via deacetylation reaction of chitin by treating
crustacean animal shells with sodium hydroxide. For medical use, CS can be used to help

deliver drugs through the skin.

[0005] However, current drug delivery applications of CS are highly limited because CS is
insoluble in most solvents. CS is generally soluble in lower pH dilute organic acids, such as

acetic acid, formic acid, succinic acid, lactic acid, and malic acid. This makes any CS drug
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delivery method highly pH-sensitive, and further limits CS application to pH-insensitive drugs.
Further, current CS-based drug carriers have limited drug loading capacity and drug release

sustainability.

[0006] As CS-based drug delivery systems have the benefits of biocompatibility,
biodegradability, non-allergenicity and non-toxicity, but are limited by solubility and drug
delivery capacities, thus, there exists a need in the art for CS-based drug delivery systems and
methods that do not require acidic media for dissolution. There is also a need for CS-based drug
delivery systems and methods that can load pH-sensitive drugs with high efficiency, increased

drug loading capacity and drug release sustainability.

3. Summary

[0007] An object of the present disclosure is to provide a polyelectrolyte complexes formed
between chitosan (CS) and anionic polymers. In particular, CS-based copolymer when
complexed with a polyelectrolyte, achieves more effective drug encapsulation and more
sustained drug release than unmodified CS. It is an object of the present disclosure to provide a
water-soluble, biocompatible and non-toxic copolymer in a pH-stable environment for drug
delivery. Provided herein is a CS-based polymer, effective for drug encapsulation and sustained
drug release. In one or more embodiments, the CS-based polymer comprises hypromellose-
graft-CS (HC). In certain embodiments, HC is synthesized by copolymerizing CS with
hypromellose via a coupling reagent-mediated approach. In one or more embodiments, the CS-
based polymer is complexed with a polyelectrolyte. In one embodiment, the polyelectrolyte is
carboxymethyl cellulose (CMC). In certain embodiments, the CS-based polymer is formulated

with a second polymer to prepare a hydrogel. In some embodiments, the CS-based polymer has
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improved drug encapsulation efficiency and drug release sustainability as compared with

unmodified CS.

[0008] Further provided herein is a drug delivery system and method for controlled and
sustained delivery of therapeutic amounts of one or more drugs to a subject. In certain
embodiments, the drug delivery system comprises a matrix which comprises one or more drugs
dispersed therein. In certain embodiments, the system and method include a matrix formed of a
wettable polymer and a multiplicity of drug particles dispersed uniformly within the polymer. In
certain embodiments, the system and method includes a coupling reagent-mediated approach to
copolymerize CS to hypromellose. In further embodiments, the drug delivery system and
method includes chemicals such as tetracycline chloride (TH), methylene blue (MB),
mometasonefuroate (MF) and metronidazole (MT). In other embodiments, the drug delivery
system and method include any other suitable chemicals. In certain embodiments, the drug
delivery system and method deliver a drug-containing polymer via implantation, topical delivery,
or ingestion. In specific embodiments, the drug is delivered via wound dressing, gel, foam,
patch, film, bandage, tablet, pill, or paste. In certain embodiments, the drug is delivered locally.
In certain embodiments, the drug is delivered topically. In certain embodiments, the drug is

delivered systemically.

[0009] Also provided herein is a method of making HC by derivatizing conventional CS for
improved aqueous solubility. In some embodiments, the method includes a controlled and
sustained drug delivery system useful to deliver a drug to a patient. The system comprises
delivery of substantially homogeneous particles.In certain embodiments, the substantially
homogeneous particles are dispersed in a wettable polymeric matrix. Also disclosed is the

method of preparing a polymeric matrix comprising HC.
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[0010] Provided herein is a drug delivery system for controlled and sustained delivery of the
drug to a patient comprising: a matrix comprising a hypromellose-graft-chitosan (HC) or a HC

polyelectrolyte complex; and a drug dispersed in the matrix.

[0011] In one embodiment, provided herein is CS which is copolymerized with hypromellose via
a coupling reagent-mediated approach to form a water-soluble, nontoxic CS derivative, namely
hypromellose-graft-CS (HC), which is subsequently complexed with carboxymethylcellulose
(CMC) to generate a polyampholytic hydrogel. When compared with conventional CS, HC is
highly water-soluble across a wide pH range, and has a substantially higher pH buffering
capacity to provide a pH-stable environment for delivery of drugs. In addition, the
polyelectrolyte complex of HC exhibits a drug encapsulation efficiency of over 90% in all drugs
tested, which is 1-2 fold higher than the efficiency attainable by the polyelectrolyte complex of

conventional CS, with a 23 fold longer duration of sustained drug release.

[0012] Provided herein is a method for delivering drugs to a patient comprising the step of

administering the drug delivery system disclosed herein.

[0013] Provided herein is a method of preparing a drug delivery system comprising the steps
of:reacting chitosan with hypromellose to form a matrix comprising hypromellose-graft-chitosan
(HC); and dispersing a drug in the matrix. In certain embodiment, the method further comprises
reacting the HC with a polyelectrolyte to form a HC polyelectrolyte complex prior to dispersing

the drug in the matrix.

[0014] Also disclosed is a polymer for drug delivery comprising a hypromellose-graft-chitosan

(HC) wherein the HC is formed by reacting hypromellose with chitosan.



WO 2016/173492 PCT/CN2016/080313

[0015] Also disclosed is a polymer for drug delivery comprising a HC polyelectrolyte complex

which is formed by reacting a HC with a polyelectrolyte.

[0016] Also described herein is a composition comprising the HC as disclosed herein. In certain
embodiments, the composition is a pharmaceutical composition that includes solutions,
suspensions, gels, fluid gels, emulsions, emulsion gels, lotions, ointments, film forming
solutions, creams and sprays. In particular, the composition is used to treat or prevent diseases in
a subject. In specific embodiment, the subject is a mammal. In specific embodiment, the subject
is human. In one embodiment, provided herein is a method of treating a disease comprising
administering to a subject, a pharmaceutical composition comprising a therapeutically effective
amount of HC comprising a drug. Also provided herein is a medical device comprising a coating
comprising the delivery system as presented.In certain embodiments, the medical device is an
implant. In one embodiment, the medical device is a stent. In certain embodiments, the medical
device 1s a film. In certain embodiment, the film is absorbed over time after administration.
Provided herein is a method of making a medical device comprising a coating comprising the

delivery system disclosed herein.

[0017] Also disclosed is a kit comprising the drug delivery system provided herein. The kits
comprise a carrier being compartmentalized to receive in close confinement one or more
container such as vials, tubes, and the like, each of the container comprising one of the separate
elements to be used in the method. The kit may include containers for other components, for
example, buffers useful in the disclosed methods.The kit also contain instructions for mixing,
diluting, and/or administrating the compounds. The kit also include other containers with one or

more solvents, surfactants, preservative and/or diluents (e.g., normal saline (0.9% NaCl), or 5%
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dextrose) as well as containers for mixing, diluting or administering the components to the

sample or to the patient in need of such treatment.

[0018] The compositions of the kit may be provided as any suitable form, for example, as liquid
solutions or as dried powders. When the composition provided is a dry powder, the powder may
be reconstituted by the addition of a suitable solvent, which may also be provided. In
embodiments where liquid forms of the composition are sued, the liquid form may be
concentrated or ready to use. The solvent will depend on the compound and the mode of use or
administration. Suitable solvents for drug compositions are well known and are available in the

literature. The solvent will depend on the drug and the mode of use or administration.

[0019] A kit as provided herein comprises a unit dose of a composition provided herein, or a
second agent or composition, can include a dosage such that when administered to a subject, a
therapeutically or prophylactically effective plasma level of the compound or composition can be
maintained in the subject for at least 1, 2, 3, 4, 5, 6, 7 days. In some embodiments, a
composition can be included as a sterile aqueous pharmaceutical composition or dry powder
(e.g., lyophilized) composition. In some embodiments, suitable packaging is provided. As used
herein, "packaging" includes a solid matrix or material customarily used in a system and capable
of holding within fixed limits a compound provided herein and/or a second agent suitable for
administration to a subject. Such materials include glass and plastic (e.g., polyethylene,
polypropylene, and polycarbonate) bottles, vials, paper, plastic, and plastic-foil laminated

envelopes and the like.
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[0020] These and other aspects, features, and advantages can be appreciated from the
accompanying description of certain embodiments of the disclosure and the accompanying

drawing figures and claims.

