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University of Santiago de

Compostela

Spain

Pasquale Del Gaudio

University of Salerno

Italy

Ricardo Starbird

Instituto Tecnológico de Costa Rica

Costa Rica

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Molecules (ISSN 1420-3049) (available at: https://www.mdpi.com/journal/molecules/special

issues/Biopolymer Drug Delivery Medicine).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-0900-6 (Hbk)

ISBN 978-3-0365-0901-3 (PDF)

Cover image courtesy of Carlos A. Garcı́a-González.
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Biopolymers and biocomposites have emerged as promising pathways to develop
novel materials and substrates for biomedical applications. Moreover, the availability,
processability, and low toxicity of biopolymers encourage their use in drug delivery and
regenerative medicine. The engineering of biopolymer-based materials for their structura-
tion at the nano- and microscale along with their chemical properties allows the design of
advanced formulations used as carriers for drug products and as cell scaffolding materials.
Finally, combination products including—or based on—biopolymers for controlled drug
release offer a powerful solution to improve the tissue integration and biological response
of these materials.

In this Special Issue, original research and review articles ranging from the chemical
synthesis and characterization of modified biopolymers to their processing in different
morphologies and hierarchical structures and in vitro and in vivo evaluation have been
gathered together with the aim of contributing to the progress in the biomedicine field.

Recent findings on the applications and processing of biopolymers in the drug delivery
area are presented. In a review article, Osorio et al. [1] described different polymer-based
drug delivery systems, including polysaccharides and derived polysaccharides, used
for the specific case of colorectal cancer treatments. In another biomedical application,
Goel et al. carried out a preclinical study (New Zealand White rabbits model) to test the
use of keratose, an oxidized form of keratin, as a drug excipient to control the release
of paclitaxel, an anti-proliferative drug, from coated biomedical devices (angioplasty
balloons) for the treatment of peripheral arterial disease [2]. The benefits of the presence
of this biopolymer, in terms of minimizing the adverse impact of peripheral vascular
motion on drug retention and reaching a favorable biological response, were assessed.
From the processing point of view, López-Iglesias and coworkers [3] introduced a novel
production strategy of solid lipid microparticles using a solvent-free technique, the so-
called Particles from Gas-Saturated Solutions (PGSS®) process. Artificial neural networks
and fuzzy logic tools were used to model the process in terms of temperature, pressure
and nozzle diameter to obtain optimized microparticulate systems. The obtained lipid
microparticles can be of a potential interest in several biomedical, food and environmental
applications. In an alternative processing approach, a comprehensive review by Auriemma
et al. presents a description of the theoretical and practical aspects behind the production
of different polysaccharide-based hydrogel particles with a special focus on the prilling
technology in tandem with several ageing and drying techniques [4]. The value of these
techniques is related to its versatility and scalability. Moreover, the gel drying method is a
critical step that makes it possible to obtain carriers with specific morphology and inner
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structure, which may have effects on the release properties. Particularly, the processing
of dry polysaccharide-based gels, in the form of cryogels and aerogels, is an emerging
field for drug delivery, and European initiatives (e.g., the European Commission-funded
AERoGELS CA18125 COST Action) are currently ongoing, with the aim of displaying the
full potential of these nanostructured materials for biomedical purposes [5,6]. In this regard,
an alternative approach based on the synthesis starch cryogels from enzymatically modified
starch combined with lyophilization has been reported by Boccia and coworkers [7]. The
chemical nature plays a crucial role in the ability of the prepared cryogels from modified
starch to act as drug carriers with promising applications for wound healing and for
certain specific administration routes. Additionally, in an experimental application from
Pantić et al. [8], tablet-shaped pectin aerogels and pectin aerogels coated with an external
layer of chitosan were tested as carriers for oral administration of curcumin, being able
to modify the release profile of this drug. Results showed that uncoated pectin aerogel
provided a prompt curcumin release, whereas the multilayer biopolymer-based aerogel
resulted in a carrier providing a prolonged release of the drug during 24 h.

Advantageous uses of biopolymers as cell scaffolds or for extracellular stimulation
were presented in this Special Issue for the development of diverse strategies and im-
plant systems in the regenerative medicine field. In a review article by Alvarado-Hidalgo
et al. [9], the recent uses and fabrication methods of biopolymers for extracellular biochem-
ical stimulation of cells as biomimetic 3D scaffold systems were presented. The potential
modulation of the extracellular environment through mechanical, electrical, and biochemi-
cal stimulation was introduced, with a particular focus on biophysical and biochemical
cues of cells that drive their molecular reprogramming. An example of this concept was
presented in the research article from Ramírez Sánchez et al. [10]. A smart conductive
composite material was processed using κ-carrageenan as a doping agent to improve its
electrical properties. The obtained material was electroactive and allowed the release of
dexamethasone by electrochemical stimulation, providing a stable system to be used in
bioelectronic applications. Finally, cellulose phosphate aerogels for biomedical uses were
developed by Schimper et al. [11] through an environmentally friendly methodology based
on the conversion of biomass into functional materials. The obtained derivatized cellulose
aerogels can be beneficial for the design of dual-porous cell scaffolding materials with
interconnected mesopores and micron-size pores.

Therefore, the objective of the Special Issue on “Biopolymers in Drug Delivery and
Regenerative Medicine”—to provide the most recent advances on biopolymer research
for biomedical applications, particularly in regenerative medicine and drug delivery—has
been extensively achieved.
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Abstract: Colorectal cancer (CRC) is the type with the second highest morbidity. Recently, a great
number of bioactive compounds and encapsulation techniques have been developed. Thus, this
paper aims to review the drug delivery strategies for chemotherapy adjuvant treatments for CRC,
including an initial scientific-technological analysis of the papers and patents related to cancer, CRC,
and adjuvant treatments. For 2018, a total of 167,366 cancer-related papers and 306,240 patents were
found. Adjuvant treatments represented 39.3% of the total CRC patents, indicating the importance of
adjuvants in the prognosis of patients. Chemotherapy adjuvants can be divided into two groups,
natural and synthetic (5-fluorouracil and derivatives). Both groups can be encapsulated using
polymers. Polymer-based drug delivery systems can be classified according to polymer nature. From
those, anionic polymers have garnered the most attention, because they are pH responsive. The use
of polymers tailors the desorption profile, improving drug bioavailability and enhancing the local
treatment of CRC via oral administration. Finally, it can be concluded that antioxidants are emerging
compounds that can complement today’s chemotherapy treatments. In the long term, encapsulated
antioxidants will replace synthetic drugs and will play an important role in curing CRC.

Keywords: colorectal cancer; antioxidants; 5-fluorouracil; polymer nanomaterials;
nanocapsules; chemotherapy

1. Introduction

Every sixth death in the world is due to cancer, making it the second leading cause of death [1,2],
and despite survival rates increasing, according to the Institute for Health Metrics and Evaluation of
the University of Seattle, more than a million people died because of cancer globally in 2017 [3]. In
2016, more than 8.15 million people suffered from breast cancer, which was the type with the most
morbidity, followed by colorectal cancer (CRC) and prostate cancer with 6.32 million and 5.7 million
cases, respectively [1]. Of these three cancer types, CRC represents the highest number of deaths [3].
Several factors increase the risk of cancer; however, advancing age is the most important for cancer
overall, and for CRC, specifically, a diet rich in meat cooked at high temperatures is associated with an
increased risk of CRC [4].

Moreover, moderate-to-heavy alcohol consumption is associated with a 1.2- to 1.5-fold increased
risk of CRC [5]. Others factors include African American ethnicity, male sex, inflammatory bowel

Molecules 2020, 25, 2270; doi:10.3390/molecules25102270 www.mdpi.com/journal/molecules5
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disease, obesity, a sedentary lifestyle, red meat and processed meat intake, tobacco use, a history
of abdominal radiation, acromegaly, renal transplant with use of immunosuppressive medications,
diabetes mellitus and insulin resistance, androgen deprivation therapy, cholecystectomy, coronary
artery disease, and ureterocolic anastomosis [6].

All of the above have led to a huge interest in cancer research. Today, cancer research is focused on
identifying the causes and developing strategies for the prevention, diagnosis, treatment, and cure of
cancer [7]. Cancer is one of the most investigated subjects; for instance, the proportion of cancer-related
entries in PubMed rose from 6% in 1950 to 16% in 2016 [8], being even higher than for other diseases
such as various infections (malaria, AIDS, tuberculosis, among others) and diabetes [8].

Accordingly, there is huge scientific research interest in treating and curing CRC, and several
strategies have arisen to improve the therapeutic effects and reduce the side effects of actual
chemotherapy for CRC treatment. Most of them include polymer drug delivery systems. Thus,
this paper aims to review polymer drug delivery systems for adjuvant treatments for CRC, including an
initial scientific-technological analysis of the papers and patents related to cancer, CRC, and adjuvant
treatments using polymer approaches. The novelty of this paper lies in its broad overview of polymer
families and the interaction of them with adjuvants. Moreover, it is explained how the behavior of
those emerging drug delivery strategies is related to the superficial charge and chemical groups of the
used polymers, information that, to the knowledge of the authors, is not reviewed in the literature
for CRC.

2. Scientific-Technological Analysis

In Scopus, the total of cancer-related papers in 2018 was 2,857,590 (see Figure 1a), and CRC-related
papers numbered 167,366 (see Figure 1b); both subjects presented an exponential rise from 1970. The
first documents indexed in Scopus related to CRC were report cases of medical interventions; for
instance, Mr. Luke (1860) reported the surgery of an intestinal obstruction resulting from CRC [9].
Similarly, Dunphy (1947) reported four cases of CRC and included a gross pathological evaluation of
the tumors [10].

 
(a) (b) 

Figure 1. Number of publications of cancer in Scopus; (a) total number of cancer-related publications
from 1860 to 2018 using the search string “TITLE-ABS-KEY (cancer)”; (b) total number of colorectal
cancer-related publications from 1947 to 2018 using the search string “TITLE-ABS-KEY (colorectal
and cancer)”.

In 1970, the first paper that reported the use of adjuvants was published by Adams et al. (1970),
in which they compared the use of intralymphatic 5-fluorouracil (5-FU) and radioactive gold as
adjuvants to surgical operations for colorectal carcinoma [11]. The next year, another two papers were
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published, and today, more than 550 papers have been published on this matter per year (Scopus,
search string “TITLE-ABS-KEY (colorectal and cancer and adjuvants)”), representing more than 7%
(about 11,700 research papers) of the overall CRC research.

Patents related to cancer represented around 2,356,397 entries from 1898 to 2018. The number of
patents related to CRC is about 306,240. The pattern of the number of patents per year is presented in
Figure 2. It was interesting to find that that the number of patents related to cancer is lower than the
number of scientific papers; this behavior can be related to the number of documents of clinical study
cases that count for the papers.

 

(a) (b) 

Figure 2. Number of patents per year in (a) cancer and colorectal cancer (CRC) (data found in
AcclaimIP)—the words “cancer” and “colorectal cancer” were examined in the title, abstract and
claims, separately; (b) cancer adjuvants and colorectal cancer adjuvants (data found in AcclaimIP)—the
words “cancer adjuvant” and “colorectal cancer adjuvant” were searched for in the title, abstract and
claims, separately.

Regarding adjuvant therapies, it was found that adjuvants represent 20.0% of the overall cancer
patents, and for CRC, adjuvants represent 39.3%. Thus, the number of patents related to adjuvants
is proportionally higher for CRC (approximately two-fold) than for overall cancers, which can be
explained by the motivation of scientists to cure the most deadly cancer type.

By comparing Figures 1 and 2, it can be seen that adjuvants are more likely to be patented than
to be scientifically published (12.6 K vs. 478.9 K) because scientists and companies prefer to protect
their intellectual property that can be economically exploited. For instance, the global adjuvant market
size was valued at USD 308.99 million in 2016 and is anticipated to grow with a compound annual
growth rate (CAGR) of 10.6% [12]. Furthermore, it can be observed that while scientific papers grew
rapidly, the number of patents grew until 2010 and then dropped. This behavior can be attributed to
the recent difficulty of patenting because applicants’ claims should be new and clearly different to
previous work [13], which is vast in cancer research, meaning that only 50% of patent applications are
adjudicated. This is also discouraging new applications, since authors and companies do not see an
attractive cost–benefit ratio for the patenting process [13].

By analyzing the keywords in the latest 2000 papers in Scopus and the title phrases in 1000 patents
in the Derwent software (Clarivate Analytics, PA, USA) and then grouping the main subjects (see
Figure 3), it was found that adjuvants are the second group for cancer and CRC, with 28.5% and
23.0% of entries, respectively, showing the importance of adjuvant therapy for improving the success
of cancer treatments. Emerging strategies such as immunotherapy and biomarkers for treating and
classifying cancer were also found.

Regarding the group of adjuvants, it was found that the terms “drug” and “chemotherapy” are
more important for CRC than for cancer overall (see Table 1), again exposing the importance of drug
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delivery strategies for CRC. The drugs with more studies in recent papers (organized per decreasing
number of entries) for CRC treatment are 5-fluoraucil, bevacizumab, capecitabine, metformin, aspirin,
and irinotecan. Aspirin and metformin drew attention because they are drugs that are used for other
purposes. For instance, aspirin and acetyl-salicylates, are used for treating fever, inflammation and
pain [14]; however, Garcia et al. (2012) concluded that daily aspirin use at any dose was associated
with a 21% lower risk of all-cancer death [15], and Chang et al. (2009) reported that aspirin reduces
the risk of colorectal neoplasia in randomized trials and inhibits tumor growth and metastases in
animal models, especially in tumors that overexpress cyclooxygenase-2, whereas aspirin can reduce
that expression [16].

Table 1. Comparison of keyword groups in scientific papers for cancer adjuvants and colorectal cancer
adjuvants. Two thousand papers were extracted from Scopus and examined in their keywords and the
documents up to 31/12/2018; the keywords were grouped using VantagePoint.

Keyword Groups
Percentage

Cancer Adjuvants Colorectal Cancer Adjuvants

Chemotherapy 41.2 45.3
Others adjuvant therapies 23.8 13.9

Drugs 10.4 28.0
Radiotherapy 19.9 9.2

Others 4.8 3.6

By analyzing the patents, it was found that the title phrases were more difficult to group and that
the topics, in general, were more disperse (see Figure 3c,d); however, adjuvants and pharmaceutical
compositions represent more than the 15% of the entries, coming in second place after cancer types,
which includes the entries of all cancer names. Likewise, the drugs grouped in pharmaceutical
composition for CRC are more diverse, but include indazoles derivatives, heteroaryl derivatives,
heterocyclic compounds, quinoline compounds, and tumorigenic inhibitors, among others. These
compounds are anticancer agents that have shown antiproliferative activity against cancer cells [17,18].

  

(a) (b) 

Figure 3. Cont.
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(c) (d) 

Figure 3. Keyword and title phrase groups in the latest papers and patents up to 31/12/2018; (a) grouped
keywords of cancer adjuvants in scientific papers; (b) grouped keywords of colorectal cancer adjuvants
in scientific papers; (c) grouped title phrases of cancer adjuvants in patents; (d) grouped title phrases of
colorectal cancer adjuvants in patents. Authors’ keywords were extracted from 2000 scientific papers in
Scopus and analyzed using VantagePoint. Title patent phrases were extracted from 1000 patents of
Derwent and analyzed using VantagePoint.

3. Cancer

According to the World Health Organization, “cancer is a generic term for a large group of diseases
characterized by the growth of abnormal cells beyond their usual boundaries that can then invade
adjoining parts of the body and/or spread to other organs” [19]. Cancer involves carcinogenesis, which
means cancer development; more accuracy, carcinogenesis was first defined by Hecker in 1976 as the
“generation of neoplasia” [20]. Neoplasia is an abnormal growth not coordinated with the surrounding
tissue [21].

Cancer is initiated via carcinogens in the environment that induce mutations in critical genes,
and these mutations direct the cell in which they occur, as well as all of its progeny cells, to grow
abnormally. The result of this abnormal growth appears years later as a tumor [21].

Cancer has been traditionally classified in three ways: by the type of tissue in which cancer
originates (histological type), by the primary body site, and by the staging (see Figure 4) [19,21].

Histologically, cancer is classified as carcinoma, sarcoma, myeloma, leukemia,
and lymphoma [22,23]. Carcinoma refers to a malignant neoplasm of epithelial origin, skin, and tissues
that line or cover internal organs. There are two subtypes, adenocarcinoma, which develops in an
organ or gland, and squamous cell carcinoma, which originates in the squamous epithelium [23].

Sarcoma refers to cancer that originates in supportive and connective tissues such as the bones,
tendons, cartilage, muscle, and fat [22]. Myeloma is cancer that originates in the plasma cells of the
bone marrow. Leukemias are also presented in the bone marrow, but this cancer type is associated
with the overproduction of immature white blood cells. Leukemia also affects red blood cells and can
cause poor blood clotting and fatigue due to anemia [23].
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Figure 4. Traditionally cancer classification, histology, primary body site and staging.

Lymphomas develop in the glands or nodes of the lymphatic system—a network of vessels,
nodes, and organs (specifically the spleen, tonsils, and thymus) that purify bodily fluids and produce
infection-fighting white blood cells, or lymphocytes [22,23].