4. Description of the Figures

[0021] FIG. 1 shows the synthesis and putative chemical structure of hypromellose-graft-
CS (HC).
[0022] FIGS. 2(A) and (B) show scanning electron microscope (SEM) micrographs of

(A) CS; and (B) HC.

[0023] FIGS. 3(A) and (B) show the structural characterization of HC according to: (A)
"H-NMR spectra of (i) CS, (ii) hypromellose and (iii) HC; and (B) FT-IR spectra of (i) CS, (ii)

hypromellose and (ii1) HC.

[0024] FIGS. 4(A) and (B) are graphical representations of: (A) the solubility of CS and

HC at different pH values; and (B) the buffering capacity profiles of CS, hypromellose and HC.

[0025] FIGS. 5(A) and (B) show the method of preparation of the HC/CMC
polyelectrolyte complex, specifically: (A) procedures for complex formation; and (B) a
schematic diagram showing complexation of HC with CMC via electrostatic interactions for

encapsulation of drug molecules.

[0026] FIGS. 6(A) and (B) are graphical representations of the cytotoxicity of CS, HC
and CMC in rat retinal Miller rtMC-1 cells after: (A) 5-hour incubation; and (B) 24-hour

incubation.
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[0027] FIGS. 7(A) and (B) are graphical representations of: (A) drug encapsulation
efficiencies of HC/CMC and CS/CMC; and (B) the effect of the molecular weight of drug

molecules on the encapsulation efficiency of HC/CMC and CS/CMC.

[0028] FIG. 8 is a graphical representation of the drug release profiles of HC/CMC and
CS/CMC at 37°C.
[0029] FIG. 9 is a graphical representation of the percentage change in equilibrium water

content (EWC) as a function of time for HC/CMC and CS/CMC at the pH of 7.4.

[0030] FIG. 10 illustrates the erosion behavior of HC/CMC and CS/CMC at the pH of 7.4.

[0031] FIGS. 11A-F illustrate themethods of making HC-based films for drug loading and

delivery.

[0032] FIGS.12 A-B are comparison of (A) the HC-based formulation and (B) CS-based
formulation in loading the hydrophobic drug modal. As shown in the figures, the molecules of
the drug modal do not mix with the native CS-based formulation, leading to poor drug loading
performance. On the contrary, the HC-based formulation disclosed herein allows for effective

mixing and encapsulation of the hydrophobic drug modal.

[0033] FIGS.13 A-B are SEM micrographs of the HC-based drug loaded film. The drug

molecules are shown to be effectively loaded into the film.

4.1 Definition

[0034] As used herein, the terms "subject" and "patient" are used interchangeably herein. The
terms "subject" and "subjects" refer to an animal, such as a mammal including a non-primate

(e.g., a cow, pig, horse, cat, dog, rat, and mouse) and a primate (e.g., a monkey such as a
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cynomolgous monkey, a chimpanzee and a human), and for example, a human. In another
embodiment, the subject is a farm animal (e.g., a horse, a cow, a pig, etc.) or a pet (e.g., a dog or

a cat). In one embodiment, the subject is a human.

[0035] As used herein, the terms “compound” and “agent” are interchangeable.

[0036] As used herein, the terms "therapeutic agent" and "therapeutic agents" refer to any
agent(s) which can be used in the treatment or prevention of a disorder or one or more symptoms
thereof. In certain embodiments, the term "therapeutic agent" includes a compound provided
herein. In one embodiment, a therapeutic agent is an agent which is known to be useful for, or
has been or is currently being used for the treatment or prevention of a disorder or one or more
symptoms thereof. "Therapeutically effective amount" includes an amount of a compound or
composition that, when administered to a subject for treating a disease, is sufficient to effect such
treatment for the disease. A "therapeutically effective amount" can vary depending on, inter alia,

the compound, the disease and its severity, and the age, weight, etc., of the subject to be treated.

[0037] "Treating" or "treatment" of any disease or disorder refers, in one embodiment, to
ameliorating a disease or disorder that exists in a subject. In another embodiment, "treating" or
"treatment" includes ameliorating at least one physical parameter, which may be indiscernible by
the subject. In yet another embodiment, "treating" or "treatment" includes modulating the disease
or disorder, either physically (e.g., stabilization of a discernible symptom) or physiologically
(e.g., stabilization of a physical parameter) or both. In yet another embodiment, "treating" or

"treatment" includes delaying the onset of the disease or disorder.

[0038] As used herein, the terms "prophylactic agent" and "prophylactic agents" as used refer to

any agent(s) which can be used in the prevention of a disorder or one or more symptoms thereof.
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In certain embodiments, the term "prophylactic agent" includes a composition provided herein.
In certain other embodiments, the term "prophylactic agent" does not refer a composition
provided herein. For example, a prophylactic agent is an agent that is known to be useful for, or
has been or is currently being used to prevent or impede the onset, development, and progression

of disorder or symptoms.

S. Detailed Description

[0039] In the following detailed description, numerous specific details are set forth to provide a
thorough understanding of claimed subject matter. However, it will be understood by those
skilled in the art that claimed subject matter may be practiced without these specific details. In
other instances, methods, apparatuses, or systems that would be known by one of ordinary skill
have not been described in detail so as not to obscure claimed subject matter.It is to be
understood that particular features, structures, or characteristics described may be combined in

various ways in one or more implementations.

[0040] Chitosan (CS) is a biocompatible, slowly biodegradable and non-toxic biopolymer that
are used as acarrier for controlled drug release. However, CS is hydrophobic, which together
with CS’s low drug encapsulation capacity, limits drug release sustainability. Moreover, the
processing and wide pharmaceutical uses of CS require acidic media for dissolution and thereby

fail to deliver pH-sensitive drugs.

[0041] The following examples illustrate the synthesis and use of representative embodiments
provided herein. These examples are not intended, nor are they to be construed, as limiting the
scope of the claimed subject matter. It will be clear that the scope of subject matter may be

practiced otherwise than as particularly described herein. Numerous modifications and variations
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of the subject matter are possible in view of the teachings herein and, therefore, are within the

scope the claimed subject matter.

[0042] In one embodiment, disclosed herein is a coupling reagent-mediated approach to
copolymerize CS with hypromellose. Hypromellose (hydroxypropyl methylcellulose) is derived
from cellulose and is soluble in water. In the present embodiment, hypromellose and CS are
coupled to enhance aqueous solubility, buffering capacity, and/or EWC/swelling capacity. The
coupling of hypromellose to CS was achieved by using 1,1'-carbonyldiimidazole (CDI), which
activates the hydroxyl groups of hypromellose molecules to form active imidazolyl carbamate
intermediates, which are then attacked by primary amine groups from CS, with imidazole being

released as a by-product.

[0043] The drug delivery capacity of CS has been improved through polyelectrolyte
complexation with oppositely charged polymers; however, the application of these complexes is
still restricted by the properties of CS, including the low aqueous solubility and drug
encapsulation capacity. The synthesis of hypromellose with CS to create hypromellose-graft-CS
(HC) results in a polymer with higher aqueous solubility and the possibility for CS-drug delivery
systems that do not require acidic dissolution media. Lai and Shum. Hypromellose-graft-
chitosan and its polyelectrolyte complex as novel systems for sustained drug delivery. ACS
Appl Mater Interfaces. 2015: 7(19):10501-10. The aqueous solubility of HC 1s between 1.5-5.0
fold higher than CS at different pH levels. HC can therefore be used to deliver drugs, including
biologics, such as proteins, whose structure and bioactivity may be highly sensitive to the
surrounding pH. Similarly, HC has a high pH buffering capacity, which provides a pH-stable

environment for loading pH-sensitive drugs and can protect loaded drugs from experiencing
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sudden change in surrounding pH.The pH buffering capacity for HC is 1.1-3.0-fold higher than

CS when various amounts of 0.1M HCl is added to the polymer.

[0044] The degree of hypromellose conjugation may be varied in order to tailor specific drug
release profiles for a specific application. For example, the structure of HC may be modified
with different functional components, including but not limited to photo-cross-linkable groups
such as diacrylate and methacrylate groups, targeting ligands (such as transferrin and folic acid)

and other polymers (e.g. polyethylene glycol (PEG)).

[0045] HC also loads drugs with very high efficiency (>90%), regardless of the size and water
solubility of the drugs. For comparison, unmodified CS has a drug loading capacity around 50-
60%. The drug encapsulation efficiency of HC 1s 1.1-3.0-fold higher than CS. HC also allows
for highly sustained release of drugs, which in turn reduces the number of repeated drug
administrations and eliminates the discomfort associated with periodic dosing, thereby

improving patient compliance.

[0046] In addition, HC complexeswith carboxymethyl cellulose (CMC) via electrostatic
interactions. The ratio of HC to CMC may be adjusted for specific application scenarios. In
some embodiments, the ratio of HC to CMC is 1:2, 1:3, 1:4, 1:5, 2:1, 2:3, 2:5, 3:1, 3:2, 3:4, 3:5,
4:1, 4:3, 4:5, 5:1, 5:2, 5:3, or 5:4. The polyelectrolyte complex formed by HC gives a drug
encapsulation efficiency of over 90% in a few representative drugs tested, with a 1.5-5.0 fold
longer duration of sustained drug release as compared to that formed by conventional CS. HC
exhibits potential for drug delivery, in particular, for localized drug delivery to the skin,
intestinal environment and other similar sites of interest. In one embodiment, the polyelectrolyte

complex disclosed herein can be prepared simply by bulk mixing before use. This is highly user-
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friendly and convenient to clinical use, because prior technical training for the preparation of the

formulation can be kept to a minimum.

[0047] In one embodiment, the polyelectrolyte complex disclosed herein is in the form of a gel.
In one embodiment, the gel is prepared shortly prior to use. In one embodiment, the
polyelectrolyte is in the form of a drug-loaded film. In one embodiment, the film is a stable
long-term storage film. In one embodiment, the film is applied as a patch. In one embodiment,
the polyelectrolyte complex is in the form of a dissolving film formulation. In certain
embodiments, the film encapsulates hydrophilic and hydrophobic drugs. In certain

embodiments, the film 1s administered orally.

[0048] FIG. 1 depicts the synthesis of HC. During synthesis, hydroxyl groups of hypromellose
molecules are activated by 1,1’-carbonyldiimidazole (CDI) to form active imidazolyl carbamate
intermediates, which are then attacked by primary amine groups from CS, with imidazole being

released as a by-product. Unreacted reactants are removed by dialysis against water.

[0049] FIGS. 2(A) and (B) depict the surface morphologies of CS and HC by SEM. As shown in
FIG. 2(A), conventional CS shows a granular surface morphology. In the case of HC as shown
in FIG. 2(B), the granular morphology of CS is distorted due to the presence of grafted
hypromellose chains, which agglomerated to transition the morphology of the graft copolymer to

fibrillar. The fibrillar structure of HC facilitates the entrapment of drugs during drug loading.

[0050] FIGS. 3(A) and (B) verify the success of CS/hypromellose graft copolymerization by 'H-
NMR. A characteristic signal from CS at 1.97 ppm (NCOCH;) is present in the spectrum of HC,

in which the signal from hypromellose at 1.2 ppm, which is attributed to the methyl protons from
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the hydroxypropyl group, can be also observed. This suggests the successful grafting of

hypromellose onto CS chain molecules.

[0051] FIG. 3(B) further depicts the structure of a successful grafting of hypromellose onto CS
by Fourier transform infrared spectroscopy. The spectrum of hypromellose exhibits an
absorption band at 2,936 cm ™", which is assigned to C—H stretching of methyl and hydroxypropyl

1, which come from the

groups. A distinctive signal can also be observed at 1,458 cm
asymmetric bending vibration of the methyl group in CH;0. All these signals can be found in the
spectrum of HC. On the other hand, distinctive absorption bands at 1,598 ¢cm™ and 1,650 cm ™"
were detected in the spectra of HC and CS but not in the spectrum of hypromellose. These peaks

are attributed to the N-H bending vibration (amide II) of a primary amino group and the carbonyl

stretching vibration (amide I), respectively.

[0052] As hypromellose is a cellulose ether commonly used in the fabrication of hydrophilic
matrices, incorporation of hypromellose to the hydrophobic CS molecules enhances the aqueous
solubility of the resulting product. FIG. 4(A) shows the solubility of CS as compared to HC at
different pH levels. The aqueous solubility of HC may vary with the degree of hypromellose
coupling to CS. In specific embodiments, the aqueous solubility of HC is 2.01-, 2.26- and 2.95-
fold higher than the aqueous solubility of conventional CS at pH values of 1.2, 7.4 and 10,
respectively. The higher aqueous solubility of HC is attributable to the loss of some primary
amine groups during copolymerization with hypromellose, and this weakens the intermolecular
hydrogen bonds between CS molecules. The higher aqueous solubility of HC allows it to be
dissolved in neutral solutions, and hence is more compatible with delivery of pH-sensitive drugs
than conventional CS. In addition, due to the higher aqueous solubility of HC, formulation

preparation can be done in an aqueous solution without the need for any organic solvents. This
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reduces some clinical issues with generating conventional CS capsules, which often require

approaches using aqueous/organic systems.

[0053] FIG. 4(B) shows the pH buffering capacities of CS, hypromellose and HC via acid-base
titration profiles. FIG. 4(B) demonstrates that HC has a higher buffering capacity than CS across
a wide range of pH levels. HC’s higher buffering capacity is due tothe higher aqueous solubility
of HC, which provides HC with a higher number of available amine groups in solutions to buffer
changes in pH.The higher pH buffering capacity of HC can protect loaded drugs from drastic
changes in pH (e.g. when the drug reaches the acidic conditions of the stomach) and can
therefore provide a more pH-stable environment for drug encapsulation and drug delivery in

practice.

[0054] Current fabrication methods of CS-bared drug carriers typically take one of two
approaches. One method uses CS directly for fabrication of capsules. However, this method
requires CS to be dissolved in acidic media, which makes this method unfeasible for drugs that
are highly pH-sensitive. This method sometimes requires organic solvents as well, which
impose additional safety concerns for clinical applications. The second fabrication method is to
complex CS with another polymer which is usually oppositely charged, for preparation of a
hydrogel for controlled drug release. This approach is more flexible and is easier to prepare.
Polyampholytic hydrogels are polymeric networks consisting of both positive and negative
segments. Carboxymethyl cellulose (CMC) is one common polymer that may be complexed
with CS or HC. Other polymers that can possibly be used and the general properties of those
that best suit this include poly(ethylenimine), alginate, poly(L-lysine), polyacrylic acid,
poly(acrylamide acrylic acid), poly(acryl amide-co-acrylic acid), sodium polystyrene sulfonate,

polypeptides, and so on. FIGS. 5(A) and (B) show the preparation and complexation of an
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HC/CMC polyelectrolyte complex for encapsulation of a drug. The HC/CMC polyelectrolyte
complex was prepared by mixing HC solution with an equal volume of CMC solution. The
mixture was then left at ambient conditions for 10 minutes to give more time for gelation. The
same approach was also used to prepare CS/CMC hydrogel, but the HC solution was replaced by
acetic acid solution of CS. Compared to the polyelectrolyte complexes formed between CS and
anionic polymers, those formed by HC achieve better drug encapsulation efficiency and more

tunable drug release sustainability.

[0055] One of the factors in determining the practical potential of a drug delivery system is the
toxicity of the system. FIGS. 6(A) and (B) show the toxicity of HC, CS and CMC in rat retinal
Miiller rtMC-1 cells in an MTS assay after 5-hour and 24-hour incubations respectively. No
significant toxicity of HC, CS and CMC has been observed in vitro in concentrations up to 200

ug/ml. This illustrates the high safety profile of HC and these polymers for biological use.