The body site classification is more familiar to patients, and it refers to the anatomical site at which
the cancer appears, for instance, the brain, colorectal tissues, skin, or breast, among others. Finally,
staging refers to the process of determining the size of cancer in the body and its localization [23]. To
assess the staging of cancer, several diagnostic tests are required (X-rays, biopsies, and ultrasound,
among others). In Stage 0, abnormal cells are present but have not spread to nearby tissue [24]; in
Stages I, II, and III, cancer is present (the higher stage number, the larger the tumor and the more it
has spread into surrounding tissues); and in stage IV, cancer has spread to distant parts of the body
(metastasis) [23].

There are also other systems more precise from the medical point of view, for instance, the
tumor-node-metastasis (TNM) system that is suggested by The American Joint Committee on Cancer.
The TNM is updated periodically, based on advances in the understanding of cancer prognosis, to
remain current and relevant for clinical practice; this manual is also described for every anatomical
site [23,25].

Recently, there have been other efforts to generate an integrated system to classify cancer [26].
Cancer cells are classified using the cell morphology, leaving behind the functional attributes of
these cancer cells. Using techniques in biology based on genomics, transcriptomics, and proteomics,
scientists can model the attributes of cancer stem cells and their potential contribution to treatment
responses and metastases [26–30].

4. Colorectal Cancer

The name “colorectal cancer” is used to describe bowel cancer that starts in the colon or the
rectum. CRC almost always develops from growths called colorectal polyps that form in the lining
of the colon (adenocarcinoma in more than 95% of cases) [22,31]. After the diagnosis, the treatment
depends on various factors, including the stage of cancer. In the early stages of CRC, the tumor just
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needs to be surgically removed, but in advanced stages, additional treatments may be considered, such
as chemotherapy and radiation therapy, among other adjuvant therapies [31].

5. Colorectal Cancer Treatments

As mentioned above, CRC treatment depends on cancer staging, but it is classified into two
groups, surgery and adjuvant therapy.

5.1. Surgery

Colorectal cancers may be cured by surgery (hemicolectomy) [2], but only if the entire tumor is
localized and no cells have spread to other sites (adenocarcinoma in situ) [22,32]. Moreover, in most
of the cases, complementary therapies (adjuvants) are needed before or after surgery and vary from
traditional to novel. Traditional chemotherapies are based on 5-FU, which inhibits cancer cell division.
Nobody doubts that traditional adjuvant treatments have improved the prognosis of patients; however,
they are not beneficial for all cases. For instance, not all women with breast cancer derive benefit from
5-FU-based adjuvant chemotherapy. Many older women (age > 70) with hormone receptor-positive
early stage breast cancer treated with adjuvant chemotherapy will not accrue a survival advantage [33].
For CRC, it was demonstrated that extra cycles of traditional chemotherapy, either before or after
chemoradiotherapy, have been shown not to improve survival compared with chemoradiotherapy
alone. An argument for less chemotherapy is also presented by results from trials investigating
neoadjuvant or preoperative therapy in esophageal and gastric cancers. In randomized trials, which
enrolled patients with esophageal and gastro-esophageal junction adenocarcinoma, no survival benefit
with four cycles of the ECX regimen (epirubicin, cisplatin, and capecitabine) were reported beyond
that achieved with two cycles of fluorouracil and cisplatin. These results support the use of a shorter
duration of preoperative chemotherapy [34].

5-FU can cause local and systematic toxicity (DNA damage) to healthy cells, generating undesired
side effects, and favor the mutation of them to malignant cells. These problems can be overcome by
using novel approaches such as targeting specific cancer-relevant proteins (such as oncogenic tyrosine
kinases), immunotherapy, and reactive oxygen species (ROS)-modulated therapies, which are more
specific in generating cancer cell apoptosis and reducing the side effects associated with traditional
chemotherapy [35,36].

5.2. Adjuvant Therapy

Adjuvant therapy is defined by the United States National Cancer Institute (NCI) as “additional
cancer treatment given after the primary treatment (surgery) to lower the risk that cancer will come
back” [2], eliminating any residual microscopic cancer cells. Neoadjuvant therapy is an adjuvant
therapy given before the primary treatment to make it more effective or easier [37]. Adjuvant therapies
for CRC can be divided into five groups, i.e., radiation, hormones, targeted therapy, immunotherapy,
and chemotherapy.

5.2.1. Radiation Therapy

Radiation therapy (RT) is the application of ionizing radiation to treat cancer. Cancer cells are
more sensitive to DNA damage than normal tissue cells; this characteristic provides the therapeutic
effect [38]. It is estimated than 50% of the population with cancer can benefit from this therapy [38]. For
colorectal cancer, RT is used as a neoadjuvant treatment to improve patient prognosis, heightening the
overall survival rate, diminishing the local recurrence rate, and improving the quality of the surgical
procedures [39].

Besides some side effects—such as incontinence of the anal sphincter or urinary tract problems,
vaginal dryness, and sexual dysfunction, among others—related to neoadjuvant RT, new techniques
have focused efforts on modulating the beam intensity and improving the beam precision and
development of delivery systems for encapsulated radionuclides (brachytherapy) [39,40].
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5.2.2. Hormone Therapy

Bowel health largely depend on hormones; for instance, Jhonson et al. (2009) found that
sex hormones such as estrogen and progestin are related to protective effects against CRC in
menopausal women [41]. Similar results were found by Rennert et al. (2009) in 5214 women
in perimenopausal/postmenopausal stages with CRC, where the use of estrogen/progestin replacement
therapy reduced the risk of CRC by 63% [41]. For men, Lin et al. (2014) found that higher levels of
testosterone are related to lower risks of CRC [42]. Hormone therapy is a systemic approach with
several side effects such as abdominal pain, headache, depression, acne, nausea, leg cramps, and stroke,
among others [43,44]. The use of drug delivery systems can help in reducing the needed doses, which
can lower the undesired side effects of the treatment [45].

5.2.3. Targeted Therapy

Targeted therapy is a type of treatment that uses drugs or other substances to identify and attack
specific types of cancer cell with less harm to healthy cells. Targeted therapy may have fewer side
effects than other types of cancer treatment. Targeted therapies are either small molecule drugs or
monoclonal antibodies [23]. The most investigated monoclonal antibodies are bevacizumab, cetuximab,
and panitumumab [46,47].

Bevacizumab is a recombinant humanized monoclonal IgG antibody that selectively binds to
vascular endothelial growth factor A (VEGF-A), and it demonstrates anti-tumor activity by blocking
vascular endothelial growth factor receptor 2 (VEGFR2). Furthermore, patients treated with cetuximab
and panitumumab showed a survival benefit in metastatic CRC [46]. Cetuximab is an anti-epithelial
grow factor (EGFR) monoclonal antibody of the IgG1 class targeted against the extracellular domain
of the EGFR. By binding to the EGFR, cetuximab blocks intracellular EGFR signaling and modulates
tumor cell growth by inhibiting proliferation, angiogenesis, and differentiation; stimulating apoptosis;
and preventing metastasis. Panitumumab is a fully human, monoclonal antibody targeting the EGFR
with high affinity. Its mechanism of inhibiting the EGFR signaling pathway is similar to that of
cetuximab, as described above [46]. Nevertheless, to improve the efficacy of the treatment, the therapy
should be complemented with cytotoxic chemotherapy using 5-FU [48,49].

5.2.4. Immunotherapy

Immunotherapy was first proposed in 1909 by Nobel Prize winner Paul Ehrlich. The idea behind it
is that immune cells can control malignant cells and eradicate cancers before they manifest clinically [35].
However, in spite of several mechanisms active in the immune system to recognize and eliminate tumor
cells, some variants of these cells selectively acquire increased resistance against immune responses.
Thereafter, resistant cells continue to grow, evading the immune responses, and tumor cells develop
resistance against both innate and adaptive immune mechanisms (cancer immunoediting) [35]. To
avoid cancer immunoediting, patients can be vaccinated (monoclonal antibodies, adaptive T cells,
DNA viral vectors, heat shock proteins, and dendritic cells, among others [35,50–54]) to raise specific
immune responses. Moreover, this therapy is followed in parallel with another adjuvant therapy to
potentiate the immune system [35].

5.2.5. Chemotherapy

Chemotherapy for cancer treatment uses drugs (plant-derived or synthetic) called cytostatic drugs
(cytotoxic chemotherapy), which aim to stop cancer cells from continuing to divide uncontrollably [55].

It is estimated that 20–30% of newly diagnosed patients with CRC present with unresectable
metastatic disease. In addition, a considerable proportion of patients (40–50%) experience disease
recurrence after surgical resection or develop metastatic disease, typically in the liver or lungs [56]. To
improve the life prognosis of those patients, several drugs have been developed, such as 5-FU, which
is considered the gold standard for CRC chemotherapy [56].
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5-FU was developed in 1957 by Charles Heidelberger and colleagues at the University of Wisconsin,
who observed that tumor tissues preferentially used uracil-type molecules for nucleic acid biosynthesis
and postulated that a fluorouracil analog would be easily taken up by cancer cells. Likewise, it would
inhibit tumor cell division by blocking the conversion of deoxyuridine monophosphate (dUMP) to
deoxythymidine monophosphate (thymidylate) [56].

From 1957 to date, 5-FU has been complemented with other adjuvants to improve the overall
survival of patients. For instance, Petrelli et al. (1987) found that mixing 5-FU with leucovorin at
500 mg/m2 in metastatic patients improved overall survival [57]. Goldberg et al. (2004) studied the
efficacy in metastatic CRC patients of 5-FU plus leucovorin, irinotecan, and oxaliplatin combinations
(FOLFOX) in 795 patients, finding a median survival rate of 19.5 months, which is 35% higher compared
with that with other treatments [58], and recently, Magne et al. (2012) investigated the efficacy of
cetuximab with continuous or intermittent 5-FU, leucovorin, and oxaliplatin (Nordic FLOX) treatment
versus FLOX alone in the first-line treatment of metastatic CRC, finding an overall survival of up to
20.4 months [59].

Today, there is a growing interest in researching natural drugs as adjuvants for CRC; most of them
act against reactive oxygen species (ROS). Reactive oxygen species (ROS) include oxygen molecules,
superoxide anion radicals, hydroxyl free radicals, and hydrogen peroxide. ROS are generated in the
mitochondrial respiratory pathway. Although an increase in the level of intracellular ROS leads to
oxidative stress and DNA damage, the effects of ROS are normally balanced by antioxidants, such as
reduced glutathione (GSH), ascorbic acid, and uric acid [60]. Disruption of the oxidant–antioxidant
balance through alterations to cellular homeostasis or the defective repair of ROS-induced damage is
involved in carcinogenesis. Furthermore, it is known that anticancer drugs induce oxidative stress in
patients with cancer being treated with chemotherapy [60]. To reduce oxidative stress, investigations
are focusing on natural antioxidants. In Table 2, the latest studies for CRC using natural antioxidants
are presented. Natural antioxidants are presented as extracts (fruits, plants, and coffee, among others)
or polyphenol fractions from those extracts [61].

Table 2. Natural antioxidants for the prevention and treatment of colorectal cancer; recent reports from
2015 to 2019.

Natural Antioxidant Authors Main Findings Reference

Ginseng extracts

Jin et al. (2016) Meta-analysis indicated a significant 16% lower risk of
developing cancer in patients who consumed ginseng. [62]

Wong et al. (2015)

Carcinogenic modulation.
Cancer cells do not generate resistance to ginseng
extracts.
Kill cancer cells while exerting low toxicity toward
healthy cells.

[63]

Chong-Zin
et al. (2016)

Ginseng extract enhanced the antiproliferative effect of
5-FU on human colorectal cancer cells. [64]

Tang et al. (2018)
Kim et al. (2018)

Inhibits metastasis and reduces the invasion of CRC
in vitro and in vivo. [65,66]

Ginger
(Zerumbone)

Sithara et al. (2018)
Girisa et al. (2019)

Inhibits the proliferation of CRC cells (SW480) and
thereby induced apoptosis, which might be due to
mitochondria transmembrane dysfunction, translocation
of phosphatidylserine, and chromatin condensation.
Oral administration of zerumbone at more than 100 ppm
for 17 weeks to mice significantly inhibited the
multiplicity of and inflammation in colonic
adenocarcinomas.

[67,68]
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Table 2. Cont.

Natural Antioxidant Authors Main Findings Reference

Garlic

Kim et al. (2019) Diallyl disulfide from garlic increased tumor necrosis
factor-related apoptosis in CRC cell lines and in vivo. [69]

Roy et al. (2018)

S-allyl-l-cysteine-sulfoxide (SACS)/alliin compounds
from garlic showed higher affinity towards EGFR in
silico, and in vitro, showed anticancer activity
modulating the EGFR in CRC cells.

[70]

Lactoferrin

Li et al. (2017)

Lactoferrin inhibited cell viability, with the 50%
concentration of inhibition at 81.3 ± 16.7 mg/mL and 101
± 23.8 mg/mL for HT29 and HCT8 cells, respectively.
Moreover, lactoferrin reduces the relative tumor volume
in mouse models compared with negative control.

[71]

Sugihara et al. (2017)

Rats given 500 and 1000 mg/kg/day of lactoferrin
harbored significantly fewer colon aberrant crypt foci,
adenomas, and adenocarcinomas than the rats from the
control group, due to lactoferrin inhibiting cell growth
and TNF-α mRNA expression.

[72]

Polyphenols

Yang et al. (2016)
Polyphenol (−)-epigallocatechin-3-gallate from green tea
inhibited growth and the activation of the VEGF/VEGFR
axis in human colorectal cancer cells.

[73]

Gómez-Juaristi et al.
(2017)

Yerba mate tea flavonoids are highly adsorbed and
metabolized by the human body, especially in the colon
microbiota.

[74]

Amigo-Benavent et
al. (2017)

Yerma mate, its phenolic components, and metabolites
decrease cancer cell viability and proliferation; evaluated
in vitro in Caco-2 colon cells.

[75]

Schmit et al. (2016) Coffee consumption was associated with 26% lower
odds of developing colorectal cancer. [76]

Amigo-Benavent et
al. (2017)

Green coffee bean, its phenolic components, and
metabolites decrease cancer cell viability and
proliferation; evaluated in vitro in Caco-2 colon cells.

[75]

Scafuri et al. (2016)
Apple phenolic compounds interfere with the activity of
nucleotide metabolism and methylation enzymes,
similarly to some classes of anticancer drug.

[77]

Darband et al. (2018)

The polyphenol quercetin poses anticancer effects in
colon cancer; it inhibits cell proliferation, angiogenesis,
and tumor metastasis, along with promoting apoptosis
and autophagy and reducing the drug resistance.

[78]

Huang et al. (2017)
Curcumin enhances the effects of irinotecan on CRC cells
through the generation of reactive oxygen species and
activation of the endoplasmic reticulum stress pathway.

[79]

Ravindranathan et al.
(2018)

Curcumin and oligomeric proanthocyanidins offer
superior anti-tumorigenic properties in CRC, affecting
DNA replication, the cell cycle, and mismatch repair in
CRC cells.

[80]

Marjaneh et al. (2018)

Combination of curcumin with 5-FU dramatically
reduced the tumor number and tumor size in both the
distal and middle parts of colon in colitis-associated CRC.
Additionally, curcumin suppressed colonic inflammation
and notably recovered the levels of antioxidant activity.

[81]

Agudelo et al. (2017)

Polyphenols in Vaccinium meridionale Swartz juices
showed an apoptotic effect on SW480. The caspase 3
activity was increased in a time-dependent manner in
SW480-treated cells; the proapoptotic proteins were
increased by 1.6- to 2.0-fold. In addition, SW480 cells
significantly increased the production of intracellular
ROS, parallel with a reduction in the intracellular
content of glutathione (GSH) and consequently a
decrease in the GSH/oxidized glutathione (GSSG) ratio.

[82]

Buhrmann et al.
(2018)

Buhrmann et al.
(2019)

Resveratrol suppressed the formation of cancer-like stem
cells in two different CRC lines, and this was
accompanied with a significant increase in apoptosis.
Moreover, resveratrol suppresses the tumor necrosis
factor B, which is a pro-carcinogenic compound.

[83,84]
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Table 2. Cont.

Natural Antioxidant Authors Main Findings Reference

Fermented skim milk Chang et al. (2019)

Lactobacillus paracasei subsp. paracasei NTU 101-fermented
skim milk in combination with chemotherapy for CRC
in vivo significantly suppressed tumor growth and
metastasis compared to chemotherapy alone via
regulating vascular endothelial growth factor, matrix
metalloprotein-9, and tissue inhibitor of matrix
metalloproteinase-1 levels.

[85]

Rosa canina extracts Turan et al. (2018)

Rosa canina extract exhibited a selective cytotoxic effect
on CRC cells compared with normal colon cells. The
extract induced cell cycle arrest at the S phase and
apoptosis via reducing matrix metalloproteinases in
CRC cells.

[86]

Vitamin C Aguilera et al. (2018) Vitamin C uncouples the Warburg metabolic switch in
KRAS mutant colorectal cancer, inducing apoptosis. [87]

Chlorophyll Semeraro et al. (2018)

Chlorophyll a is a good candidate for photodynamic
therapy due to its intense absorption of red and
near-infrared light. In combination with β-cyclodextrins,
it was demonstrated that it selectively kills CRC via a
necrotic mechanism.