[0056] Provided herein as an exemplary embodiment is a HC/CMC formulation. The
polyelectrolyte complexes are formed via electrostatic interactions by mixing the positively
charged CS or HC molecules with the negatively charged CMC chains. CMC was selected in
order to demonstrate the advantages of HC over conventional CS because of CMC’s non-
toxicity, non-allergenicity and biocompatibility. This is not intended to limit the disclosure to
only formulations using CMC, as other suitable polymers may be blended with HC in order to
achieve substantially similar drug delivery systems and methods. Other polymers that can
possibly be wused and the general properties of those that best suit this include
poly(ethylenimine), alginate, poly(L-lysine), polyacrylic acid, poly(acrylamide acrylic acid),

poly(acryl amide-co-acrylic acid), sodium polystyrene sulfonate, polypeptides, and so on.
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[0057] FIGS. 7(A) and (B) compare the drug encapsulation capacity and drug release
sustainability of the CS/CMC polyelectrolyte complexes with those prepared by HC. Depending
on the type of drug selected or the molecular weight, the drug encapsulation efficiency varies
between 60-70% for CS/CMC and 90-95% for HC/CMC hydrogels. In some embodiments, the
drug encapsulation efficiency of HC as compared to CS uses tetracycline chloride (TH),
methylene blue (MB), mometasonefuroate (MF) and metronidazole (MT), or any combination of
drugs thereof.In other embodiments, other chemical drugs and even fragile drugs (such as
nucleic acids, proteins and peptides) can also be adopted. Examples of drugs with particular
characteristics that are well suited for this system include insulin, antibiotics, anti-

inflammatories, kallikrein, adenine, nicotinic acid, allantoin, vitamin A, zinc, and so on..

[0058] In some embodiments, the molecular weight of the drug selected ranges from 0-50, 51-
100, 101-150, 151-200, 201-250, 251-300, 301-350, 351-400, 401-450, 451-500, 501-550, 550-
600, 601-650, or 651-700Da. In some embodiments, the drug encapsulation efficiency for HC is
75-80%, 80-85%, 85-90%, 90-92%, 92-94%. 94-96%, 96-98% or 98-100%.  In some
embodiments, the drug encapsulation efficiency for HC is 1.1-1.2fold higher than the drug
encapsulation efficiency for CS depending on the drug chosen. This disclosure provides for drugs
of any molecular weight, but preferably provides for drugs between 0 Da and 600 Da, and more
preferably for drugs between 100 Da and 500 Da. The lower encapsulation efficiency of CS
reflects a greater drug loss during polyelectrolyte complexation. In the range of molecular
weights examined, the effect of the size of the drug molecules on the encapsulation efficiency is
not significant in both CS/CMC and HC/CMC hydrogels. The higher drug encapsulation
capacity of HC/CMC is partially attributed to the alteration of CS upon graft copolymerization as

shown in FIGS. 2(A) and (B). Due to the transition from the granular to fibrillar morphology
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upon hypromellose graft copolymerization, the fibrillar structure of HC increases the entrapment

of molecules, including drugs, when the drug-loaded HC/CMC hydrogel is prepared.

[0059] While drug encapsulation capacity is important to development of drug carriers, the
ability to limit drug release is also beneficial to maintain substantially constant therapeutic levels
for prolonged periods and thereby reduce the total dose of administration. FIG. 8 shows the
percentage of drug released at 37°C for HC/CMC and CS/CMC hydrogels loaded with TH or
MT. For either drug, the HC/CMC hydrogel shows improved drug release sustainability. In
some embodiments, MT, MB, TH, MF, or any combination of drugs thereof are used to measure
HC and CS drug release sustainability. In some embodiments, the drug release sustainability of
complexes including HC are 1.5-1.6, 1.6-1.7, 1.7-1.8, 1.8-1.9, 1.9-2.0, 2.0-2.1, 2.1-2.2, 2.2-2.3,
2.3-24,24-25, 2526, 26-2.7, 2.7-2.8, 2.8-2.9, 2.9-3.0, 3.0-3.1folds higher than complexes
including CS. While CS/CMC leads to a release of approximately 80% of the encapsulated MT
on day 3 and 80% of TH on day 4, HC/CMC counterparts release the same amount of drugs only

on day 7 for MT and day 9 for TH.

[0060] The high drug release sustainability of HC/CMC is attributed to copolymerization of CS
with hypromellose, which leads to cross-linking among CS molecules. Such cross-linking
restricts the mobility of CMC chains in the polyelectrolyte complex, thereby reducing the
swelling capacity of the complex formed between CMC and HC. The swelling capacity of the
complex affects the release profile because water in the matrix is the medium through which the
drug will diffuse. As both the swelling and equilibrium water content (EWC) of a hydrogel
depend largely on the amount of water the hydrogel can take up upon hydration, they are closely
related to each other and demonstrate similar trends. Therefore, the EWC of a hydrogel has been

widely used as an indicator of the swelling property. FIG. 9 shows the lower EWC of the
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HC/CMC complex compared to the CS/CMC complex, and therefore indicates a lower swelling
capacity. In some embodiments the swelling property of the HC complex is proportional to the
EWC of the HC complex. In some embodiments, the swelling property of the HC complex is
1.5-1.6,1.6-1.7, 1.7-1.8, 1.8-1.9, 1.9-2.0, 2.0-2.1, 2.1-2.2, 2.2-23, 23-2.4, 24-25, 2.5-2.6, 2.6-
27,27-28,28-29,29-30, 3.0-3.1, 3.1-3.2, 3.2-3.3, 3.3-3.4, 3.4-3.5, 3.5-3.6, 3.6-3.7, 3.7-3.8,
3.8-3.9,3.9-40, 40-4.1, 41-42, 42-43, 43-44, 44-45, 45-4.6, 4.6-4.7, 4.7-4.8, 4.8-4.9, or
4.9-5.0 fold lower than the swelling property of the CS complex. Apart from cross-linking, the
number of available amine groups from CS have been reduced after graft copolymerization. The
osmotic pressure built up inside the complex can therefore be reduced because of the discounted
ability of HC as compared to CS to form hydrogen bonds between HC and water molecules.
This may further lower the swelling of the HC/CMC polyelectrolyte complex, thereby lowering
the release rate of the encapsulated drugs.In some embodiments, the release rate of the
encapsulated drugs for the HC complex 1s 1.1-1.2, 1.2-1.3,1.3-1.4, 1.4-1.5, 1.5-1.6, 1.6-1.7, 1.7-
1.8, 1.8-1.9,1.9-2.0,2.0-2.1, 2.1-22, 22-2.3, 23-24,24-25,25-2.6, 2.6-2.7,2.7-2.8, 2.8-2.9,

or 2.9-3.0 fold lower than the CS complex.

[0061] Apart from swelling, drug release can be affected by erosion of the complex. Erosion is a
process resulted from hydrogel degradation, which leads to bond cleavage and cross-link
dissolution (Zhang &Feng, 2006). According to an earlier study, while both surface erosion and
bulk erosion occur in hydrogels, surface erosion will be favored by increasing the molecular
weight and degradability of the polymeric matrix (von Burkersroda et al., 2002). As HC has a
higher molecular weight than CS, along with its higher aqueous solubility that makes HC more
susceptible to hydrolytic degradation, surface erosion is expected to be favored in the HC/CMC

complex. This is consistent with the largely linear erosion profile of HC/CMC (FIG. 10), which
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is typical of surface eroding polymers (Gopferich&Langer, 1993). Although HC/CMC has a
higher erosion rate than CS/CMC (FIG. 10), its lower swelling capacity (FIG. 9), together with
the dominance of surface erosion over bulk erosion, may account for the ability of the

polyelectrolyte complex to limit drug release.

Mode of Administration

[0062] The present compositions, which comprise a matrix and a drug, are administered by
infusion or bolus injection, by absorption through epithelial or mucocutaneous linings (e.g., oral
mucosa, rectal and intestinal mucosa, etc.) or orally and may be administered together with
another biologically active agent. Administration can be systemic or local. Various delivery
systems are known. In certain embodiments, the composition is administered to a patient.
Methods of administration include but are not limited to intradermal, intramuscular,
intraperitoneal, intravenous, subcutaneous, intranasal, epidural, oral, sublingual, intranasal,
intracerebral, intravaginal, transdermal, rectally, by inhalation, or topically, particularly to the
ears, nose, eyes, or skin. The preferred mode of administration is left to the discretion of the
practitioner, and will depend in-part upon the site of the medical condition. In most instances,

administration will result in the release of the drug into the bloodstream.

[0063] In specific embodiments, it may be desirable to administer the composition locally to the
area in need of treatment or prevention of a disorder. This may be achieved, for example, and not
by way of limitation, by local infusion during surgery, topical application, e.g., in conjunction
with a wound dressing after surgery, by injection, by means of a catheter, by means of a

suppository, or by means of an implant, said implant being of a porous, non-porous, or
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gelatinous material, including films or membranes, such as sialastic membranes, or fibers. In one

embodiment, administration can be by direct injection at the site (or former site).