[88]

Piperin Bantal et al. (2018)
Piperin at 50 mg/kg reduced CRC’s effects in vivo
(mouse model), i.e., inflammation and focal congestion
in sub-mucosa and muscularis layers.

[89]

Manilkara Zapota
extract

Tan et al. (2019)
Manilkara Zapota extract leaf water extract can inhibit the
viability of CRC cells in 72 h, at a concentration ranging
from 21 to 84 μg/mL.

[90]

Accordingly, most of the antioxidants in Table 2 are polyphenols, due to most plant-based food
naturally containing them. The basic monomer in polyphenols is a phenolic ring, and generally, these are
classified as phenolic acids and phenolic alcohols [61]. Polyphenol consumption is strongly associated
with a low cancer risk. For instance, the Mediterranean diet (rich in olive oil polyphenols [91]), reduces
the risk of CRC by approximately 4% [92]. However, 4% is still modest; thus, polyphenols are extracted
to present higher antioxidant activity and consequentially higher anticancer effects. Moreover, the
colorectal anticancer effect can be potentiated if the antioxidant is supplied using a drug delivery
system [93].

6. Polymer-Based Drug Delivery Systems for Adjuvants for Colorectal Cancer

Ideally, drugs would target the cancer cells with the exact therapeutic concentration. However,
drug delivery is not easily controlled. Drug release rates, cell- and tissue-specific targeting, and drug
stability are difficult to predict [93]. Furthermore, when targeting colon cells, the drug may avoid
degradation and/or be released early, which would reduce its therapeutic effect.

Likewise, natural and synthetic compounds can be easily degraded by air, UV light, and moisture,
and lose their antioxidant potential [94]. Thus, encapsulation is important for improving their stability
and, overall, generating long-term desorption profiles that improve the CRC adjuvant treatments.

6.1. Nanoencapsulation

Nanoencapsulation is a nanostructured drug delivery system (10–1000 nm [95]) that can be
loaded with small molecules or macromolecules, thus acting as a vehicle for chemotherapeutic drugs.
Such materials are able to transport chemotherapeutic molecules to the desired area, increasing
the drug concentration, to be subsequently released in a controlled manner. A great number of
nanoformulations—such as liposomes, micelles, nanoemulsions, and polymeric nanoparticles, among
others—have been reported as drug delivery systems to be applied in cancer treatment [96–99].

Nanoencapsulation can be performed to generate two categories of nanodevice (see Figure 5),
nanocapsules and matrixial nanomaterials. In the nanocapsules group, the chemotherapeutic drug
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is surrounded by a wall or shell material to generate spheres or irregular nanocapsules where the
chemotherapeutic drug can be mononucleated (a single core) or polynucleated (multicore) [100–102].

Figure 5. Nanodevices for the encapsulation of chemotherapeutic drugs/antioxidants.

Matrixial nanomaterials are more varied. Generally, the bioactive compound (chemotherapeutic
drug) is embedded or superficially adsorbed in a polymer matrix. The polymer matrix can be configured
in different forms, nanospheres, irregular nanoparticles, and nanofibers, among others [103–105].
Likewise, the nanoparticle may or not may be coated by another polymer. The nanoparticle can be
solid or nanostructured by fibers [106,107].

The techniques used for achieving nanoencapsulation are complex. This is mainly due to the
difficulty in attaining the complex morphology of the capsule and core material and the demands of
controlling the release rate of the nanocapsules [108]. Various techniques have been developed and used
for nanoencapsulation purposes. For instance, emulsification, coacervation, inclusion complexation,
solvent evaporation, nanoprecipitation, and supercritical fluid techniques can produce capsules in
the nanometer range (10–1000 nm) [95,108]. Most of the documents regarding encapsulation relate to
particles between 100 and 1000 nm. However, there also some reports with capsules ranging from 10
to 100 nm.

6.2. Release Mechanism

Nanodevices (nanocapsules and matrixial nanomaterials) can provide several forms of release for
the chemotherapeutic drugs (see Figure 6). Drugs can be desorbed from the matrix or core reservoir
(nanocapsules) because of a concentration gradient that can be assisted by swelling or material
relaxation, facilitating the release of the bioactive component [109].
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Figure 6. Drug-releasing mechanism of chemotherapeutic drugs.

The erosion/dissolution implies the loss of the shell or matrix integrity to favor the diffusion of the
bioactive component. The erosion/dissolution of the nanodevice can be triggered by pH changes and
water content, among others. Usually these systems deliver the bioactive compound quickly once the
capsule is in contact with the target environment. Otherwise, the degradation mechanism tends to be a
slow as it is mediated by enzymatic reactions [110,111].

An osmotically active drug can be delivered using an osmotic pump, in which the bioactive
component is pushed away by a fluid that goes into the capsule via a semipermeable membrane and
force the drug to pass throughout an orifice [112].

Along with the nanodevice type, the interaction of the biomaterial/bioactive compound modulates
the releasing profile. Bioactive components for CRC treatment are complex; for instance, antioxidants
poses aromatic rings with hydroxyl lateral groups, conferring to them a hydrophilic nature [113], and
hydroxyl groups can easily generate hydrogen bond interactions with biomaterials. Antioxidants of
high molecular weight present an amphiphilic nature, with hydrophilic and lipophilic zones such in
the case of vitamin E and carotenoids [114], which can interact with either polar or nonpolar polymers.

Plant extracts contains several bioactive compounds (mixtures of hydrophilic and lipophilic
compounds). Nevertheless, most CRC adjuvant extracts are, in general, hydrophilic in nature and
water-soluble [90,115–117] and thus can interact with hydrophilic polymers. Likewise, synthetic
bioactive compounds have an amphiphilic nature; for instance, 5-FU is a pyrimidine with oxygen and
flour lateral groups, conferring it with a hydrophilic nature, but 5-FU can present resonance diminishing
its water solubility [118]. According to the above, given the diversity of CRC adjuvants, several
polymer-based biomaterials have been used for generating nanodevices for drug delivery systems.

6.3. Polymers for Oral Drug Delivery Systems

Biomaterials have improved the delivery and efficacy of a range of pharmaceutical compounds. In
particular, polymer- and lipid-based materials have been designed to release therapeutics for extended
periods of time and for targeting specific locations within the body, thereby reducing the toxicity to the
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patient whilst keeping the therapeutic effect [110]. Lipid-based drug delivery systems are beyond of
the goals of this paper; these formulations types are reviewed in the following references [119–121].
For polymer drug delivery, the oral route has been proven to be most convenient route for chronic drug
therapy [119]. For instance, in studies of CRC patients, it has been proven that the oral administration
of adjuvant treatments is most suitable for the patient and cost-saving for health systems [122,123].
However, oral administration is challenging for CRC as the drug needs to be protected during passage
through the digestive tract before proper delivery. For this application, polymers are advantageous
due to their processability at the nanoscale, their wide range of functional groups, and the possibility
of generating mixtures, composites, and copolymers, among others [124], favoring the protection of
the drug and its delivery profile.

Drug delivery polymers for colorectal cancer can be classified according to polymer nature, into
non-charged polymers and charged polymers (anionic, cationic, and zwitterionic), as presented in
Figure 7. Non-charged polymers cannot be charged via dissociation; thus, they are strongly stable at any
pH value, and they can interact via hydrogen bonding and Van der Waals interactions. Alternatively,
charged polymers can generate anionic, cationic, or zwitterionic charges on their surface and can
switch from neutral to charged, depending on the hydrogen potential of the surrounding environment.
The switching from neutral to charged will influence the chain polymer organization. For instance,
Han et al. (2016) found that the carboxylic lateral groups of polyacrylic acid copolymers induces
polymer changes in terms of roughness, thickness, and porosity, from pH 5.5 to 9 [125]. Those systems
have the advantage of modulating the drug release by pH, as presented in the gastrointestinal fluids.
The interaction with these polymers is more likely to be ionic, which is stronger, but requires at least
polar or ionic charges in the bioactive compounds.

 
Figure 7. Polymer families for drug delivery systems of antioxidants for CRC.

Mixtures and composites are alternative strategies for creating a synergistic response in the
system [126,127]. In the following sections, the strategies for each polymer type in drug delivery
systems for CRC are described.
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6.4. Polymers for Encapsulating Antioxidants for Colorectal Cancer

Antioxidants for drug delivery have more than 4600 documents indexed in Scopus, with an
accelerated growth from 2000 to date. From those, around 44.6% include the word “polymer”,
which hints at the relevance of creating polymer-based drug delivery systems to protect these
compounds. For encapsulating antioxidants, all polymer families have been used for the drug delivery
of these compounds.

6.4.1. Polysaccharides and Derived Polysaccharides

Polysaccharides are carbohydrate polymers composed of long chains of monosaccharides, such as
glucose, fructose, and galactose, among others [128]. Polysaccharides can respond to pH, colon enzyme
degradation, or peristaltic movement. For instance, chitosan can response to pH changes, starches can be
degraded by amylase enzymes, and ethyl cellulose can be broken by colon waves [129]. Polysaccharides
have garnered attention because, like antioxidants, they come from natural sources, allowing the
development of bio-based therapies for CRC. Antioxidants have been successfully encapsulated using
polysaccharides for nanocapsules such as cellulose, chitosan, and alginate, among others.

Cellulose is the most abundant polymer on earth; it is composed of β1-4 linked d (+)
glucose [124,130,131]. Cellulose and its derivatives have been reported as carriers of antioxidants.
For instance, Sunnasee et al. (2019) grafted β-cyclodextrins in cellulose nanocrystals, demonstrating
that this system is not immunogenic and does not induce oxidative stress in the cell, thus it is safe
for intracellular drug delivery [132]. Li et al. (2019) developed a nanoformulation of quercetin and
cellulose nanofibers with sustained antioxidant activity. The nanocellulose fibers were an effective
nanocarrier of the antioxidant with a loading capacity of 78.91% and encapsulation efficiency of 88.77%;
moreover, the quercetin delivery profile was extended to higher times [133]. Ching et al. (2019)
encapsulated curcumin in cellulose nanocrystals (via acid hydrolysis), adding surfactants to improve
the loading capacity of the release profile of the antioxidant [134]. Ngwabebhoh et al. (2018) developed
a Pickering suspension for encapsulating curcumin using cellulose nanocrystrals [106], finding that the
capsules were stable for up to 8 days at different pHs [106]. However, the application was directed to
antimicrobial properties instead of antioxidants for CRC.

Chitosan is a polysaccharide obtained from chitin deacetylation, composed of β-(1→4)-linked
d-glucosamine (deacetylated unit) and N-acetyl-d-glucosamine (acetylated unit) [135]. It is a cationic
polymer that responds to pH changes and can be converted into hydrogels, making this polymer
attractive for the drug delivery of antioxidants. For instance, Kumar et al. (2015) encapsulated
naringenin (polyphenol) using chitosan nanocapsules. Their studies proved that encapsulated
naringenin has a better anticancer effect than free naringenin [136]. Jeong et al. (2016) crosslinked
chitosan with resveratrol modified with phospholipids to improve its oral bioavailability and low
water solubility. The researchers found an encapsulation efficiency of up to 85.59%, and an in vitro
drug release study suggested a slow and a sustained release governed by diffusion [137].

Shi et al. (2017) encapsulated β-carotene and anthocyanin in (2,2,6,6-Tetramethylpiperidin-1
-yl)oxyl (TEMPO)oxidized polysaccharides, specifically Konjac Glucomannan, in which some
polysaccharides’ hydroxyl lateral groups were converted into carbonyl groups, and then the spheres
were coated with chitosan. The advantage of the system was its ability to generate oil–water stable
systems and to retain the antioxidants at gastric pH values; moreover, the capsules exhibited anticancer
effects [138].

Alginates are salts derived from alginic acid, in which the polymer has a carbonyl lateral group
liked to a glucose unit, making the polymer negatively charged [139]. Sookkasem et al. (2015)
developed novel alginate beads for encapsulating curcumin for colon target therapy; the capsule was
able to prevent release in the upper gastrointestinal tract and immediately release the drug upon the
arrival of the beads in the colon [139]. However, the approach of Sookkasem et al. was not at the
nanoscale; the alginate beads had a diameter in millimeters (macroscale). Similarly, Wang et al. (2019)
developed a macroscale capsule but using ZnO instead of Ca2+ as the crosslinking agent to improve the
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release profile to a longer time [140]. Approaches at the nanoscale for this polymer have been tested
using mixtures and composites, especially with chitosan [141,142], as reported in the following sections.

Maltodextrin (α 1–4 d (+) glucose) is a low molecular weight polysaccharide that has been
broadly used for the encapsulation of food and pharmaceutical ingredients [143]. Ming et al. (2018)
encapsulated red ginseng extract, generating a water/oil emulsion, and then coated it with maltodextrin
using spray-drying. The researchers found particles ranging from 58 to 400 nm and optimized the
conditions to produce them [143]; however, they did not evaluate the release or anticancer effects of
the produced nanocapsules.

Pan et al. (2018) encapsulated curcumin in soybean polysaccharides (mixture of cellulose,
xylogalacturonan, and arabinogalactan, among others), polysaccharides that easily link lipophilic
compounds. The capsules were stable at a pH ranging from 2.0 to 7.0 [144]. Li et al. (2017) encapsulated
phenolic acid antioxidants to prove the effectiveness of producing hollow Arabic gum and short linear
glucans from starch templates. Hollow nanocapsules enhanced the antioxidant activity of the phenolic
acids and improved the stability of their antioxidant activity in challenging environments with high
salt concentrations, and when exposed to UV radiation and high temperatures [145].

Assis et al. (2017) incorporated lycopene nanocapsules in starch films to generate an edible
film material, but the application was focused on packaging instead of biomedical efficacy [146].
Amah et al. (2019) encapsulated catechin in starch-based nanoparticles, providing protection to the
catechin against the harsh gastric environment and helping to retain its bioactive properties during
an in vitro digestion process [147]. Jana et al. (2017) reviewed different strategies for generating
three-stimuli-responsive guar gum composites (pH, time, and enzymes) for colon-specific drug
delivery [148]. Finally, Saffarzadeh-Matin et al. (2017) prepared an apple pomace polyphenolic
extract and encapsulated it in maltodextrin in nanocapsules of 52 nm diameter, optimizing the loading
efficiency of the process [149].

6.4.2. Polyacrylates

Polyacrylates are polymers derived from acrylic acid via free radical polymerization. Nevertheless,
Garay-Jimenez et al. (2011) reported an alternative method for producing polyacrylate nanoparticles
between 40 and 50 nm by emulsion polymerization using a 7:3 mixture of butyl acrylate and styrene in
water containing sodium dodecyl sulfate as a surfactant and potassium persulfate as a water-soluble
radical initiator. The resulting method seemed promising for the encapsulation of bioactive agents of
interest in the biomedical field [150].

Polyacrylates are anionic polymers that present maximum swelling at pH neutral to alkaline, and
minimum under acidic conditions, making them ideal for colon-specific drug delivery systems [151].

Feuser et al. (2016) modified with folic acid polymethyl meta acrylate and ferrous sulfate
to produce superparamagnetic nanoparticles with excellent colloidal stability and high efficacy in
encapsulating lauryl gallate (antioxidant). The release profile of lauryl gallate showed an initial burst
effect followed by a slow and sustained release, indicating a biphasic release system. The lauryl
gallate loaded in superparamagnetic polymethyl methacrylate (PMMA) nanoparticles did not have
any cytotoxic effects on non-tumoral cells. Moreover, the folic acid promoted folate receptor-mediated
endocytosis in tumoral cells, enhancing the anticancer effect of lauryl gallate [152].

Ramalingam et al. (2018) loaded curcumin in electrospun fibers to generate a dressing for the
treatment of skin cancer. The dressing induced cell proliferation and free radical scavenging activity
and up-regulated the expression of CDKN2A in A375 melanoma cells. The cell death of A375 melanoma
cells was dose- and time-dependent, which indicates that treatment with curcumin loaded in the
nanofibers inhibited the growth and induced the cell death of the skin cancer cells [151].

Ballestri et al. (2018) developed a synthetic antioxidant (porphyrin) and encapsulated it in
polymethyl methacrylate (PMMA) core-shell nanoparticle (70 nm diameter) for photodynamic cancer
therapy. Photodynamic cancer therapy uses a light to activate an antioxidant compound. The capsule
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protected porphyrin against unwanted bleaching while preserving the anticancer activity, which was
similar to that of free porphyrin under in vitro testing [153].

Recently, Sobh et al. (2019) synthesized a multi-walled carbon nanotube (MWCNT)/Poly(methyl
methacrylate-co-2-hydroxyethyl methacrylate) P(MMA-co-HEMA) nanocomposite loaded with either
curcumin or its water-soluble derivative via an in situ microemulsion polymerization technique by
using different ratios of multi-walled carbon nanotube MWCNT to drug. Curcumin could be loaded
in higher amounts with high entrapment efficiency values with improved thermal stability with an
increased MWCNT ratio. The in vitro drug release studies of the nanocomposite showed a prolonged
controlled release in the intestinal fluid at pH 7.4 and that ≤ 8% of the drug was lost in the stomach
fluid at pH 1.2 [154].

Sunoqrot et al. (2019) developed a pH-sensitive polymeric nanoparticle of quercetin as a
potential colon cancer-targeted nanomedicine. Quercetin is an abundant plant polyphenol with
demonstrated efficacy in CRC. The researcher developed polymeric nanoparticles of quercetin based
on the pH-sensitive polymer methacrylic acid and copolymers (Eudragit® S100) to achieve colon
pH-specific drug release. The researchers found nanoparticles with a mean diameter of 66.8 nm and a
partially negative surface charge of −5.2 mV. In vitro release testing showed a delay in drug release
in acidic pH but complete release within 24 h at pH 7.2. A cytotoxicity assay on CT26 murine colon
carcinoma cells displayed a significantly higher potency of encapsulated quercetin (IC50 = 0.8 μM)
than free quercetin (IC50 = 65.1 μM) [155].

6.4.3. Polyols

Polyols are polymers with hydroxyl groups [156]. A representative polymer of this family is the
polyvinyl alcohol (PVA), which is synthesized by the hydrolysis of polyvinyl acetate [157,158]. PVA
is a water-soluble polymer that can generate hydrogels by chemical or physical crosslinking [159].
Recent advances are presented below.

Li et al. (2019) improved the solubility of curcumin using d-α-Tocopherol polyethylene glycol 1000
succinate (TPGS), a water-soluble derivative of vitamin E that acts as a surfactant with the ability to
form micellar nanoparticles in water. More importantly, TPGS acts as a potent antioxidant. The complex
TPGS/curcumin was encapsulated using PVA, in which were obtained stable nanoparticles of 12 nm
diameter. The nanoparticle satisfactorily released curcumin in simulated colonic and gastric fluids;
furthermore, the nanoparticles decreased intracellular ROS levels and apoptosis and inhibited the
migration of HT-29 human colon cancer cells more potently than free curcumin. The pharmacokinetic
analysis demonstrated that the nanocapsules were more bioavailable than free curcumin after oral
administration to rats [160].

Wen et al. (2019) developed a core-shell electrospun nanofiber, core (PVA and phycocyanin),
and shell (Polyoxyethylene) for the targeted therapy of CRC. Phycocyanin (PC), a water-soluble
biliprotein (antioxidant), exhibits potent anti-colon cancer properties. The PC-loaded electrospun fiber
mat inhibited HCT116 cell growth in a dose-dependent and time-dependent manner. In particular,
the PC-loaded mat exerted its anticancer activity by blocking the cell cycle at the G0/G1 phase and
inducing cell apoptosis, involving a decrease in Bcl-2/Bax, the activation of caspase 3, and the release
of cytochrome c [161].

Golkar et al. (2019) fabricated via electrospinning, Plantago major Mucilage (PMM) blended with
PVA, in order to produce an electrospun nanofiber. The researchers optimized the electrospinning
parameters (voltage, tip-to-collector distance, feed rate, and PMM/PVA ratio) to obtain nanofibers
with an average diameter of 250 nm. The viscosity, electrical conductivity, and surface tension of the
PMM/PVA solution were 550 Cp, 575 μS/cm, and 47.044 mN/m, respectively [162]. The systems seem
promising for biomedical applications. However, the researchers did not evaluate the effects of the
fibers for CRC treatment.

21



Molecules 2020, 25, 2270

6.4.4. Polyzwitterions

Polyzwitterions are a class of polymers consisting of zwitterionic moieties (anionic and cationic
groups) as monomers. Poly(sulfobetaines), poly(carbobetaines), and poly(phosphobetaines) are
representatives of a special class of polyzwitterions [163]. Gromadzki et al. (2017) developed a
core-shell nanocapsule consisting of a dimer fatty acid-based aliphatic polyester core and zwitterionic
poly(sulfobetaine) shell for the controlled delivery of curcumin, obtaining nanoparticles of <100 nm
in size with an encapsulation efficiency of 98%. The researchers evaluated free and encapsulated
curcumin for cytotoxicity and antioxidant activity in a panel of human cell lines and rat liver
microsomes, respectively. Encapsulated curcumin had superior cytotoxic and antioxidant activity
versus the free drug. In addition, cell viability experiments with non-loaded nanoparticles, both coated
and noncoated, demonstrated that the developed nanoparticles are nontoxic, making them potentially
suitable candidates for systemic passive targeting in cancer therapy, namely for the treatment of solid
tumors exhibiting a high tumor accumulation of the capsules due to enhanced permeability and
retention effects [164].

6.4.5. Polyoxazoline

Poly (2-oxazoline) (POZ) is a class of polymers formed by cationic ring-opening that were first
identified and synthesized over 50 years ago. These polymers are nonionic, biostable, and water-soluble,
and some are polar organic solvents. POZ can be synthesized from readily available non-toxic materials.
The interest in using POZ in medical devices and drug delivery is very recent, and their application in
multiple platforms is now being recognized by drug delivery scientists [165]. Although there is limited
literature about the use of POZ for cancer treatment, some formulations for the treatment of skin cancer
are reported. For instance, Simon et al. (2019) developed ointments with quercetin (core) encapsulated
in POZ (shell). The POZ produced a stable formulation of spherical nanocapsules of 18 nm in size.
Moreover, a good quercetin encapsulation (94% ± 4%) efficiency was observed with these nanosystems,
allowing its homogeneous distribution in the nanocapsule.Therefore, Q-MM can be used as a reservoir
of quercetin. Once loaded, quercetin’s impact on cancer cell viability was doubled while its antioxidant
efficacy was preserved [166]. Accordingly, POZ are an alternative for the encapsulation of antioxidants;
hopefully, some new advances in oral drug formulations will be presented in the following years that
can be used for CRC.

6.4.6. Polypeptides and Polyaminoacids

Polyaminoacids (PAA) and polypeptides (PPD) are polydisperse structures formed by the
condensation of amino acid monomers through amide bonds that, contrary to proteins, cannot fold
into globular or fibrillar structures [167]. In addition, they can carry versatile reactive functional
groups on their side chains (carboxylic acid, hydroxyl, amino, and thiol groups) that allow for a
variety of chemical modifications and compatibility with a wide range of bioactive compounds.
Some outstanding nanocapsules of polyaminoacids have been developed for cancer treatment. For
instance, Choi et al. (2018) encapsulated Celastrol (antioxidant) in PEGylated polyaminoacid-capped
mesoporous silica nanoparticles for mitochondria-targeted delivery in solid tumors [107], and Patsula
et al. (2019) modified maghemite nanoparticles with poly (l) poly(l-lysine) to protect the iron dioxide
core from reaction with the encapsulated antioxidant (epigallocatechin-3-gallate from tea) and to
promote the internalization of the nanoparticle of the system into the cancer cell [168].

PPD are special polymers that exhibit antioxidant properties themselves; in Table 3, some recent
studies are presented.
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Table 3. Recent advances in polypeptides (PPD) with antioxidant effects for CRC.

Polypeptide Authors Main Findings Reference

Arca subcrenata
Polypeptides

Hu et al. (2019)

Arca subcrenata polypeptides (PAS) inhibited the growth of
HT-29 cells with an LC50 value of 117 μg/mL after 48h
treatment, and significantly suppressed the tumor
growth in nude mice bearing xenografted HT-29 cells at
a dosage of 63mg/kg, with little influence on normal
colon cells and normal colonic mucosa. PAS were then
inspiringly found to induce apoptosis and G2/M phase
arrest in HT-29 cells. The effect’s mechanism involved in
the inhibition of IGF-1/IGF-1R signaling activation,
which was responsible for inactivating the downstream
Akt/mTOR pathway. PAS significantly inhibited the ATP
production of HT-29 cells both in vitro and in vivo.

[169]

Legume Seed
Polypeptides

Lima et al. (2016)

Albumin and globulin fractions from legume seeds were
screened for MMP-9 inhibitors (enzymes related to
cancer growth and metastasis). Lupin seeds contain the
most efficient MMP-9 inhibitors of all legume seeds
analyzed, inhibiting both gelatinases and HT29
migration and growth, while pea seeds showed no effect.
Results reveal legume protein MMPIs as novel
metalloproteinase inhibitors of possible pharmacological
interest.

[170]

Black Soybean Peptides Chen et al. (2019)

The peptide fractions that were collected in each step
were tested for their antioxidant capacity and anticancer
activities against cancer cell lines. The most active
fraction with a molecular weight of 455.0 Da showed the
highest free radical scavenging and hydroxyl radical
scavenging activity with LC50 values of 0.12 and 0.037
μM, respectively. Moreover, it showed high cytotoxic
potential against cancer cells. The amino acid sequence
was identified as Leu/Ile-Val-Pro-Lys (L/I-VPK).

[171]

Polypeptides from
Intestinal Digestion of
Germinated Soybean

González-montoya et
al. (2018)

The protein concentrate from germinated soybean was
hydrolyzed with pepsin/pancreatin and fractionated by
ultrafiltration. Whole digest and fractions > 10, 5–10,
and < 5 kDa caused cytotoxicity to Caco-2, HT-29, and
HCT-116 human colon cancer cells, and reduced
inflammatory responses caused by lipopolysaccharide in
macrophages RAW 264.7. Antiproliferative and
anti-inflammatory effects were generally higher in 5–10
kDa fractions. The most potent fraction was mainly
composed of β-conglycinin and glycinin fragments rich
in glutamine.

[172]

Sweet Potato Protein
Hydrolysates

Zhang et al. (2018)

Six sweet potato protein hydrolysates (SPPH) showed
certain antiproliferative effects on HT-29 cells.
Specifically, Alcalase exhibited the highest
antiproliferative effect with the lowest LC50 value of
119.72 μg/mL. SPPH by Alcalase were further separated
into four fractions (> 10, 5–10, 3–5 and < 3 kDa).
Fractions < 3KDa showed the strongest antiproliferative
effects, which were 43.87% at 100 μg/mL (p < 0.05). The
<3 kDa fractions could cause G2/M cell cycle arrest with
increased p21 expression and induce apoptosis via
decreasing Bcl-2 expression, increasing Bax expression,
and inducing caspase-3 activation in HT-29 cells. In
addition, <3 kDa fractions could significantly inhibit the
cell migration of HT-29 cells.

[173]

Regarding proteins, there are reports of silk proteins that are able to stabilize polar and non-polar
antioxidants, due to the amphiphilic properties of fibroin. For example, Lou et al. (2016) used fibroin to
stabilize vitamin C, curcumin, and epigallocatechin gallate. The results indicated that these antioxidants
presented improved environmental stabilities of up to 14 days due to the binding of antioxidant
molecules to the hydrophobic or the hydrophilic/hydrophilic boundary regions of silk [174]. Despite
this work not being directly focused on CRC, it is highly relevant because antioxidants can easily react
with air and other environmental conditions, losing their ROS -scavenging properties, prior to be
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consumed by the patient; without stabilization, the antioxidant simply will have little or no effect in
the patient. Lerdchai et al. (2016) designed a mixture of Thai silk fibroin/gelatin (denaturalized protein)
sponges for the dual controlled release of curcumin and docosahexaenoic acid for localized cancer
treatment. The sponges were fabricated by freeze-drying and glutaraldehyde cross-linking techniques.
The highly cross-linked and slowly degrading silk fibroin/gelatin (50/50) sponge released curcumin
and/or DHA at the slowest rate (for 24 days). Sponges were not toxic to L929 mouse fibroblasts, but a
ratio of 1:4 (curcumin/docosahexaenoic acid) had the highest inhibitory effect on the growth of cancer
cells [175]. Finally, Lozano-Pérez et al. (2017) encapsulated quercetin in silk fibroin nanoparticles
(175 nm diameter). The nanoparticles had a negative surface charge that allowed the sustained release
of the antioxidant that occurred throughout the experiment in both phosphate buffer saline (pH 7.4)
and simulated intestinal fluid (pH 6.8) [176].

6.4.7. Polyesters

Polyesters are polymers that contain the ester functional group in their main chain [156]. Polyesters
are produced via condensation or ring-opening reactions. Due to the strong presence of oxygen groups,
this polymer can poses a negative charge that can respond to pH changes [177]. Moreover, some
polyesters can be enzymatically degraded such as in the case of polycaprolactone (PCL), polylactic
acid (PLA), and polyhydroxyalkanoates (PHA), among others [178–181]. Lipases are an important
group of esterases for the biodegradation of aliphatic polyesters. They are produced in the pancreas,
liver, and digestive system to break down fat [180]. Fat and polyesters have the same functional
groups (esters), which leads the enzyme to degrade these polymers. For CRC, antioxidants have been
successfully encapsulated in PLA and in Poly (dl-lactic-co-glycolic) acid (PLGA). PCL and PHA have
been employed via mixtures and copolymers, as described in Section 6.4.9.

Alippilakkotte et al. (2018) encapsulated curcumin in polylactic acid (PLA) using an eco-friendly
emulsification-solvent evaporation strategy. The method resulted in an efficiency of around 90%. The
in vitro release studies showed a sustained curcumin release, after a burst release, in the initial 12 h.
The curcumin-loaded PLA nanocapsules could easily penetrate into the cancer cells and can cause a
sustained drug release for effective cancer treatment [177].

Pereira et al. (2018) encapsulated Guabiroba phenolic extract in Poly (dl-lactic-co-glycolic) acid
(PLGA) nanoparticles to improve the stability, bioavailability, and bioactivity of the extract. The
encapsulated extract proved to present a higher antioxidant capacity compared to free extract. Moreover,
a reduction in ROS generation in non-cancer cells was achieved with lower extract concentrations
(p < 0.05) after encapsulation [181].

6.4.8. Poly(vinylpyrrolidones)

Polyvinylpyrrolidone (PVP), commonly called polyvidone or povidone, is a water-soluble polymer
made from the monomer N-vinylpyrrolidone by free-radical polymerization in the presence of AIBN
as an initiator [182]. Dry PVP is a hygroscopic powder and readily absorbs up to 40% of water by its
weight [182]. Nanofibers, particles, and films have been loaded with antioxidant extracts for drug
delivery systems.

Sriyanti et al. (2017) and Andjani et al. (2017) developed electrospun nanofiber mats of
polyvinyl(pyrrolidone) (PVP) with Garcinia mangostana extract (GME). The researchers found strong
interactions of the PVP with the extract, which was molecularly dispersed in the electrospun PVP
nanofiber matrix. The composite nanofiber mats exhibited very high antioxidant activities despite
having been exposed to a high voltage during electrospinning [183,184]. A similar strategy was
adopted by Andjani et al. (2017) and Zahra et al. (2019) using rotatory force spinning for encapsulating
GME and Garlic (Allium sativum) extract; however, the obtained fibers were at the microscale [185,186].

Kamaruddin et al. (2018) developed sub-micron particles by the electrospraying of PVP and green
tea extract. The researchers optimized the processes for obtaining the particles and saw the potential
for drug delivery systems [186]. However, the particles were not tested for drug delivery applications
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for colorectal cancer. Similarly, Guamán-Balcázar et al. (2019) generated sub-micron particles of PVP
with mango leaf extract, finding a relationship between the mango leaf extract/PVP ratio, temperature,
and pressure of the supercritical antisolvent extraction process with the particle size (some of the
particles were at the nanoscale). The in vitro desorption test showed a release profile of the extract
components lasting up to 8 h under simulated intestinal fluids at pH 6.8 [187].

Contardi et al. (2019) produced a new material of PVP plasticized with p-coumaric acid for the
encapsulation of bioactive compounds of interest in the pharmaceutical industry. An initial model
of the encapsulation of carminic acid was evaluated, finding that by varying the ratio of PVP to
p-coumaric acid, the release profile can be adjusted from minutes to hours; for instance, a ratio of 2:1
(PVP/p-coumaric acid) has a release profile lasting up to 70 h to obtain 100% release [188].

6.4.9. Composites, Copolymers, and Mixtures

Composites and polymer mixtures take advantage of the synergystic effects of two polymers. For
instance, one polymer may be highly compatible with the bioactive compound but not pH sensitive,
thus the combination with another shell polymer will tailor the release profile. Some recent advances
are presented below.

Thanyacharoen et al. (2018) developed a composite material of polyvinyl alcohol with chitosan to
deliver gallic acid (antioxidant). The results seem promising as the gallic acid was released for periods
longer than 16 h and its antioxidant properties were conserved [189].

Al-Ogaidi (2018) mixed two polysaccharides, alginate, and chitosan, to load vitamin C into
nanoparticles of 25–30 nm in size. Moreover, Al-Ogaidi evaluated the effect of the pH on the overall
size of the system, finding higher release at a pH of 6. Furthermore, it was found that entrapping
vitamin C within the nanoparticle enhanced its anticancer activity [142]. Similar studies were carried
out by Aluani et al. (2017) using quercetin instead of vitamin C [190]. Rahaiee et al. (2017) developed
alginate–chitosan nanoparticles to stabilize crocin, an antioxidant with anticancer effects; crocin is highly
sensitive to pH, heat, and oxidative stress, making its effectiveness reduced. The alginate–chitosan
nanoparticles showed a controlled release profile in simulated gastrointestinal fluids and effectively
protected crocin from the environment prior to being released [191].

Huang et al. (2016) improved the water dispersibility of curcumin, using core-shell nanoparticles
of zein (core) and alginate–pectin (shell). The researcher found that curcumin-loaded core-shell
nanoparticles were shown to have superior antioxidant and radical scavenging activities compared to
curcumin solubilized in ethanol [192]. Likewise, Wei et al. (2019) developed zein–propylene glycol
alginate–rhamnolipid composite nanoparticles to overcome the limitations of resveratrol such as water
insolubility and chemical instability; the nanoparticles controlled the release for up to 2 h [193].