[0064] Pulmonary administration can also be employed, e.g., by use of an inhaler or nebulizer,
and formulation with an aerosolizing agent, or via perfusion in a fluorocarbon or synthetic
pulmonary surfactant. In certain embodiments, the compounds can be formulated as a

suppository, with traditional binders and vehicles such as triglycerides.

[0065] In yet another embodiment, the composition can be delivered in an additional controlled
release system. In one embodiment, a pump may be used (see Langer, supra; Sefton, 1987, CRC
Crit. Ref. Biomed. Eng. 14:201; Buchwald et al., 1980, Surgery 88:507 Saudek et al., 1989, N.
Engl. J. Med. 321:574). In another embodiment, an additional polymeric materials can be used
as a carrier (see Medical Applications of Controlled Release, Langer and Wise (eds.), CRC Pres.,
Boca Raton, Fla. (1974); Controlled Drug Bioavailability, Drug Product Design and
Performance, Smolen and Ball (eds.), Wiley, New York (1984); Ranger and Peppas, 1983, J.
Macromol. Sci. Rev. Macromol. Chem. 23:61; see also Levy et al., 1985, Science 228:190;
During et al., 1989, Ann. Neurol. 25:351; Howard et al., 1989, J. Neurosurg. 71:105). The use of
a efficient controlled-release system will require only a fraction of the systemic dose (see, e.g.,
Goodson, in Medical Applications of Controlled Release, supra, vol. 2, pp. 115-138 (1984)).
Other controlled-release systems discussed in the review by Langer, 1990, Science 249:1527-

1533).

Dosage

[0066] The amount of a composition that will be effective in the treatment or prophylactic use of

a particular disorder or condition will depend on the nature of the disorder or condition, and can
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be determined by standard clinical techniques. In addition, in vitro or in vivo assays may
optionally be employed to help identify optimal dosage ranges. The precise dose to be employed
in the compositions will also depend on the route of administration, and the seriousness of the
disease or disorder, and should be decided according to the judgment of the practitioner and each
patient's circumstances. However, suitable dosage ranges for oral administration are generally
about 0.001 milligram to 200 milligrams of a compound of the invention per kilogram body
weight. In specific preferred embodiments of the invention, the oral dose is 0.01 milligram to 70
milligrams per kilogram body weight, more preferably 0.1 milligram to 50 milligrams per
kilogram body weight, more preferably 0.5 milligram to 20 milligrams per kilogram body
weight, and yet more preferably 1 milligram to 10 milligrams per kilogram body weight. In a
most preferred embodiment, the oral dose 1s 5 milligrams of drug per kilogram body weight.

Oral compositions preferably contain 10% to 95% active ingredient by weight.

[0067] Suitable dosage ranges for intravenous (i.v.) administration are 0.01 milligram to 100
milligrams per kilogram body weight, 0.1 milligram to 35 milligrams per kilogram body weight,
and 1 milligram to 10 milligrams per kilogram body weight. Suitable dosage ranges for
intranasal administration are generally about 0.01 pg/kg body weight to 1 mg/kg body weight.
Suppositories generally contain 0.01 milligram to 50 milligrams of drug per kilogram body
weight and comprise active ingredient in the range of 0.5% to 10% by weight. Recommended
dosages for intradermal, intramuscular, intraperitoneal, subcutaneous, epidural, sublingual,
intracerebral, intravaginal, transdermal administration or administration by inhalation are in the
range of 0.001 milligram to 200 milligrams per kilogram of body weight. Suitable doses of the
drug for topical administration are in the range of 0.001 milligram to 1 milligram, depending on

the area to which the compound is administered. Effective doses may be extrapolated from dose-
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response curves derived from in vitro or animal model test systems. Such animal models and

systems are well known in the art.

Examples

[0068] Materials

Mometasonefuroate (MF) was purchased from United States Pharmacopeia (Rockville, MD).
CS, hypromellose and CMC (degree of substitution = 1.2) were obtained from Aladdin
(Shanghai, China). Methylene blue (MB), tetracycline hydrochloride (TH), metronidazole (MT),
dimethyl sulfoxide (DMSO), triethylamine (Et;N), 1,1'-carbonyldiimidazole (CDI), sodium
chloride (NaCl) and various other chemicals were purchased from Sigma—Aldrich (St. Louis,
MO, USA). Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, Grand Island,), penicillin
G-streptomycin sulfate (Life Technologies Corporation. USA) and fetal bovine serum (FBS,
Hangzhou Sijiqing Biological Engineering Materials Co, CHN) were used as the cell culture

medium. Trypsin—EDTA (0.25% trypsin—EDTA) was obtained from Invitrogen.

[0069] Synthesis of the HC Graft Copolymer

Hypromellose was dissolved in degassed DMSO at a concentration of 0.1 g/mL, and mixed with
a DMSO solution (0.1 g/mL) of CDI. Et;N was added to the reaction mixture at a concentration
of 45 pL/mL. The reaction was conducted in the dark for 3 h under an inert nitrogen
atmosphere. The activated hypromellose was then added to CS, which was dissolved in 10%
acetic acid at a concentration of 0.05 g/mL. The reaction was carried out for 16 h in the dark at

37 °C under an inert nitrogen atmosphere. The crude reaction mixture was dialyzed against
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triple-distilled water at 4 °C for 3 days with a molecular weight cutoff of 12 kDa. The solution

was then lyophilized for 2 days to obtain HC.

[0070] Morphological Examination

The surface morphology of CS and HC was observed by scanning electron microscopy (SEM).
For SEM analysis, CS and HC were sputter-coated with gold, and their surface morphology was

observed using a JEOL JSM-6380 (Japan) microscope.

[0071] Proton Nuclear Magnetic Resonance ("H NMR)

Hypromellose and HC were solubilized in deuterium oxide (D,0), whereas CS was dissolved in
DCI/D,0 1:100 (v/v). "H NMR spectra were recorded using an NMR spectrometer (500 MHz;

Bruker Corporation, Germany).

[0072] Fourier-Transform Infrared (FT-IR) Spectroscopy

FT-IR spectroscopy was performed using an FT-IR spectrometer (Spectrum 2000, PERKIN
ELMER) at ambient conditions. The potassium bromide (KBr) disk technique was used for

analysis. Spectra were obtained at a resolution of 2 cm™, and reported as an average of 16 scans.

[0073] Solubility Test

Excess amount of the polymer was dissolved in 10 mL of the buffer solution at different pH
values (pH 1.2, 7.4, and 10), and agitated at ambient conditions for 30 min. After that, the setup

was centrifuged at a relative centrifugal force of 16000 x g for 5 min, where g refers to the
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standard acceleration due to gravity. The supernatant was removed, and the pellet was dried in an
oven at 65 °C for 2 days. The aqueous solubility of the polymer was determined by subtracting

the mass retained from the mass originally added.

[0074] Buffering Capacity Assay

CS, hypromellose and HC were dissolved in 150 mMNaCl solution at a concentration of 0.2
mg/mL. Their pH buffering capacities were evaluated as previously reported (Benns et al.,

2000). The NaCl solution alone was used as a control.

[0075] Cytotoxicity Assay

Rat retinal Miiller tMC-1 cells were cultured in DMEM medium containing 10% FBS,100
UI/mL penicillin, 100 ug/mL streptomycin, and 2 mM I-glutamine. One day before the assay, the
cells were seeded separately in 96-well plates at an initial density of 5,000 cells per well, and
incubated at 37 °C for 24 h. The growth medium was replaced with 100 pL of fresh cell culture
medium with or without 10% FBS. Ten uL of the polymer solution (CS, HC or CMC) were
added to each well. After 5 and 24 h incubation at 37 °C, the polymer-containing medium was
replaced with 100 pul. of fresh cell culture medium. The cytotoxicity of the polymer was
evaluated using the Cell Titer 96 Aqueous One solution cell proliferation assay (MTS assay;
Promega Corp., Madison, WI). Assays were performed according to the manufacturer’s

instructions. Cell viability (%) in each well was determined by using the following formula:

(D
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whereds and Aqy represent the absorbance values of the test well and the control well,

respectively.

[0076] Preparation of the HC/CMC Polvelectrolyte Complex

The HC/CMC polyelectrolyte complex was prepared by mixing 1% (w/v) HC solution with an
equal volume of 1% (w/v) CMC solution. The mixture was then left at ambient conditions for 10
min to give more time for gelation. The same approach was also used to prepare the CS/CMC
polyelectrolyte hydrogel complex, but the HC solution was replaced by 1% (w/v) acetic acid

solution of CS.

[0077] Determination of the Drug Encapsulation Efficiency

MT, MB, TH, and MF were used as drug models. To prepare the drug-loaded HC/CMC
polyelectrolyte complex, the drug was first mixed thoroughly with 1% (w/v) HC solution at a
concentration of 1 mg/mL, and then mixed with an equal volume of 1% (w/v) CMC solution.
The mixture was left at ambient conditions for 10 min for gelation. The same approach was
adopted to prepare the drug-loaded CS/CMC complex, but the HC solution was replaced by 1%
(w/v) acetic acid solution of CS. Once the complex was made, 5 mL of distilled water was added
to the drug-loaded polyelectrolyte complex. The mixture was gently agitated for 30 s, and
centrifuged at a relative centrifugal force of 16,000 x g for 1 min. The supernatant was removed.
The concentrations of unloaded MB, TH and MF were determined at 665, 360 and 297 nm,
respectively, via ultraviolet—visible (UV—vis) spectroscopy. To determine the concentration of

MT, the supernatant was mixed with an equal volume of 20% sodium hydroxide solution. The
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mixture was incubated for 10 min at ambient conditions for developing the color before the

concentration of the drug was determined at 500 nm.

[0078] Drug Release Evaluation

Drug-loaded HC/CMC and CS/CMC polyelectrolyte complexes were prepared as described
above. After that, 5 mL of the buffer solutions at the pH of 7.4 was added to the drug-loaded
complex. The setup was incubated at 37° and 5% CO, with saturating humidity. At a
predetermined time interval, 1 mL of the buffer solution was removed for testing, and replaced
with 1 mL of the fresh buffer solution. The amount of the drug released from the complex was
determined via UV-vis spectroscopy as delineated above. The cumulative drug release was

calculated by using the following formula:

N R AT e ( )
Cumulative drug veleass (3 = o x 1709
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whereM,; 1s the amount of the drug released from the complex at time ¢, and M, is the amount of

the drug loaded in the complex.

[0079] Determination of the Equilibrium Water Content

A buffer solution at the physiological pH of 7.4 was prepared by mixing the aqueous solutions of
potassium chloride, hydrochloric acid, potassium dihydrogen phosphate and sodium hydroxide.
The pH value was measured using a pH meter (ELICO digital pH meter, model LI 614, equipped
with calomel glass electrode having accuracy £0.01). The dried and preweighed polyelectrolyte

complex (0.05 g) was immersed in 100 mL of the buffer solution, and was then incubated at 37
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°C. To remove the surface water on the swollen complex, we centrifuged the buffer-immersed
sample at a relative centrifugal force of 16,000 x g for 1 min, followed by the removal of the

supernatant. The EWC was calculated using the following equation:

Mw — Md 3)
EwcC (%) = T X 100%

whereMy and My, represent the dry and wet weights of the sample, respectively.

[0080] Examination of the Erosion Behavior

The polyelectrolyte complex with a known initial dry mass was immersed in PBS at the
physiological pH of 7.4, and was incubated at 37 °C. At predetermined time intervals, the buffer-
immersed sample was centrifuged at a relative centrifugal force of 16,000 x g for 1 min,
followed by the removal of the supernatant. The sample was dried in an oven at 65 °C, and the
ratio between the final dry mass () and the initial dry mass (#1p) was determined.

[0081] The following examples illustrate the synthesis and use of representative embodiments
provided herein. These examples are not intended, nor are they to be construed, as limiting the
scope of the claimed subject matter. It will be clear that the scope of subject matter may be
practiced otherwise than as particularly described herein. Numerous modifications and variations
of the subject matter are possible in view of the teachings herein and, therefore, are within the

scope the claimed subject matter.

[0082] In one embodiment, disclosed herein is a coupling reagent-mediated approach to
copolymerize CS with hypromellose. Hypromellose (hydroxypropyl methylcellulose) is derived
from cellulose and is soluble in water. In the present embodiment, hypromellose and CS are

coupled to enhance aqueous solubility, buffering capacity, and/or EWC/swelling capacity. The
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coupling of hypromellose to CS was achieved by using 1,1'-carbonyldiimidazole (CDI), which
activates the hydroxyl groups of hypromellose molecules to form active imidazolyl carbamate
intermediates, which are then attacked by primary amine groups from CS, with imidazole being

released as a by-product.

[0083] The drug delivery capacity of CS has been improved through polyelectrolyte
complexation with oppositely charged polymers; however, the application of these complexes is
still restricted by the properties of CS, including the low aqueous solubility and drug
encapsulation capacity. The synthesis of hypromellose with CS to create hypromellose-graft-CS
(HC) results in a polymer with higher aqueous solubility and the possibility for CS-drug delivery
systems that do not require acidic dissolution media. Lai and Shum. Hypromellose-graft-
chitosan and its polyelectrolyte complex as novel systems for sustained drug delivery. ACS
Appl Mater Interfaces. 2015: 7(19):10501-10. The aqueous solubility of HC 1s between 1.5-5.0
fold higher than CS at different pH levels. HC can therefore be used to deliver drugs, including
biologics, such as proteins, whose structure and bioactivity may be highly sensitive to the
surrounding pH. Similarly, HC has a high pH buffering capacity, which provides a pH-stable
environment for loading pH-sensitive drugs and can protect loaded drugs from experiencing
sudden change in surrounding pH. The pH buffering capacity for HC is 1.1-3.0-fold higher than

CS when various amounts of 0.1M HCl is added to the polymer.

[0084] The degree of hypromellose conjugation may be varied in order to tailor specific drug
release profiles for a specific application. For example, the structure of HC may be modified
with different functional components, including but not limited to photo-cross-linkable groups
such as diacrylate and methacrylate groups, targeting ligands (such as transferrin and folic acid)

and other polymers (e.g. polyethylene glycol (PEG)).
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[0085] HC also loads drugs with very high efficiency (>90%), regardless of the size and water
solubility of the drugs. For comparison, unmodified CS has a drug loading capacity around 50-
60%. The drug encapsulation efficiency of HC 1s 1.1-3.0-fold higher than CS. HC also allows
for highly sustained release of drugs, which in turn reduces the number of repeated drug
administrations and eliminates the discomfort associated with periodic dosing, thereby

improving patient compliance.

[0086] In addition, HC complexeswith carboxymethyl cellulose (CMC) via electrostatic
interactions. The ratio of HC to CMC may be adjusted for specific application scenarios. In
some embodiments, the ratio of HC to CMC is 1:2, 1:3, 1:4, 1:5, 2:1, 2:3, 2:5, 3:1, 3:2, 3:4, 3:5,
4:1, 4:3, 4:5, 5:1, 5:2, 5:3, or 5:4. The polyelectrolyte complex formed by HC gives a drug
encapsulation efficiency of over 90% in a few representative drugs tested, with a 1.5-5.0 fold
longer duration of sustained drug release as compared to that formed by conventional CS. HC
exhibits potential for drug delivery, in particular, for localized drug delivery to the skin,
intestinal environment and other similar sites of interest. In one embodiment, the polyelectrolyte
complex disclosed herein can be prepared simply by bulk mixing before use. This is highly user-
friendly and convenient to clinical use, because prior technical training for the preparation of the

formulation can be kept to a minimum.

[0087] In one embodiment, the polyelectrolyte complex disclosed herein is in the form of a gel.
In one embodiment, the gel is prepared shortly prior to use. In one embodiment, the
polyelectrolyte is in the form of a drug-loaded film. In one embodiment, the film is a stable
long-term storage film. In one embodiment, the film is applied as a patch. In one embodiment,

the polyelectrolyte complex is in the form of a dissolving film formulation. In certain
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embodiments, the film encapsulates hydrophilic and hydrophobic drugs. In certain

embodiments, the film 1s administered orally.

[0088] FIG. 1 depicts the synthesis of HC. During synthesis, hydroxyl groups of hypromellose
molecules are activated by 1,1’-carbonyldiimidazole (CDI) to form active imidazolyl carbamate
intermediates, which are then attacked by primary amine groups from CS, with imidazole being

released as a by-product. Unreacted reactants are removed by dialysis against water.