Arunkumar created nanocapsules of 100 nm using poly (lactic-co-glycolic acid)-polyethylene
glycol to improve the solubility and stability of lutein (an antioxidant with poor solubility). The capsules
showed higher stability and improved the bioability of the lutein, enhancing the antiproliferative effect
of the antioxidant, evidenced by the lower lethal concentration (LC50) of 10.9 μM for the nanocapsules
and 25 μM for free lutein [194].

Jaiswal et al. (2019) synthesized methyl methacrylate (MMA)-modified chitosan (CS) by a green
method via a Michael addition reaction between CS and MMA in ethanol. The nanoparticles of
approximately 100 nm had, in an in vitro drug release study, a maximal curcumin entrapment efficiency
up to 68% with a high release at a pH of 5.0 and a lower one at physiological pH [195]. Positive
charges on chitosan will generate maximum delivery at acid pH (stomach) rather than neutral (colon).
Consequently, this strategy is not recommended for CRC treatment, since curcumin would be delivered
before arriving at the desired area.

Eatemadi et al. (2016) developed a nanoparticle of PCL-PEG-PCL to encapsulate chrysin
(antioxidant). The researcher investigated the effect of chrysin-loaded PCL-PEG-PCL on the T47D
breast cancer cell line. The cell viability assay showed that chrysin has a time-dependent cytotoxic
effect on the T47D cell line. Furthermore, the conducted studies showed that encapsulated chrysin has
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a higher antitumor effect on the gene expression of FTO, BRCA1, and hTERT than free chrysin [196].
This study was not focused on CRC, but these systems can be easily extrapolated to gastrointestinal
drug delivery.

Wu et al. (2016) evaluated the structural, mechanical, antioxidant, and cytocompatibility
properties of membranes prepared from PHA and arrowroot (Maranta arundinacea) starch powder
(ASP). Furthermore, the researchers grafted acrylic acid to PHA (PHA-g-AA). The PHA-g-AA/ASP
membranes had better mechanical properties than the PHA/ASP membrane. This effect was attributed
to greater compatibility between the grafted PHA and ASP. The water-resistance of the PHA-g-AA/ASP
membranes was greater than that of the PHA/ASP membranes, and a cytocompatibility evaluation
with human foreskin fibroblasts indicated that both materials were nontoxic. Moreover, ASP enhanced
the polyphenol content and antioxidant properties when they were encapsulated [197].

6.5. Polymers for Encapsulating Synthetics and Hybrid Adjuvants for CRC

Synthetics and hybrid adjuvants are based on 5-FU. As explained previously, 5-FU is the gold
standard for cancer and CRC adjuvant treatment. However, along with the growing interest in natural
antioxidants, new hybrid compounds derived from 5-FU conjugated with natural or synthetic molecules
have been developed; for example curcumin, has been conjugated with 5-FU to act synergistically
by enhancing cellular uptake and accumulation, by inducing the destabilization of the cytoskeleton
and loss of mitochondrial membrane potential, initiating early and late apoptosis in cancer cells [198].
Furthermore, synthetic drugs can be mixed with other natural or synthetic compounds to potentiate
them or reduce the side effects. An example of this strategy is the mixing of 5-FU with resveratrol to
reduce the toxicity of 5-FU against healthy cells [199]. Examples of other hybrids and mixtures were
reviewed by Carrillo et al. (2015); the paper can be consulted in the following reference: [200].

The first attempts at looking at polymer encapsulation techniques for 5-FU and its derivatives are
limited, mainly due to 5-FU being first patented in 1957 and then the research into encapsulating the
molecule being governed by pharmaceutical companies. However, today, most of the patents have
expired, making these compounds attractive for developing drug delivery systems. According to
Scopus, there are more than 2800 documents related to 5-FU drug delivery systems. In 2018, more than
180 papers were published, and among them, 114 include the word “polymer”. In the Table 4, some
representative work from 2015 to 2019 is presented.

Table 4. Recent advances in using 5-fluorouracil (5-FU) and its derivatives in polymer encapsulation
strategies for CRC.

Compounds Polymers Highlights References

5-FU Mixed with
Doxorubicin (Dox)

Dendritic nanomicelle of poly lactic
acid (core) and polyamidoamine
dendron (shell)

The nanocapsule has a diameter of 68.6 ± 3.3
nm and shows a pH-sensitive drug release
behavior. The parallel activity of 5-FU and Dox
shows synergistic anticancer efficacy.

[201]

Core-shell nanocapsules; core:
mesoporous silica; shell:
chitosan/PEG

Drug loading (0.15–0.18 mg of 5FU/mg capsule).
Controlled release profiles (15–65%) over 72 h.
Cell specific cytotoxicity in cancer cells.

[202]

Nanoparticles of PLGA conjugated
with folic acid

Lower LC50 for encapsulated 5-FU against
HT-29 cancer cells compared with free 5-FU.
Folic acid on the surface of the nanoparticles
induces a rapid intake of the nanoparticle into
the cell.

[203]
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Table 4. Cont.

Compounds Polymers Highlights References

5-FU

Complex of casein-coated iron oxide
nanoparticles and folic
acid-conjugated chitosan-graft-poly
(2-dimethylaminoethyl
methacrylate)

Lower toxicity to normal cells. pH-sensitive
nanoparticles. Magnetic-sensitive nanoparticles. [204,205]

Loaded β-cyclodextrin-carrying
polymeric
poly(methylmethacrylate)-coated
samarium ferrite nanoparticles

Zirconium metal organic
nanoparticles (5-FU encapsulated in
the crystal structure of Zirconium)
coated with PEG

The encapsulation system is photosensitive,
releasing the drug in response to the light [206,207]

5FU conjugated with chitosan

Non-coated and chitosan-coated
alginate beads in a 3D printed tablet
of polyacrilates

Controlled release of 5-FU from the alginate beads
encapsulated within the hollow pH-sensitive tablet
matrix at pH values corresponding to the colonic
environment.

[208]

Electrospum nanofibers of
PCL/chitosan

High chitosan ratios led to increasing the drug
release period. The release mechanism for all
nanofibers was Fickian diffusion according to
Korsmeyer–Peppas model.

[208]

Crosslinked Sesbaniam gum
(polyssacharide)

pH-responsive encapsulation system for
colon-specific release. [209–213]

Carboxymethyl
chitosan-grafted-poly (Acrylic
Acid)-based

5-FU poly (l-lactide) composite by
supercritical CO2 antisolvent

ZnO/carboxymethyl
cellulose/chitosan nanocomposite
beads

Azo hydrogels consisting in acryloyl
chloride copolymerized with
polyacrylates

Carboxylic curdlan and chitosan

Spherical morphology with an average size of
about 180 nm and a zeta potential of around 41 mV.
Encapsulation efficiency (86.47%) and loading
content (10.81%).

[214]

5-FU and Metformin
(ME)

Injectable hydrogels of
PEG-b-poly(l-lysine)

In vitro degradation and drug release studies
demonstrated that both ME and 5FU were released
through hydrogels in a controlled and
pH-dependent manner. The hydrogels had
synergistic inhibitory effects on the cell cycle
progression and cell proliferation in colon cancer
cells, resulted from a combination of p53-mediated
G1 arrest and apoptosis in C26 cells.

[215]

5-fluorouracil and
Oxaliplatin

Poly (3-hydroxybutyrate-co-3-
hydroxyvalerate acid)/poly
(lactic-co-glycolic acid)

Higher anticancer activity using encapsulated
drugs over free drugs. The nanoparticles are
hemocompatible. Platform for co-delivery of
anticancer compounds.

[210]

Doxorubicin Lycium barbarum polysaccharides

The doxorubicin release from the nanoparticles
was pH-dependent and was accelerated by
decreasing pH. Cytotoxicity study showed that the
loaded nanoparticles have significantly enhanced
cytotoxicity in vitro, especially for human cancer
cell lines.

[216]

5-FU and Curcumin
Chitosan/reduced graphene oxide
nanocomposites

Higher encapsulationn efficiency (>90%). The
synergistic cytotoxicity was observed upon
addition of 5-FU and curcumin loaded in the
nanocomposite, which shows the effectiveness of
the system toward the inhibition of growth of
HT-29 colon cancer cells. Better cytotoxicity with
an LC50 of 23.8 μg/mL was observed for the
dual-drug-loaded nanocomposite.

[217]
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According to the above table, recent advances in synthetic adjuvants have been focused on
improving the bioavailability of 5-FU. For example, for a pH-sensitive polymer that will deliver the
5-FU in the colonic area, the modification of the polymer surface with folic acid makes it selective for
receptors that are more active in cancer cells, for targeted therapy. Moreover, the blending of polymers
and bioactive compounds is a new approach to reducing the toxic side effects of 5-FU and enhancing
its therapeutic effects.

7. Conclusions

Actual cancer treatment is helping to increase the survival rates and prognosis and, in some
cases, to cure cancer in patients. Nevertheless, the fight against cancer is not over, especially for CRC,
which is one of the most aggressive cancer types. Consequently, cancer is and will remain a hot topic
in research.

Among the different adjuvant therapies for complementing or avoiding the surgical removal
of the affected area, oral chemotherapy is the most convenient for patients and health professionals.
Chemotherapy treatment is continuously evolving to reduce side effects and enhance the therapeutic
effects of natural and synthetics drugs, using strategies involving the encapsulation of bioactive
compounds. Furthermore, thanks to molecular biology and chemistry, researchers can quickly check
the anticancer properties of bioactive compounds in vitro and in vivo in order to compare treatments.

Polymers are versatile biomaterials that can be loaded with CRC-targeting compounds and
processed to tailor the desorption kinetics to respond to pH, enzymes, cellular receptors, and time,
among others. Despite none of the studies aiming to compare response types (pH, enzymes, time,
or cellular receptors), pH-responsive polymers are seemingly the most promising, so new research
should be focused on studying polymer families with other ways of responding to stimuli. In vivo
pharmacokinetics are a useful tool to compare polymers and bioactive compounds in order to optimize
the therapeutic effects of such compounds.

Finally, it can be concluded that antioxidants are emerging compounds that, in the short term,
will complement current chemotherapy treatments, and in the long term, these natural drugs will
replace 5-FU and will play an important role in curing colorectal cancer.
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Abstract: Background: Drug-coated balloons (DCBs), which deliver anti-proliferative drugs with
the aid of excipients, have emerged as a new endovascular therapy for the treatment of peripheral
arterial disease. In this study, we evaluated the use of keratose (KOS) as a novel DCB-coating
excipient to deliver and retain paclitaxel. Methods: A custom coating method was developed to
deposit KOS and paclitaxel on uncoated angioplasty balloons. The retention of the KOS-paclitaxel
coating, in comparison to a commercially available DCB, was evaluated using a novel vascular-motion
simulating ex vivo flow model at 1 h and 3 days. Additionally, the locoregional biological response of the
KOS-paclitaxel coating was evaluated in a rabbit ilio-femoral injury model at 14 days. Results: The KOS
coating exhibited greater retention of the paclitaxel at 3 days under pulsatile conditions with vascular
motion as compared to the commercially available DCB (14.89 ± 4.12 ng/mg vs. 0.60 ± 0.26 ng/mg,
p = 0.018). Histological analysis of the KOS–paclitaxel-treated arteries demonstrated a significant
reduction in neointimal thickness as compared to the uncoated balloons, KOS-only balloon and
paclitaxel-only balloon. Conclusions: The ability to enhance drug delivery and retention in targeted
arterial segments can ultimately improve clinical peripheral endovascular outcomes.

Keywords: Keratose; drug-coated balloon; paclitaxel; drug delivery; pre-clinical; peripheral arterial
disease; endovascular

1. Introduction

Drug-coated balloons (DCBs) represent a new therapeutic approach to treat peripheral arterial
disease (PAD) [1–5]. In the United States, PAD affects more than eight million people, with an annual
cost of roughly $21 billion [6]. Traditionally, endovascular treatment of PAD has been performed by
balloon angioplasty or the placement of a permanent metallic stent [7,8]. However, results are poor,
with 50–85% of patients developing hemodynamically significant restenosis (re-occlusion), and 16–65%
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developing occlusions within 2 years post-treatment [9,10]. The use of anti-proliferative drugs in
combination with bare metal stents, i.e., drug-eluting stents (DES), was a major breakthrough and
highly successful in treating coronary artery disease [11,12]. However, stents have shown very poor
clinical outcomes in treating PAD, as they are subjected to biomechanical stress and severe artery
deformation (twisting, bending, and shortening), leading to high fracture rates (up to 68%) and
restenosis [13].

DCBs, which were FDA-approved for the treatment of PAD in late 2014, provide a new therapeutic
approach for interventionalists to practice a ‘leave nothing behind’ procedure, preserving future
treatment options DCBs are angioplasty balloons directly coated with an anti-proliferative therapeutic
drug and an excipient (drug carrier) [1,14–18]. The excipient enhances the adhesion of the drug to the
balloon surface, increases the stability of the drug coating during handling and delivery, and maximizes
drug retention to the targeted arterial segment. [18–24] Current DCBs excipients include polysorbate
and sorbitol, urea, polyethylene glycol (PEG) and butyryl-tri-hexyl citrate (BTHC). The rationale for
the selection of these various excipients varies. For example, excipients such as polysorbate and PEG
are known cosolvents of paclitaxel [25,26], which can alter the vessel interaction of the drug with the
DCB device. Conversely, urea acts to increase paclitaxel release at the lesion [18] and PEG has been
shown to bind to hydroxylapatite, a primary component of calcified atherosclerotic lesions [17,19,23,24],
thereby improving local pharmacodynamics.

However, more recent pre-clinical studies have demonstrated the potential of DCB excipients to
embolize and travel downstream to distal tissue post-treatment [27,28]. As peripheral arteries undergo
severe mechanical deformation, excipients should aid in maintaining drug residency on the luminal
surface, in particular at the early time phase, prior to the buildup of tissue, following delivery onto the
luminal surface of the artery. Therefore, novel excipients that are capable of maintaining drug residency
while minimizing downstream or off-target effects are needed. Keratins are a class of proteins that can
be derived from numerous sources, including from human hair. Keratins have been shown to achieve
the sustained release of small-molecule drugs and growth factors [29,30]. Further, keratin films have
been reported for use in vascular grafts to reduce thrombosis, suggesting their utility in cardiovascular
applications [31]. The goal of this study was thus to examine the ability to use an oxidized form of
keratin (known as keratose (KOS)) as a new drug carrier excipient to aid in the delivery and retention
of the anti-proliferative drug, paclitaxel. Specifically, the mobility, retention and biological impact of a
KOS–paclitaxel-coated DCB was determined using ex vivo and in vivo models.

2. Results

2.1. Ex Vivo Results

The non-coated angioplasty balloons were successfully coated with the KOS–paclitaxel mixture
(Figure 1D,E). To determine the impact of vascular deformation on DCB retention, both the
KOS–paclitaxel DCB and the commercially available DCB were tested under only physiological
pulsatile conditions (no twisting or shortening) and physiological pulsatile conditions with vascular
deformation conditions. The pulsatile flow conditions consisted of pressures ranging from 70 to
120 mmHg with a mean flow rate of 120 mL/min at 60 beats per minute. The vascular deformation
conditions consisted of the artery shortening 10% in the axial direction and twisting of the artery at
15◦/cm. The frequency of the artery twisting and shortening was 0.05 Hz (3 cycles/min). All DCBs were
inserted through a 6 Fr sheath into the closed-circulatory system under the physiological pulsatile
conditions. The treated sections of the artery were marked during inflation of the DCBs. It is noted
that vascular deformation (twisting and shortening) occurred following 4 h of physiological pulsatile
conditions of DCB deployment. At timepoints of 1 h and 3 days, the treated section of the arteries were
removed and analyzed for arterial tissue paclitaxel concentration (Figure 2). There was a reduction
in arterial paclitaxel levels from 1 h to 3 days post-treatment for both the KOS–paclitaxel and the
commercially available DCB under physiological pulsatile conditions (3 days—pulse only: KOS-PXL:
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17.56 ± 7.19 ng/mg vs. commercial DCB: 24.44 ± 27.03, p = 0.96, Table 1). However, under pulsatile and
vascular deformation, paclitaxel was significantly retained within the treated artery (3 days—pulse
and vascular deformation: KOS-PXL: 14.89 ± 4.12 ng/mg vs. commercial DCB: 0.60 ± 0.26, p = 0.018).

Figure 1. Schematic illustration of the novel peripheral simulating bioreactor system. (A) Two servos
(a and b) provide axial deformation and twisting, respectively. Servo (a) moves the harvested arteries
(c) forward and backward in a linear motion. Servo b rotates the artery by degrees. The three-way
values (d and e) are used to introduce flow and pressure to the artery. The artery is surrounded by
matrigel, mimicking external tissue, providing support during vascular movement (insert, black arrow).
(B,C) Harvested arteries under pulsatile (no deformation) and pulsatile conditions with peripheral
deformation. (D,E) Gross photos of an uncoated balloon and a keratose–paclitaxel coated balloon.
(F,G) Diameter measurements performed by ultrasound on the harvested artery.
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Figure 2. Paclitaxel levels of the drug-coated balloon (DCB) and the keratose–paclitaxel
(KOS-PXL)-coated balloon arterial segments undergoing pulsatile flow conditions versus pulsatile flow
conditions with vascular motion.

Table 1. Ex vivo arterial drug concentration measurements of treated arteries.

KOS-PXL Commercial DCB p Value

Time Points ng/mg ng/mg

1 h (pulse only) 41.01 ± 32.11 82.88 ± 31.81 0.30
3 day (pulse only) 17.56 ± 7.19 24.44 ± 27.03 0.96

3 day (pulse + vascular motion) 14.89 ± 4.12 0.60 ± 0.26 0.018
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2.2. Histomorphometric Results

Following ex vivo studies, in vivo studies were performed using the rabbit ilio–femoral injury
model to determine the impact of the KOS excipients on vascular remodeling. The animals were treated
with a KOS-paclitaxel (n = 4), KOS-only balloon (n = 4), paclitaxel-only balloon (n = 4) or an uncoated
balloon (n = 4). All arteries were treated successfully without any signs of dissection or thrombosis,
and all animals survived the duration of the study. At 7 days, morphometric analysis demonstrated
similar area measurements, including the EEL, IEL, lumen and media, for all treatment groups
(Table 2). Neointimal thickness was significantly different between the varying groups (no coating:
0.10 ± 0.011 mm vs. KOS-only: 0.069 ± 0.022 mm vs. PXL-only: 0.066 ± 0.018 mm vs. KOS-PXL:
0.53 ± 0.003 mm, p = 0.005, Figure 3). Although percent area stenosis was the least in the KOS-PXL
group, differences between the group were non-significant (no coating: 10.88% ± 4.52% vs. KOS-only:
9.99% ± 3.78% vs. PXL-only: 7.92% ± 3.84% vs. KOS-PXL: 6.80% ± 2.74%, p = 0.45).

Table 2. Summary of the morphometric and histological measurements in the rabbit iliac–femoral
injury model.

No Coating KOS-only PXL-only KTO-PXL p Value

Morphometric
Measurements

EEL, mm2 1.87 ± 0.33 1.64 ± 0.63 1.98 ± 0.48 1.39 ± 0.39 0.37
IEL, mm2 1.32 ± 0.24 1.15 ± 0.55 1.58 ± 0.24 0.99 ± 0.45 0.52

Lumen, mm2 1.18 ± 0.24 1.00 ± 0.55 1.32 ± 0.30 0.92 ± 0.43 0.58
Media, mm2 0.55 ± 0.10 0.50 ± 0.11 0.59 ± 0.18 0.40 ± 0.08 0.21

Neointimal area, mm2 0.15 ± 0.06 0.14 ± 0.04 0.11 ± 0.05 0.06 ± 0.02 0.085
Neointimal thickness, mm 0.10 ± 0.011 0.069 ± 0.022 0.066 ± 0.018 0.053 ± 0.003 0.005

Percent area stenosis, % 10.88 ± 4.52 9.99 ± 3.78 7.92 ± 3.84 6.80 ± 2.74 0.45
Histological Analysis

Injury 1.00 ± 0.41 0.75 ± 1.19 1.13 ± 1.32 0.50 ± 0.41 0.74
EC Score 0.25 ± 0.50 0.00 ± 0.00 0.25 ± 0.50 1.50 ± 0.58 0.013

Inflammation 0.25 ± 0.50 0.00 ± 0.00 0.50 ± 0.58 0.25 ± 0.50 0.86
SMC Loss 0.00 ± 0.00 0.00 ± 0.00 0.25 ± 0.50 1.00 ± 0.82 0.081

Abbreviations: EEL—external elastic lamina, IEL—internal elastic lamina, EC—endothelial cell, SMC—smooth
muscle cell.

 

Figure 3. Representative images of the arterial response following the varying treatment groups.
H&E staining demonstrated neointimal growth for (A) the uncoated balloon group, (B) keratose-only
coated balloon, (C) paclitaxel-only coated balloon and (D) keratose–paclitaxel coated balloon at 7 days.
Neointimal growth is marked by double-arrow heads.
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Histological analysis demonstrated minimal injury for all groups at 7 days with the greatest
endothelial cell loss in the KOS–paclitaxel treated arteries (no coating: 0.25 ± 0.50 vs. KOS-only:
0.00 ± 0.00 vs. PXL-only: 0.25 ± 0.58 vs. KOS-PXL: 1.50 ± 0.58, p = 0.013). Inflammation was minimal
for all groups and there was a trend towards greater SMC loss in the KOS–paclitaxel group (no coating:
0.00 ± 0.00 vs. KOS-only: 0.00 ± 0.00 vs. PXL-only: 0.25 ± 0.50 vs. KOS-PXL: 1.00 ± 0.82, p = 0.45).
No aneurysmal dilatation or thrombosis was observed in any treated artery.

3. Discussion

This study was designed to evaluate the use of keratose as a novel excipient for peripheral
applications and, specifically, to determine the feasibility of the keratose excipient to retain paclitaxel
under peripheral vascular mechanical environments. This was accomplished by developing a
novel vascular-simulating ex vivo flow system and testing in a clinically relevant pre-clinical model.
Furthermore, the vascular biological response to the keratose excipient was also investigated in the
pre-clinical model. The ex vivo model arterial drug concentration results demonstrated that keratose
significantly improves the retention of paclitaxel as compared to a commercially available DCB.
Histomorphometric results of rabbit arteries treated by keratose demonstrated the safety and efficacy
of the excipient in the delivery of paclitaxel. Overall, these results demonstrate the potential of the
keratose as a DCB excipient for peripheral applications.

Drug-coated balloons are the next-generation treatment for PAD. Approved in the US since late
2014, DCB represented a shift in the approach to treating peripheral artery disease. While the DES
provides a scaffold for long-term drug release, DCBs are limited in the time they can interact with the
target lesion (~30 s to 2 min). Therefore, a major goal of any excipient is to support the retention of the
therapeutic agent to the arterial wall surface, even under vascular deformation conditions. In two
recent studies, the embolization of release particulates from all currently FDA-approved DCB coatings
was investigated [27,28]. Twenty-eight days post-delivery, their results also demonstrated evidence
of distal embolization, including embolic crystalline material, in downstream tissue. Remarkably,
pharmacokinetic analysis of the distal tissue showed similar or higher levels of paclitaxel concentration
as compared to the arterial treatment site, in particular for the IN.PACT DCB. These results indicate
the mobility of the DCB coating following deployment, although, to date, no studies have directly
investigated the impact of vascular deformation on DCB performance.

The vascular-mimicking ex vivo system, to our knowledge, is the first system that can evaluate
the acute drug-loading of arteries treated by endovascular devices under pulsatile and vascular
deformation conditions using explanted pig arteries. Our testing of the KOS coating was performed
under vascular deformation conditions of 10% artery shortening, 15◦/cm twisting at a frequency of
0.05 Hz (3 cycles/min). These conditions were selected to replicate the human periphery motion
of the femoral artery (shortening lengths of 7% and twisting at 11.5◦/cm) and the popliteal–tibial
artery motion (shortening of 15% and twisting at 19.9◦/cm) [32–35]. The frequency of the peripheral
movement will be 0.06 Hz (5184 cycles/day or 3.6 cycles/min), which is based upon the average steps
per day of adults in the US [36]. Our results indicated that the KOS coating maintained paclitaxel
tissue levels under physiological pulsatile and vascular motion conditions 3 days post-delivery.

To further evaluate the DCB coating, we fluorescently tagged (NHS-Fluorescein, Thermo Scientific)
the KOS to visualize the presence of the coating acutely (1 h) and three days post-delivery in
arteries undergoing vascular deformation. The presence of the KOS was confirmed by confocal
microscopy (Figure 4). The mechanism by which this process occurs is not fully elucidated in these
studies. In drug-release experiments with small molecule drugs such as ciprofloxacin from hydrogel
(rather than coating) forms of KOS, we have demonstrated that the rate of drug release correlates with
the degradation rate of the hydrogel material [30]. We note that this degradation process does not
refer to the breaking of peptide (amide) bonds in the keratin, but rather the dissolution of the keratin
hydrogels. This correlation between drug release and KOS dissolution (or degradation) suggested an
interaction between keratin and the drug. In the case of ciprofloxacin, this was found to be associated
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with electrostatic interactions. While the physiochemical characteristics of paclitaxel are different than
ciprofloxacin, such interactions (or others, such as hydrophobic interactions) could be in play and are
an area for further study.

 

A B C

Figure 4. Representative confocal images arterial segments following keratose delivery.
Confocal microscopy confirmed the presence of the keratose at (A) 1 h and (B) 3 days under peripheral
deformation conditions. (C) Negative control depicts the lack of tissue autofluorescence during
confocal imaging.

This previous finding of an interaction between KOS and small molecule drugs is noteworthy due
to the findings of paclitaxel retention in the vessel at 3 days with vascular motion compared to DCB
(Figure 2) and the presence of (fluorescently labeled) KOS on the vascular walls (Figure 4). That is, it is
possible that paclitaxel remains associated with the KOS in a manner not possible with other synthetic
polymers (e.g., PEG) or other (e.g., urea) excipients due to the properties of keratin. In particular,
KOS has been shown to contain RGD and other integrin-binding sequences which may allow it to bind
to the vascular cells [37,38]. Thus, KOS may have a unique ability to associate with the lumen through
integrin-binding with vascular cells while simultaneously retaining the paclitaxel through electrostatic
or hydrophobic interactions.

While it is well-recognized that arterial repair after balloon injury occurs more rapidly in animals
than in humans, animal models still hold a predictive value for the observation of biological effects that
may be associated with drug delivery [39]. In this study, histopathologic evaluation of the KOS–paclitaxel
DCB, along with uncoated balloons, KOS-only balloons and paclitaxel-only DCBs were performed
in a rabbit ilio–femoral injury model, which has been shown to be an appropriate model for the
evaluation of endovascular devices [40–43]. Overall, the morphometric results demonstrated minimal
neointimal growth, as percent area stenoses were less than eleven percent for all groups at the
7-day time point. These results were expected as, in general, peripheral rabbit arteries appear to
be resistant to the development of aggressive neointimal growth with mild balloon to artery ratio
(1.1–1.2:1), especially with plain balloon angioplasty [39,43]. Furthermore, as expected, injury scores
were mild, ranging from 0.50 to 1.13 in all groups. However, by histologic evaluation, the safety
and effectiveness of the KOS–paclitaxel DCB was still evident, based on vascular remodeling and
healing. Specifically, neointimal thickness was significantly reduced in the KOS–paclitaxel DCB
treatment group (no coating: 0.10 ± 0.011 mm vs. KOS-only: 0.069 ± 0.022 mm vs. PXL-only: 0.066
± 0.018 mm vs. KOS-PXL: 0.53 ± 0.003 mm, p = 0.005). Importantly, the endothelization score was
significantly reduced in the KOS–paclitaxel treated arteries, indicative of drug retention (Table 1).
Additionally, there was a trend towards a lower neointimal area and higher loss of smooth muscle
cells (SMCs) in the KOS–paclitaxel DCB group as compared to all others, indicative of drug effect
(no coating: 0.00 ± 0.00 vs. KOS-only: 0.00 ± 0.00 vs. PXL-only: 0.25 ± 0.0.50 vs. KOS-PXL: 1.00 ± 0.82,
p = 0.081). Overall, the in vivo data demonstrate the safety of the keratose coating and a reduction in
neointimal growth by the keratose–paclitaxel DCB.

While our results support the concept of a keratose coating to deliver anti-proliferative drugs
to arterial segments, the study was limited to a healthy animal model and thus did not take
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into consideration diseased arteries, as observed in patients with PAD. For the ex vivo studies,
further characteristic testing of paclitaxel delivery via the drug-coated balloon is warranted to quantify
the amount of drug remaining on the balloon following delivery and to quantify circulating paclitaxel
levels. We also recognize that human lesions are more complex and often include fibrosis, calcification,
hemorrhage and, in most cases, require de-bulking using balloons and atherectomy devices, which may
alter drug transfer and retention. While preclinical studies involving healthy arteries are the standard
model to determine the arterial time drug concentration of cardiac and stent-based intervention devices,
further improvement may be found with a KOS-paclitaxel coating in injury models.

4. Materials and Methods

4.1. Keratose-Coated Balloons

The KOS-coated balloons were prepared as previously described [44,45]. Briefly, paclitaxel
(LC Laboratories, Woburn, MA, USA) was prepared by dissolving paclitaxel in absolute ethanol
followed by sonication at a final concentration of 40 mg/mL. Keratose (KeraNetics LLC, Winston-Salem,
NC, USA) solution was prepared by dissolving lyophilized keratose in iohexol (GE Healthcare,
Little Chalfont, UK) at a 6% weight-to-volume ratio in. An in-house air spray coating method was
used to deposit keratose and paclitaxel in a layered approach on uncoated angioplasty balloons
(Abbott Vascular, Abbott Park, IL, USA) [45]. Coated balloons were then sterilized by UV irradiation.

4.2. Peripheral-Simulating Bioreactor

The peripheral-simulating bioreactor was designed to shorten and twist two harvest porcine carotid
arteries subjected to pulsatile flow conditions (Figure 1A). The overall system (46 × 19 × 19 cm) was
designed to fit inside of a standard CO2 incubator by arranging the arteries in a parallel configuration.
The system utilizes one stepper motor per artery for rotational motion and one stepper motor for the
translational motion of both arteries. Custom connectors were machined to mount the arteries to the
stepper motors. The motion of the stepper motors was measured using rotary encoders (CUI AMT11,
Tualatin, OR, USA) mounted on the shaft of each motor. An Arduino microcontroller with two motor
shields was used to control the motors along with an LCD keypad module to provide an intuitive user
experience, displaying time and cycles remaining for each test and providing physical inputs to start,
stop, input artery length and the duration of testing.

The carotid arteries, positioned within the vascular-simulating bioreactor, were harvested from
large pigs (250–350 lbs.) from a local abattoir and transferred in sterile PBS with 1% antibiotic-antimitotic
(Gibco, Grand Island, NY, USA). The arteries were then rinsed in sterile PBS in a culture hood and
trimmed. Eight-cm-long segments were cut and tied with sutures onto fittings within the ex vivo setup.
The circulating medium consisted of the system made up of Dulbecco’s modified eagle’s medium
containing 10% fetal bovine serum and 1% antibiotic–antimycotic.

4.3. Ex Vivo DCB Testing and Arterial Time Drug Concentration

Prior to any vascular motion (twisting and shortening), all arteries were subjected to pulsatile
flow for 1 h, as defined by a custom LabVIEW program as previously described [42] The pressure was
monitored via a pressure catheter transducer (Millar Instruments, Houston, TX). Flow was monitored
by an ultrasonic flow meter. Following this pre-conditioning phase, the vessel diameter was measured
by ultrasound (Figure 1F,G). Harvested arteries were then treated by either the KOS–paclitaxel-coated
balloon or a commercially available DCB (In.PACT Admiral DCB, Medtronic, Santa Rosa, CA, USA).
The delivery pressure of the DCB was determined by the manufacturers’ specification at a 10–20%
overstretch. At timepoints of one hour and three-days, flow was ceased, and the treated portion of the
vessel was removed. Excised vessels were flash frozen, stored at −80 ◦C and shipped on dry ice to iC42
Clinical Research and Development (Aurora, CO, USA) for the quantification of arterial paclitaxel.
Quantification of arterial paclitaxel levels was performed using a validated high-performance liquid
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chromatography (HPLC)-electrospray ionization- tandem mass spectrometry assay (LC-MS/MS) [44–46].
In brief, the LC-MS/MS system was a series 1260 HPLC system (Agilent Technologies, Santa Clara,
CA, USA) linked to a Sciex 5000 triple-stage quadrupole mass spectrometer (MS/MS, Sciex, Concord,
ON, USA) via a turbo-flow electrospray ionization source. The artery tissue samples were homogenized
using an electric wand homogenizer (VWR 200, VWR International, Radnor, PA, USA) after the addition
of 1 mL of phosphate buffer. Eight hundred (800) μL of 0.2 M ZnSO4 30% water/70% methanol v/v
protein precipitation solution containing the internal standard (paclitaxel-D5, 10 ng/mL) was added.
Samples were vortexed for 5 min, centrifuged (16,000, 4 ◦C, 15 min) and transferred into glass
HPLC vials. Study samples were diluted as necessary for detector signals to fall within the dynamic
MS/MS detector range. One hundred (100) μL of the samples was injected onto a 4.6 × 12.5 mm
extraction column (Eclipse XDB C8, 5 μm particle size, Agilent Technologies, Palo Alto, CA, USA).
Samples were washed with a mobile phase of 15% methanol and 85% 0.1% formic acid using a flow
of 3 mL/min. The temperature for the extraction column was 65 ◦C. After 1 min, the switching
valve was activated and the analytes were eluted in the backflush mode from the extraction column
onto a 150 × 4.6 mm analytical column (Zorbax XDB C8, 3.5 μm particle size, Agilent). The analytes
were eluted from the analytical column using a gradient of methanol/acetonitrile (1/1 v/v) plus
0.1% formic acid (solvent B) and 0.1% formic acid in HPLC grade water (solvent A). The MS/MS
was run in the positive multi-reaction mode and the following ion transitions were monitored:
m/z = 876.6 [M + Na]+→ 308.2 (paclitaxel) and m/z = 881.6 [M + Na]+→ 313.1 (the internal standard
paclitaxel-D5). Paclitaxel tissue concentrations were calculated based on paclitaxel/paclitaxel-D5 peak
area ratios using a quadratic regression equation with 1/x weighting. The range of reliable response was
0.5–100 ng/mL tissue homogenate. Inter-day imprecision was less than 15% and accuracy was within
85–115% of the nominal concentrations. There were no significant matrix interferences, carry-over or
matrix effects. For more details, please see the aforementioned publications [42,44,45].