[0089] FIGS. 2(A) and (B) depict the surface morphologies of CS and HC by SEM. As shown in
FIG. 2(A), conventional CS shows a granular surface morphology. In the case of HC as shown
in FIG. 2(B), the granular morphology of CS is distorted due to the presence of grafted
hypromellose chains, which agglomerated to transition the morphology of the graft copolymer to

fibrillar. The fibrillar structure of HC facilitates the entrapment of drugs during drug loading.

[0090] FIGS. 3(A) and (B) verify the success of CS/hypromellose graft copolymerization by 'H-
NMR. A characteristic signal from CS at 1.97 ppm (NCOCH;) is present in the spectrum of HC,
in which the signal from hypromellose at 1.2 ppm, which is attributed to the methyl protons from
the hydroxypropyl group, can be also observed. This suggests the successful grafting of

hypromellose onto CS chain molecules.

[0091] FIG. 3(B) further depicts the structure of a successful grafting of hypromellose onto CS
by Fourier transform infrared spectroscopy. The spectrum of hypromellose exhibits an
absorption band at 2,936 cm ™", which is assigned to C—H stretching of methyl and hydroxypropyl
groups. A distinctive signal can also be observed at 1,458 cm™', which come from the
asymmetric bending vibration of the methyl group in CH;0. All these signals can be found in the

spectrum of HC. On the other hand, distinctive absorption bands at 1,598 ¢cm™ and 1,650 cm ™"



WO 2016/173492 PCT/CN2016/080313
33

were detected in the spectra of HC and CS but not in the spectrum of hypromellose. These peaks
are attributed to the N-H bending vibration (amide II) of a primary amino group and the carbonyl

stretching vibration (amide I), respectively.

[0092] As hypromellose is a cellulose ether commonly used in the fabrication of hydrophilic
matrices, incorporation of hypromellose to the hydrophobic CS molecules enhances the aqueous
solubility of the resulting product. FIG. 4(A) shows the solubility of CS as compared to HC at
different pH levels. The aqueous solubility of HC may vary with the degree of hypromellose
coupling to CS. In specific embodiments, the aqueous solubility of HC is 2.01-, 2.26- and 2.95-
fold higher than the aqueous solubility of conventional CS at pH values of 1.2, 7.4 and 10,
respectively. The higher aqueous solubility of HC is attributable to the loss of some primary
amine groups during copolymerization with hypromellose, and this weakens the intermolecular
hydrogen bonds between CS molecules. The higher aqueous solubility of HC allows it to be
dissolved in neutral solutions, and hence is more compatible with delivery of pH-sensitive drugs
than conventional CS. In addition, due to the higher aqueous solubility of HC, formulation
preparation can be done in an aqueous solution without the need for any organic solvents. This
reduces some clinical issues with generating conventional CS capsules, which often require

approaches using aqueous/organic systems.

[0093] FIG. 4(B) shows the pH buffering capacities of CS, hypromellose and HC via acid-base
titration profiles. FIG. 4(B) demonstrates that HC has a higher buffering capacity than CS across
a wide range of pH levels. HC’s higher buffering capacity is due tothe higher aqueous solubility
of HC, which provides HC with a higher number of available amine groups in solutions to buffer
changes in pH.The higher pH buffering capacity of HC can protect loaded drugs from drastic

changes in pH (e.g. when the drug reaches the acidic conditions of the stomach) and can
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therefore provide a more pH-stable environment for drug encapsulation and drug delivery in

practice.

[0094] Current fabrication methods of CS-bared drug carriers typically take one of two
approaches. One method uses CS directly for fabrication of capsules. However, this method
requires CS to be dissolved in acidic media, which makes this method unfeasible for drugs that
are highly pH-sensitive. This method sometimes requires organic solvents as well, which
impose additional safety concerns for clinical applications. The second fabrication method is to
complex CS with another polymer which is usually oppositely charged, for preparation of a
hydrogel for controlled drug release. This approach is more flexible and is easier to prepare.
Polyampholytic hydrogels are polymeric networks consisting of both positive and negative
segments. Carboxymethyl cellulose (CMC) is one common polymer that may be complexed
with CS or HC. Other polymers that can possibly be used and the general properties of those
that best suit this include poly(ethylenimine), alginate, poly(L-lysine), polyacrylic acid,
poly(acrylamide acrylic acid), poly(acryl amide-co-acrylic acid), sodium polystyrene sulfonate,
polypeptides, and so on. FIGS. 5(A) and (B) show the preparation and complexation of an
HC/CMC polyelectrolyte complex for encapsulation of a drug. The HC/CMC polyelectrolyte
complex was prepared by mixing HC solution with an equal volume of CMC solution. The
mixture was then left at ambient conditions for 10 minutes to give more time for gelation. The
same approach was also used to prepare CS/CMC hydrogel, but the HC solution was replaced by
acetic acid solution of CS. Compared to the polyelectrolyte complexes formed between CS and
anionic polymers, those formed by HC achieve better drug encapsulation efficiency and more

tunable drug release sustainability.
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[0095] One of the factors in determining the practical potential of a drug delivery system is the
toxicity of the system. FIGS. 6(A) and (B) show the toxicity of HC, CS and CMC in rat retinal
Miiller rtMC-1 cells in an MTS assay after 5-hour and 24-hour incubations respectively. No
significant toxicity of HC, CS and CMC has been observed in vitro in concentrations up to 200

ug/ml. This illustrates the high safety profile of HC and these polymers for biological use.

[0096] Provided herein as an exemplary embodiment is a HC/CMC formulation. The
polyelectrolyte complexes are formed via electrostatic interactions by mixing the positively
charged CS or HC molecules with the negatively charged CMC chains. CMC was selected in
order to demonstrate the advantages of HC over conventional CS because of CMC’s non-
toxicity, non-allergenicity and biocompatibility. This is not intended to limit the disclosure to
only formulations using CMC, as other suitable polymers may be blended with HC in order to
achieve substantially similar drug delivery systems and methods. Other polymers that can
possibly be wused and the general properties of those that best suit this include
poly(ethylenimine), alginate, poly(L-lysine), polyacrylic acid, poly(acrylamide acrylic acid),

poly(acryl amide-co-acrylic acid), sodium polystyrene sulfonate, polypeptides, and so on.

[0097] FIGS. 7(A) and (B) compare the drug encapsulation capacity and drug release
sustainability of the CS/CMC polyelectrolyte complexes with those prepared by HC. Depending
on the type of drug selected or the molecular weight, the drug encapsulation efficiency varies
between 60-70% for CS/CMC and 90-95% for HC/CMC hydrogels. In some embodiments, the
drug encapsulation efficiency of HC as compared to CS uses tetracycline chloride (TH),
methylene blue (MB), mometasonefuroate (MF) and metronidazole (MT), or any combination of
drugs thereof.In other embodiments, other chemical drugs and even fragile drugs (such as

nucleic acids, proteins and peptides) can also be adopted. Examples of drugs with particular
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characteristics that are well suited for this system include insulin, antibiotics, anti-

inflammatories, kallikrein, adenine, nicotinic acid, allantoin, vitamin A, zinc, and so on..

[0098] In some embodiments, the molecular weight of the drug selected ranges from 0-50, 51-
100, 101-150, 151-200, 201-250, 251-300, 301-350, 351-400, 401-450, 451-500, 501-550, 550-
600, 601-650, or 651-700Da. In some embodiments, the drug encapsulation efficiency for HC is
75-80%, 80-85%, 85-90%, 90-92%, 92-94%. 94-96%, 96-98% or 98-100%.  In some
embodiments, the drug encapsulation efficiency for HC is 1.1-1.2fold higher than the drug
encapsulation efficiency for CS depending on the drug chosen. This disclosure provides for drugs
of any molecular weight, but preferably provides for drugs between 0 Da and 600 Da, and more
preferably for drugs between 100 Da and 500 Da. The lower encapsulation efficiency of CS
reflects a greater drug loss during polyelectrolyte complexation. In the range of molecular
weights examined, the effect of the size of the drug molecules on the encapsulation efficiency is
not significant in both CS/CMC and HC/CMC hydrogels. The higher drug encapsulation
capacity of HC/CMC is partially attributed to the alteration of CS upon graft copolymerization as
shown in FIGS. 2(A) and (B). Due to the transition from the granular to fibrillar morphology
upon hypromellose graft copolymerization, the fibrillar structure of HC increases the entrapment

of molecules, including drugs, when the drug-loaded HC/CMC hydrogel is prepared.