4.4. Rabbit Injury Model

This study was approved by the Institutional Animal Care and Use Committee and conformed
to the position of the American Heart Association on use of animals in research. The experimental
preparation of the animal model has been previously reported [42,46]. Under fluoroscopic guidance,
eight anesthetized adult male New Zealand White rabbits underwent endothelial denudation of
both iliac arteries using an angioplasty balloon catheter (3.0 × 8 mm). Subsequently, arteries were
treated by either KOS–paclitaxel (3.0 × 15 mm), KOS-only balloon (3.0 × 15 mm), paclitaxel-only
balloon (3.0 × 15 mm), or an uncoated balloon (3.0 × 15 mm) at a delivery pressure of 8 atm for two
minutes. Anti-platelet therapy consisted of aspirin (40 mg/day) given orally 24 h before catheterization,
with continued dosing throughout the in-life-phase of the study, while single-dose intra-arterial heparin
(150 IU/kg) and lidocaine were administered at the time of catheterization. The animals survived for
7 days and subsequent histological evaluations were performed.

4.5. Arterial Sections

Following the duration of the study, animals were anesthetized and euthanized, and the treated
artery segments were removed based on landmarks identified by angiography. The arteries were
perfused with saline and formalin-fixed under physiological pressure prior to removal. The segments
were stored in 10% formalin at room temperature and then processed to paraffin blocks, sectioned,
and stained with Hematoxylin and Eosin (H&E) or Verhoeff’s elastin stain (VEG).

4.6. Histomorphometric Analysis

Histological sections were digitized and measurements performed using ImageJ software (NIH).
Cross-sectional area measurements included the external elastic lamina (EEL), internal elastic lamina
(IEL), and lumen area of each section. Using these measurements, the medial area, neointimal area and
percent area stenosis were calculated as previously described [46,47].
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Morphological analysis was performed by light microscopy using a grading criterion as previously
published [46,47]. The parameters assessed included intimal healing as judged by injury, endothelial cell
loss and inflammation. The medial wall was also assessed for drug-induced biological effect,
specifically looking at smooth muscle cell loss. These parameters were semi-quantified using a scoring
a system of 0 (none), 1 (minimal), 2 (mild), 3 (moderate) and 4 (severe) as previously described [47].

4.7. Statistical Analysis

Results are reported as mean ± standard deviation. Data were compared with analysis of variance
(ANOVA) using GrapPad Prism 7 (GraphPad Software, La Jolla, CA, USA). The comparison of
quantitative data of multiple groups was performed by Tukey’s multiple comparisons post hoc test.
Significance is reported as p < 0.05.

5. Conclusions

This study provides evidence of the use of keratose as an excipient for peripheral applications.
The ex vivo results showed a potential benefit of the coating to minimize the adverse impact of vascular
motion on drug mobility and favorable biological response in the pre-clinical model. Additional studies
are warranted to further demonstrate the safety and efficacy profile of the keratose coating in larger
animal models and longer durations. Overall, this approach has the potential to improve interventional
outcomes and quality of life of millions of patients suffering with PAD.
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Abstract: Solid lipid microparticles (SLMPs) are attractive carriers as delivery systems as they are
stable, easy to manufacture and can provide controlled release of bioactive agents and increase their
efficacy and/or safety. Particles from Gas-Saturated Solutions (PGSS®) technique is a solvent-free
technology to produce SLMPs, which involves the use of supercritical CO2 (scCO2) at mild pressures
and temperatures for the melting of lipids and atomization into particles. The determination of the key
processing variables is crucial in PGSS® technique to obtain reliable and reproducible microparticles,
therefore the modelling of SLMPs production process and variables control are of great interest to
obtain quality therapeutic systems. In this work, the melting point depression of a commercial lipid
(glyceryl monostearate, GMS) under compressed CO2 was studied using view cell experiments.
Based on an unconstrained D-optimal design for three variables (nozzle diameter, temperature and
pressure), SLMPs were produced using the PGSS® technique. The yield of production was registered
and the particles characterized in terms of particle size distribution. Variable modeling was carried
out using artificial neural networks and fuzzy logic integrated into neurofuzzy software. Modeling
results highlight the main effect of temperature to tune the mean diameter SLMPs, whereas the
pressure-nozzle diameter interaction is the main responsible in the SLMPs size distribution and in the
PGSS® production yield.

Keywords: lipid microparticles; PGSS®; supercritical CO2; modeling; solvent-free technology

1. Introduction

Particulate systems like microparticles have attracted interest in several biomedical, food and
environmental applications [1–5]. Namely, the encapsulation of bioactive agents in these carriers
improves their efficacy and safety, since better control of the dosage and release are provided [6,7].
Microparticles also enhance physicochemical stability, protecting the cargo from environmental and
physiological factors [8]. The size of microparticles, between 0.1–100μm [9], can hamper their absorption
through biological membranes, increasing their permanence in the application site, thus providing
local and sustained drug release and mitigating their toxic effects [10].

Lipids are advantageous matrices for particulate drug delivery systems since they are physiological
compounds and therefore well tolerated by living systems [11,12]. For instance, a variety of lipids
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such as sorbitan esters, phosphatidylcholine, and unsaturated polyglycolized glycerides are widely
used as surfactants in lipid-based formulations [13]. Among lipid systems, solid lipid microparticles
(SLMPs) are easy to produce on a large scale and sterilize, exhibiting better stability properties than
others, such as liposomes [14]. Several SLMP-based formulations have been developed as drug delivery
systems for oral, parenteral, pulmonary and topical applications [14,15].

Solvent-free strategies are especially attractive for the manufacturing of SLMPs from the processing,
environmental and economical points of view. Namely, supercritical CO2 (scCO2) technology has
been highlighted as a processing tool for environmentally friendly, safe and cost-efficient techniques
at mild conditions—pressure (P) > 73.8 bar and temperature (T) > 31.1 ◦C) [16]. Processes based on
supercritical fluid technology (foaming, sterilization) usually avoid or at least mitigate the use of organic
solvents thus reducing their carbon footprint. The PGSS® (Particles from Gas-Saturated Solutions)
technique is based on the use of compressed CO2 or scCO2 for the production of microparticles in an
atomization-wise process [17–19]. PGSS® process comprises two main steps: (i) CO2 sorption in the
polymer, and (ii) polymer expansion and particle formation. In the first step, high amounts (5–50 wt.%)
of CO2 dissolve in a molten substance at a moderate pressure in an extent depending on the soaking
time and CO2 affinity to the polymer [20]. Then a rapid expansion to atmospheric pressure of the melt
through a nozzle causes an intense cooling effect and CO2 supersaturation within the melt, resulting
in the precipitation of solid particles [21]. scCO2 used in the PGSS® technique differs from other
compressed fluids (e.g., compressed air) used in conventional atomization processes (spray drying) in
their chemical interaction with the processed polymers at a molecular level, as scCO2 can decrease the
melting temperature of the polymer thus contributing to costs optimization and energy consumption
savings [22]. PGSS® is an adequate technique for the processing of polymeric particles incorporating
thermolabile compounds, although its use is limited to polymer matrices with relatively low melting
temperatures and with an affinity of CO2 to the polymer [23]. Compared to other processes for particle
production involving the use of scCO2, such as the gas antisolvent (GAS), supercritical antisolvent
(SAS) and supercritical fluid extraction of an emulsion (SFEE) techniques, the PGSS® technique does
not use any organic solvents [16,24]. Moreover, the substance to be micronized does not require to be
soluble in CO2 unlike in the rapid expansion of supercritical fluids (RESS) process [25,26]. Overall,
PGSS® emerges as an appealing and advantageous technique for the processing of SLMPs at reduced
melting temperatures and in the absence of organic solvents.

The morphology and size of the SLMPs produced by the PGSS® process are mainly influenced by
the formulation (chemical composition and rheology of the compounds to be precipitated), the technical
details of the equipment used (volume of the saturator, precipitator and collector, diameter of the nozzle
and length of the tubing) and the operating conditions (pressure, temperature, soaking time) [27,28].
The PGSS® processing variables are numerous, making it difficult to elucidate their influence on the
characteristics of the microparticles using conventional statistical methods [29–31]. Despite PGSS®

being a simple and versatile method, the lack of knowledge of the effects of the variables on the results
of PGSS® technology may entail an obstacle towards the robust SLMPs production and the scaling-up
of the process [32]. Approaches based on DoE (design of experiments) and multiple regression have
been proposed to manage the number of experiments, to select the critical variables and to optimize
the operation conditions, but mainly regarding their influence on the dissolution profile of the drug
incorporated in the particles [33]. Some mathematical models were also proposed to simulate the
physicochemical processes taking place during the PGSS® processing, such as the behavior of a
CO2-supersaturated solution drop in low-pressure environments [34,35]. In this context, artificial
intelligence technologies emerge as tools with great potential for simplifying the study of processes in
which many variables are involved, even when a small number of experiments are available. Some of
them, such as the neurofuzzylogic systems, allow multiple variables to be modeled and the models
expressed through language, which generates in-depth knowledge about the process. Neurofuzzylogic
software is a hybrid system that combines artificial neural networks (ANN) and fuzzy logic (FL).
ANN are computer programs that simulate how the human brain processes information. They detect
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patterns and relationship in data, and learn from experience, leading to “black-box” mathematical
models [36]. When combined with FL, the models are expressed as simple linguistic IF . . . THEN rules
together with a membership degree, losing their black-box character and being easily understandable.

Artificial intelligence tools have been previously used in the development and optimization
of microparticles [37] and polymeric and lipid nanoparticles [38,39]. To the best of our knowledge,
these tools are applied in this work for the first time to model the production of SLMPs by the
PGSS® technology. SLMPs consist of a matrix of commercial glyceryl monostearate (GMS), a lipid
widely used as an emulsifier in pharmaceutical preparations due to its good biocompatibility and
safety [40,41]. First, the melting point depression of commercial GMS in contact with scCO2 was studied
to establish the limits of the adequate knowledge space for the processing of PGSS®. Subsequently,
an unconstrained D-optimal design for three variables (nozzle diameter, pressure and temperature) at 2,
3 and 3 levels, respectively, was used to prepare SLMPs using the PGSS® technique. The microparticles
were characterized in terms of size and shape. The generated database was modeled through
a neurofuzzylogic system and the design space was established with respect to the melt GMS
processability (fine particle production yield) and the characteristics of the particles.

2. Results and Discussion

2.1. Melting Point Depression of GMS in the Presence of CO2

Melting pressure-temperature curve of the commercial GMS under compressed CO2 was measured
to determine the feasible operating range of conditions for the PGSS® technique (Figure 1). This step
is crucial since it is necessary to establish a set of pressure-temperature conditions (grey region in
Figure 1) where the lipid mixture is molten. The melting point of GMS in the presence of CO2 has
been previously studied [42], but these determinations are essential because it is well known that GMS
can have inter-batch and inter-manufacturer variability as it is commercially provided as a mixture of
components (mono- and diglycerides).
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Figure 1. Glyceryl monostearate (GMS) melting points obtained at different pressures of CO2 using
a variable-volume high-pressure view cell. Grey area represents the pressure-temperature region at
which GMS will be molten. The area delimited by the dashed line represents the operating region
established for solid lipid microparticles (SLMPs) production by PGSS® technique.

The melting point of the commercial GMS without CO2 was 61 ◦C at ambient pressure. CO2 can
act as a plasticizer agent, being able to melt other substances, like lipids or polymers, below their
normal melting points. Melting point depletion effect of GMS in contact with CO2 is highly dependent
on the working pressure and decreased proportionally up to 52 ◦C as can be seen in Figure 1. This effect
was related to the increase in the amount of CO2 dissolved in the lipid when the pressure increases [43].
A plateau in temperature was reached at 52 ◦C and pressures above 120 bar were not able to cause an
additional melting point depletion. This second effect was related to the competing mechanism of
increased CO2 solubility in the lipid and the hydrostatic pressure promoting the melting point depletion
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and increase, respectively, that are counteracting at pressures above 120 bar for GMS [42]. The reduced
melting temperature in the presence of compressed CO2 is advantageous for the energy optimization
of the PGSS® particle processing when transferring formulations from lab to pilot scale [44,45].

2.2. Particle Size Distribution (PSD), Morphological and Physichochemical Characterization of GMS Particles

Based on the melting point values obtained in Section 2.1, the range of values of pressure and
temperature selected for the experimental study of the PGSS® processing of GMS particles were set
at 120–200 bar and 57–67 ◦C, respectively. In this work, an increment of ca. 5 ◦C with respect to the
melting temperature of GMS at a certain pressure in the presence of compressed CO2 was established
as a rule-of-thumb (dashed and grey rectangle in Figure 1) to ensure the complete melting and to
avoid clogging of the nozzle during the PGSS® expansion-spraying step. The selection of the nozzle
diameter was based on the technical possibilities of the PGSS® equipment, being 4 and 1 mm the
maximum nozzle diameter and the minimum nozzle diameter that did not cause clogging events upon
depressurization using the established P-T range in the experimental design, respectively.

PSDs of the SLMPs showed mean diameters between 100 and 190 μm and standard deviations
between 30 and 65 μm (Table 1). In general, the PSDs fitted well to a normal distribution (Figure 2)
with good correlation levels (R2 > 0.95) in all cases. The yield of particle production was determined
from the weight percentage of fine particles with respect to the initial GMS (Table 1). The loss of
material during the PGSS® processing was due to GMS remaining in the tubing and the saturator of
the equipment, molten material that was not solidified into particles and formed a crust in the walls of
the precipitator. Some mass losses were attributed to small particles that remained suspended in the
outlet gaseous stream and were vented out during the depressurization step along with the CO2.

Table 1. Yield of particle production, mean diameter and standard deviation of SLMPs of GMS
processed using PGSS® technique. Particles were denoted as GMS-x-y-z, where x is the nozzle diameter
(mm), y the processing temperature (degrees Celsius) and z the processing pressure (bar).

SLMPs Mean Diameter (μm) Standard Deviation (μm) % Fine Particles

GMS-4-57-120 138.7 47.0 17.4
GMS-4-57-200 182.6 63.3 43.7
GMS-4-62-120 128.0 41.8 12.8
GMS-4-62-200 147.4 48.3 18.3
GMS-4-67-120 103.5 33.1 11.0
GMS-4-67-200 154.3 52.1 27.5
GMS-1-57-120 171.6 56.8 39.5
GMS-1-57-160 172.3 51.6 34.8
GMS-1-57-200 186.2 57.5 25.7
GMS-1-67-120 131.9 44.4 23.5
GMS-1-67-160 130.3 50.0 27.1
GMS-1-67-200 125.4 43.1 34.8
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Figure 2. Frequency histogram of GMS-1-67-200 particles (mean particle diameter = 125.4 ± 43.1 μm).
The normal distribution of this histogram is representative of all the GMS formulations tested.
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The processing using PGSS® technique led to particles with reduced circularity (60.7± 18.2%) with
respect to the original GMS (round particles, Figure 3A). PGSS®-processed lipid microparticles had a
decreased bulk density (0.14 g/cm3) with respect to the raw material (0.53 g/cm3). However, skeletal
density was similar (0.995 ± 0.017 g/cm3) to the unprocessed GMS (0.980 ± 0.003 g/cm3), suggesting
that the chemical structure of the GMS was not unaltered during the process, as also confirmed by
X-ray diffraction (XRD) and Attenuated Total Reflectance/Fourier Transform infrared spectroscopy
(ATR/FT-IR) (Figure A1).

 

Figure 3. Effect of temperature in the PGSS® processing of GMS particles: (A) unprocessed GMS
particles and (B) GMS-1-57-200, (C) GMS-1-62-200 and (D) GMS-1-67-200 particles.

2.3. Morphological Characterization and Modeling of GMS Particle Production Using Neurofuzzy Tool

The processing of GMS using the PGSS® technique resulted in porous particles of varied shape
and of lower particle diameter than the original material (Figures 3 and 4).

 

Figure 4. Effect of pressure in the PGSS® processing of GMS particles: (A) GMS-1-67-120 and
(B) GMS-1-67-200 particles.

Neurofuzzylogic software succeeded in modeling the influence of the parameters of pressure,
temperature and nozzle diameter (inputs) on the output mean diameter (Table 2) with high predictability
(R2 > 90%) and accuracy (p < 0.01). The three parameters help to explain the variations in particle size,
with temperature (submodel 1) having the main effect. An interaction between the pressure and the
nozzle can be also observed (submodel 2).
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Table 2. Inputs selected by FormRules® for the different outputs evaluated in this work, with their
respective parameters to evaluate the quality of each model. The most relevant submodels are
highlighted in bold.