[0099] While drug encapsulation capacity is important to development of drug carriers, the
ability to limit drug release is also beneficial to maintain substantially constant therapeutic levels
for prolonged periods and thereby reduce the total dose of administration. FIG. 8 shows the
percentage of drug released at 37°C for HC/CMC and CS/CMC hydrogels loaded with TH or
MT. For either drug, the HC/CMC hydrogel shows improved drug release sustainability. In

some embodiments, MT, MB, TH, MF, or any combination of drugs thereof are used to measure
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HC and CS drug release sustainability. In some embodiments, the drug release sustainability of
complexes including HC are 1.5-1.6, 1.6-1.7, 1.7-1.8, 1.8-1.9, 1.9-2.0, 2.0-2.1, 2.1-2.2, 2.2-2.3,
2.3-24,24-25, 2526, 26-2.7, 2.7-2.8, 2.8-2.9, 2.9-3.0, 3.0-3.1folds higher than complexes
including CS. While CS/CMC leads to a release of approximately 80% of the encapsulated MT
on day 3 and 80% of TH on day 4, HC/CMC counterparts release the same amount of drugs only

on day 7 for MT and day 9 for TH.

[00100] The high drug release sustainability of HC/CMC is attributed to copolymerization
of CS with hypromellose, which leads to cross-linking among CS molecules. Such cross-linking
restricts the mobility of CMC chains in the polyelectrolyte complex, thereby reducing the
swelling capacity of the complex formed between CMC and HC. The swelling capacity of the
complex affects the release profile because water in the matrix is the medium through which the
drug will diffuse. As both the swelling and equilibrium water content (EWC) of a hydrogel
depend largely on the amount of water the hydrogel can take up upon hydration, they are closely
related to each other and demonstrate similar trends. Therefore, the EWC of a hydrogel has been
widely used as an indicator of the swelling property. FIG. 9 shows the lower EWC of the
HC/CMC complex compared to the CS/CMC complex, and therefore indicates a lower swelling
capacity. In some embodiments the swelling property of the HC complex is proportional to the
EWC of the HC complex. In some embodiments, the swelling property of the HC complex is
1.5-1.6,1.6-1.7, 1.7-1.8, 1.8-1.9, 1.9-2.0, 2.0-2.1, 2.1-2.2, 2.2-23, 23-2.4, 24-25, 2.5-2.6, 2.6-
27,27-28,28-29,29-30, 3.0-3.1, 3.1-3.2, 3.2-3.3, 3.3-3.4, 3.4-3.5, 3.5-3.6, 3.6-3.7, 3.7-3.8,
3.8-3.9,3.9-40, 40-4.1, 41-42, 42-43, 43-44, 44-45, 45-4.6, 4.6-4.7, 4.7-4.8, 4.8-4.9, or
4.9-5.0 fold lower than the swelling property of the CS complex. Apart from cross-linking, the

number of available amine groups from CS have been reduced after graft copolymerization. The
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osmotic pressure built up inside the complex can therefore be reduced because of the discounted
ability of HC as compared to CS to form hydrogen bonds between HC and water molecules.
This may further lower the swelling of the HC/CMC polyelectrolyte complex, thereby lowering
the release rate of the encapsulated drugs.In some embodiments, the release rate of the
encapsulated drugs for the HC complex 1s 1.1-1.2, 1.2-1.3,1.3-1.4, 1.4-1.5, 1.5-1.6, 1.6-1.7, 1.7-
1.8, 1.8-1.9, 1.9-2.0, 2.0-2.1, 2.1-2.2, 2.2-2.3, 2.3-2.4, 2.4-2.5, 2.5-2.6, 2.6-2.7, 2.7-2.8, 2.8-2.9,

or 2.9-3.0 fold lower than the CS complex.

[00101] Apart from swelling, drug release can be affected by erosion of the complex.
Erosion is a process resulted from hydrogel degradation, which leads to bond cleavage and cross-
link dissolution (Zhang &Feng, 2006). According to an earlier study, while both surface erosion
and bulk erosion occur in hydrogels, surface erosion will be favored by increasing the molecular
weight and degradability of the polymeric matrix (von Burkersroda et al., 2002). As HC has a
higher molecular weight than CS, along with its higher aqueous solubility that makes HC more
susceptible to hydrolytic degradation, surface erosion is expected to be favored in the HC/CMC
complex. This is consistent with the largely linear erosion profile of HC/CMC (FIG. 10), which
is typical of surface eroding polymers (Gopferich&Langer, 1993). Although HC/CMC has a
higher erosion rate than CS/CMC (FIG. 10), its lower swelling capacity (FIG. 9), together with
the dominance of surface erosion over bulk erosion, may account for the ability of the

polyelectrolyte complex to limit drug release.

[00102] The invention is not to be limited in scope by the specific embodiments described
herein. Indeed, various modifications of the invention in addition to those described will become
apparent to those skilled in the art from the foregoing description and accompanying figures.

Such modifications are intended to fall within the scope of the appended claims.
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[00103] All references cited herein are incorporated herein by reference in their entirety
and for all purposes to the same extent as if each individual publication or patent or patent
application was specifically and individually indicated to be incorporated by reference in its

entirety for all purposes.
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What is claimed is:

1. A drug delivery system for controlled and sustained delivery of an effective amount of a
drug to a subject, comprising:

a matrix comprising: (1) a hypromellose-graft-chitosan (HC); or (i1) a HC polyelectrolyte
complex; and

one or moredrugsdispersed in the matrix.
2. The drug delivery system according to claim 1, wherein the drug is: tetracycline chloride
(TH), methylene blue (MB), mometasonefuroate (MF),metronidazole (MT), or a combination
thereof.
3. The drug delivery system according to claim 1, wherein the drug is delivered via
localized drug delivery.
4. The drug delivery system according to claim 1, which is a medical device, a wound
dressing, a gel, a patch, a film, a bandage, a tablet, a pill, or a paste.
S. The drug delivery system according to claim 4 which is a film.
6. A method for delivering drugs to a subjectcomprising the step of administering to said
subjectthe drug delivery system according to claim 1.
7. A method of claim 6, wherein the drug is delivered via implantation, topical delivery, or
ingestion of the drug delivery system.
8. The method of claim 6, wherein the drug delivery system is a wound dressing, gel, patch,
film, bandage, tablet, pill, or paste.
9. The method of claim 8 wherein the drug delivery system is a film.
10. The method of claim 6, wherein the drugis delivered via localized drug delivery.

11. A method of preparing a drug delivery system comprising the steps of:
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reacting chitosan with hypromellose to form a matrix comprising hypromellose-graft-
chitosan (HC); and

dispersinga drug in the matrix.
12. The method ofclaim 11 further comprising the step of reacting the HC with a
polyelectrolyte to form a HC polyelectrolyte complex prior to dispersing
the drug in the matrix.
13. The method according to claim 11, wherein the HC is formed by reacting hypromellose
and chitosan in the presence of 1, 1’-carbonyldiimidazole (CDI).
14. The method according to claim 12, wherein the polyelectrolyte is carboxymethyl
cellulose (CMC).
15. A polymer for drug delivery comprising a hypromellose-graft-chitosan (HC) wherein the
HC 1s formed by reacting hypromellose with chitosan.
16. A polymer for drug delivery comprising a HC polyelectrolyte complex which is formed
by reacting a HC with a polyelectrolyte.
17. The polymer of claim 16 wherein the polyelectrolyte is carboxymethyl cellulose (CMC).
18. The method according to claim 11, wherein the delivery system is a wound dressing, gel,
patch, film, bandage, tablet, pill, or paste.
19. The method according to claim 18 wherein the delivery system is a film.
20. The method according to claim 11 wherein the HC is further modified by diacrylate,
methacrylate, targeting ligands, and polymers.
21. The drug delivery system of claim 1 wherein the HC 1s further modified by photo-cross-

linkable groups includingdiacrylategroups, methacrylate groups, targeting ligands, and polymers.
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22. The drug delivery system of claim 21 wherein the targeting ligands are transferrin and

folic acid and the polymers are polyethylene glycol.
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