Output Submodel
Inputs

Selected
R2 Degrees of

Freedom
f Value

Critical f
Value

Mean
diameter

1 T
91.5012 5 and 6 12.92 4.39

2 P × Nozzle

Standard
deviation 1 P × Nozzle 58.3925 4 and 7 2.46 4.12

% fine
particles

1 P × Nozzle
75.1098 6 and 5 2.51 4.93

2 T

The predictability is also reasonable for the percentage of fine particles (R2 > 75%), a parameter
indicative of process yield (Table 2). However, adequate accuracy was not achieved with such a small
number of degrees of freedom. The model shows a main effect for the interaction pressure-nozzle,
but temperature also affects process yield.

Variables studied do not explain sufficiently the variations in the standard deviation of the particle
size distribution (R2 < 75%). The particle size distributions with PGSS® technique are broad and
characterized by high standard deviations, probably higher than the variations promoted by the
processing parameters (temperature, pressure and nozzle diameter) used in this research. Therefore,
the ANN cannot define a good model for this standard deviation.

IF . . . THEN rules, generated by the neurofuzzylogic software allows acquiring knowledge in an
easy way (Figure A1). According to these rules, IF the temperature is low (up to 62 ◦C) THEN the
mean particle size obtained is high (over 144.8 μm). The increase in temperature over 62 ◦C produces a
decrease in particle size (Figure 3).

On the other hand, (IF) the pressure increase ( . . . THEN) promotes a decrease in the particle size
of the microparticles (Figure 4). This rule applies for both small and large nozzle diameters, being the
variations in particle size wider when the large nozzle is used. Figure 5 represents the predicted results
by the model for mean particle size for the large (Figure 5A) and small (Figure 5B) nozzle. This effect
was related to the increased solubility of CO2 in molten GMS. At higher pressures CO2 solubility will
increase and, upon depressurization, more nucleation bubbles will form due to CO2 supersaturation,
breaking the lipid into smaller particles (Figure 4) [42,46]. Using the large nozzle diameter, pressure
variations produced a more pronounced effect on the mean particle diameter.

Figure 5. Predicted results by the model for mean particle size for the (A) large and (B) small nozzles.

Figure 6 shows the predicted values for the percentage of fine particles as a function of
pressure and temperature. The increase in temperature leads to a reduction in the process yield,
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being especially important up to 62 ◦C. In the temperature range of the experimental design (57–67 ◦C),
the Joule-Thomson coefficient is very similar for the 0–200 bar pressure range [47]. At higher
temperatures, the positive Joule-Thomson effect contribution may not be enough to solidify the GMS
when exiting the nozzle. Under these conditions, a significant fraction of GMS is in a semi-molten state
when it reaches the precipitator and forms a crust in the walls of the vessel instead of forming SLMPs
that deposit on the collector.

Figure 6. Influence of the parameters pressure and temperature on the yield of fine particle formation
using: (A) the large nozzle diameter and (B) the smaller nozzle diameter.

The diameter of the nozzle also influenced the fine particle yield production. In general, the process
performs better when using the small size nozzle. It has been reported that lower nozzle diameters
led to smaller particle sizes for other lipid-based systems [48]. Differences in the effect of pressure
were also detected depending on the size of the nozzle used. When a nozzle of smaller size is used,
the increase in pressure causes a slight reduction in the percentage of fines obtained. This may be
related to the production of even smaller particles that remain suspended in the CO2 and are therefore
vented out. However, when the nozzle has a larger diameter, the effect is the opposite, and the process
performance is improved with increasing pressure. The pressure drop of the lipid-CO2 melt through
the nozzle is lower with larger nozzle diameters, leading to a decreased Joule-Thomson cooling effect.
At higher pressures, this pressure drop effect is compensated by a higher CO2 content in the lipid melt
and particles are able to solidify and reach the collector leading to higher fine particle yield [49].

The experimental values were compared with the values predicted with the model, showing high
accuracy of the models for fine particle fraction (Figure 7A) and mean diameter (Figure 7B).
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Figure 7. Parity plots of the predicted and experimental values of (A) mean particle size and (B) % of
fine particles. Continuous diagonal line is a 45◦-slope line; dotted lines correspond to an envelope of
tolerance of 10%.
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3. Materials and Methods

3.1. Materials

Kolliwax® GMS II (glycerylmonostearate 40–55 type II, powder, Tm = 54–64 ◦C) was supplied by
BASF GmbH (Ludwigshafen am Rhein, Germany). CO2 for the PGSS® technique (purity 99.8%) and
for the melting point determination (purity 99.998%) were purchased from Praxair (Madrid, Spain)
and Air Liquide (Santiago de Compostela, Spain), respectively.

3.2. Determination of the Melting Point of GMS in the Presence of Compressed CO2 at Different Pressures

The melting point of the GMS in the presence of compressed CO2 in a 0–200 bar pressure range
was determined. A sample of GMS (approximately 3.5 mg) on a glass vial was placed inside a variable
volume high-pressure cell, consisting of a horizontal stainless-steel cylinder with an internal diameter
of 2 cm and a piston to adjust the volume from 7.9 to 29.5 cm3. The cell was equipped with a sapphire
window (1.6 cm diameter) that allowed the detection of phase transitions through an endoscope
(Olympus 5 series, Olympus, Tokyo, Japan) connected to a CCD-camera (Moticam 2000, Motic Asia,
Hong Kong, China). In one sidewall of the cylinder, a second sapphire window (6 mm in diameter)
made it possible to illuminate the interior of the cell through an optical fiber. A Pt100 probe with an
uncertainty of 0.02 ◦C was used to measure the temperature in the cell wall. The pressure was measured
with a Heise model DXD series digital pressure transducer, with an operating range 0–500 bar and an
uncertainty of 0.02% of the full scale (FS).

For the experimental trials, the cell at its maximum volume was filled with CO2 at room temperature
and supply pressure of 60–65 bar. Afterwards, the system was heated to the selected temperature
(from 52 to 61 ◦C) and the pressure was gradually increased moving the piston (i.e., reducing the
volume of the chamber) until the solid was completely molten to determine the melting point value.
Thus, the melting pressure of the GMS at the selected temperature was determined. Subsequently,
another temperature was selected and the procedure was repeated to obtain another value of the
melting curve. Temperature measurements were carried out by triplicate. Results were expressed as
the mean value ± standard deviation (SD). At a fixed temperature, this device shows repeatability for
the pressure lower than 11.4%. The melting point temperature of the GMS at atmospheric pressure in
the same equipment was also determined.

3.3. SLMPs Production by the PGSS Technique

For the particle formation protocol, 6 g of GMS powder were placed into a 250-mL high-pressure
autoclave (saturator) (Eurotechnica GmbH, Bargteheide, Germany). After heating the saturator to the
desired temperature (T), CO2 entered the equipment at a constant flow of 7 g/min until the desired
pressure (P) was reached. After 1 h of contact between the molten lipid and the compressed CO2 under
stirring at 400 rpm, the system was depressurized by opening the valve placed at the bottom of the
saturator. When the molten lipid leaves the saturator through a nozzle, rapid depressurization causes
lipid microparticles precipitation within a 2.7 L borosilicate autoclave (precipitator).

Batches of GMS particles were produced following a D-optimal experimental design for three
variables: nozzle diameter (2 levels), operating temperature (3 levels) and pressure (3 levels) (Table 3)
carried out by DataForm® v.3.1 software (Intelligensys Ltd., Stokesley, UK). GMS particles processed
under different pressure and temperature conditions were denoted as GMS-x-y-z, where x is the nozzle
diameter in mm, y the processing temperature in degrees Celsius and z the processing pressure in bar.
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Table 3. Nozzle diameters and processing temperatures (T) and pressures (P) tested for the preparation
of SLMPs of GMS using the PGSS® technique.

SLMPs Nozzle (mm) T (◦C) P (bar)

GMS-4-57-120 4 57 120
GMS-4-57-200 4 57 200
GMS-4-62-120 4 62 120
GMS-4-62-200 4 62 200
GMS-4-67-120 4 67 120
GMS-4-67-200 4 67 200
GMS-1-57-120 1 57 120
GMS-1-57-160 1 57 160
GMS-1-57-200 1 57 200
GMS-1-67-120 1 67 120
GMS-1-67-160 1 67 160
GMS-1-67-200 1 67 200

Microparticles were collected and weighed to determine the process yield according to Equation (1):

% fine particles =
W f

W0
× 100 (1)

where W0 is the initial weight of GMS added to the saturator and Wf is the final weight of fine particles
collected. Also, the amount of GMS remaining on the walls of the precipitator and the interior of the
tubing was weighed to verify all the GMS had left the saturator, and what amount had not precipitated
into SLMPs.

3.4. Morphological Analysis, Physicochemical Characterization and Particle Size Distribution (PSD)

Four aliquots of each batch were characterized in terms of particle size distribution by optical
microscopy using a camera (EP50, Olympus, Tokyo, Japan) provided with the software EP View
(Olympus, Tokyo, Japan). The images were analyzed using the freeware ImageJ 1.49v. Calculated
particle diameters correspond to the projected area equivalent diameter. The particle size distributions
were fitted to a normal distribution, and mean particle size and standard deviations were obtained.
The circularity of the particles was also evaluated by image analysis.

X-ray diffraction (XRD) and attenuated total reflectance/fourier transform infrared spectroscopy
were used to test possible physicochemical modifications in GMS caused by PGSS® processing.
XRD patterns were collected (PW-1710, Philips, Eindhoven, The Netherlands) in the 2–50◦ 2θ-range
using a 0.02◦ step and CuKα1 radiation. ATR/FT-IR spectra (Gladi-ATR, Pike, Madison, WI, USA) were
obtained in the 400–4000 cm−1 spectrum range from 32 scans and at a resolution of 2 cm−1.

Particles were also analyzed by scanning electron microscopy (SEM Zeiss EVO LS 15; Zeiss,
Oberkochen, Germany) to evaluate their morphology and surface texture. Particles were previously
sputtered-coated with a layer of 10 nm of iridium to improve the contrast (Q150 T S/E/ES, Quorum
Technologies, Lewes, UK). Bulk density of the particles was determined by a volumetric method and
the skeletal density was evaluated using helium pycnometry (MPY-2; Quantachrome, Delray Beach,
FL, USA).

3.5. Modeling

The generated database (inputs from Table 3 and outputs from Table 1) was modeled using
the commercial software FormRules® v4.03 (Intelligensys Ltd., Stokesley, UK) which is a hybrid
system that combines Artificial Neural Networks (ANN) and fuzzy logic. Nozzle diameter, pressure
and temperature were introduced as inputs, while percentage of fine particles, mean particle size
and standard deviation were introduced as outputs. A separate model was developed for each
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output. These models are split into different submodels, when it is possible, to generate simple and
understandable rules.

Among the fitness criteria included by FormRules® (cross validation, minimum description
length, structural risk minimization, leave one out cross validation and Bayesian information criterion),
minimum description length was selected because it gives the best R-squared as well as the simpler
and more intelligible rules. Modeling was carried out using the parameters shown in Table 4.

Table 4. Training parameters setting with FormRules® v4.03.

Minimization parameters

Ridge Regression Factor: 10−6

Model Selection Criteria
Minimum Description Length
Number of Set Densities: 2
Set Densities: 2.3
Adapt Nodes: TRUE
Max. Inputs Per SubModel: 2
Max. Nodes Per Input: 10

Three sets of “IF...THEN” rules were subsequently generated to express the model, one set for
each output. IF...THEN rules are made up of two parts: the initial one, which includes the input or
inputs explaining a specific output, followed by the second part describing the output characteristics,
which are defined by a word and its corresponding membership degree (Table A1) [36].

The predictability of the models was assessed using the determination coefficient (R2) defined by
Equation (2):

R2 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎝1−

∑n
i=1

(
yi − y′i

)2

∑n
i=1

(
yi − y′′i

)2

⎞
⎟⎟⎟⎟⎟⎟⎟⎠× 100 (2)

where yi is the actual point in the data set, yi
′ is the value calculated by the model and yi” is the mean of

the dependent variable. Values of R2 must be lower than 99.9%, otherwise there is a risk of overtraining
the neural network [50]. The larger the value of the train set R2, the more the model captured the
variation in the training data. Values for R2 > 70% are indicative of reasonable model predictabilities.

The accuracy of the models was evaluated with the analysis of variance to compare predicted and
experimental results, respectively. Computed f ratio values higher than critical f values for the degrees
of freedom of the model, indicate no statistical significance between predicted and experimental results
and hence, model accuracy.

4. Conclusions

PGSS® is an advantageous processing technique that allows for the manufacturing of molten
substances into solid microparticles, with a special interest for the processing of thermolabile compounds.
Melting point measurements of GMS were essential to preliminarily determine the feasible PGSS®

operating pressure and temperature conditions. The melting point depletion of GMS lipid under
compressed CO2 of up to 9 ◦C is especially relevant from the energy savings and process economics
points of view. SLMPs were thus obtained at operating temperatures (57 ◦C) well below the normal
melting point of GMS (61 ◦C). Artificial intelligence tools combining artificial neural networks and
fuzzy logic was as a successful analytical duo to model the production of SLMPs by the PGSS® process.
The obtained models served to simplify the understanding of the SLMPs processing through linguistic
rules. The model unveiled that the processing pressure and temperature, as well as the nozzle diameter,
had a certain influence on the particle size distribution of the SLMPs and yield of particle production.
These operating conditions influenced remarkably the mean diameter of the particles, with smaller
particles obtained at high temperatures and pressures and small nozzle diameter.
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Appendix A

Table A1. IF . . . THEN rules generated by FormRules® software. Membership degrees are in parenthesis.

Parameter Submodel Rule

Mean diameter

1
IF T is low THEN mean diameter is high (1.0)
IF T is high THEN mean diameter is low (0.79)

2

IF P is low and nozzle is large THEN mean diameter is low (1.0)
IF P is low and nozzle is small THEN mean diameter is high (0.69)
IF P is high and nozzle is large THEN mean diameter is high (0.69)
IF P is high and nozzle is small THEN mean diameter is high (0.53)

Standard deviation 1

IF P is low and nozzle is large THEN SD is low (0.63)
IF P is low and nozzle is small THEN SD is high (0.85)
IF P is high and nozzle is large THEN SD is high (0.85)
IF P is high and nozzle is small THEN SD is high (0.78)

% fine particles

1

IF nozzle is large and P is low THEN % particles is low (1.0)
IF nozzle is large and P is high THEN % particles is high (0.67)
IF nozzle is small and P is low THEN % particles is high (0.58)
IF nozzle is small and P is high THEN % particles is high (0.50)
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IF T is low THEN % particles is high (0.90)
IF T is medium THEN % particles is low (0.90)
IF T is high THEN % particles is low (0.56)
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Figure A1. (A) ATR/FT-IR spectra and (B) XRD patterns of raw GMS particles and GMS particle
processed by PGSS®.
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Abstract: Polysaccharide-based hydrogel particles (PbHPs) are very promising carriers aiming to
control and target the release of drugs with different physico-chemical properties. Such delivery
systems can offer benefits through the proper encapsulation of many drugs (non-steroidal and steroidal
anti-inflammatory drugs, antibiotics, etc) ensuring their proper release and targeting. This review
discusses the different phases involved in the production of PbHPs in pharmaceutical technology,
such as droplet formation (SOL phase), sol-gel transition of the droplets (GEL phase) and drying,
as well as the different methods available for droplet production with a special focus on prilling
technique. In addition, an overview of the various droplet gelation methods with particular emphasis
on ionic cross-linking of several polysaccharides enabling the formation of particles with inner highly
porous network or nanofibrillar structure is given. Moreover, a detailed survey of the different inner
texture, in xerogels, cryogels or aerogels, each with specific arrangement and properties, which can be
obtained with different drying methods, is presented. Various case studies are reported to highlight
the most appropriate application of such systems in pharmaceutical field. We also describe the
challenges to be faced for the breakthrough towards clinic studies and, finally, the market, focusing
on the useful approach of safety-by-design (SbD).

Keywords: polysaccharides; hydrogels; prilling; droplets; ionotropic gelation; drying; xerogels;
cryogels; aerogels

1. Introduction

In the last three decades, there has been a constant development of polysaccharide-based hydrogel
particles (PbHPs) as smart tools to release drugs with the right kinetic and target. The encapsulation of
an active pharmaceutical ingredient (API) inside these polymeric micro-particles

• gives the possibility to realize controlled release according to specific therapeutic needs
• ensures the protection against the action of environmental and physiological agents
• can modify pharmacokinetic and bio-distribution profiles
• can reduce clearance and side effects
• improve drug targeting.

Several techniques can be used for the preparation of PbHPs. Many methods are based on the
preparation of spherical droplets made by mixtures of the API and the polymeric excipients. For the
development of such PbHPs is crucial the polysaccharide droplet formation phase (Figure 1) that in
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turn defines the size and the size distribution of the resulting microparticles, the two primary factors
affecting drug release [1–3].

 

Figure 1. Illustration of the general way for producing hydrogels in form of particles: transition from
polysaccharide solution (SOL phase) to a gel particle (GEL phase) followed by possible drying treatments.

In general, the processes used to prepare monodispersed particles starting from polysaccharide-
droplets can be divided into:

(1) Formation of droplets in a gaseous phase with following fall in a gelling medium.
(2) Formation of droplets in a liquid phase that is immiscible with the polymeric solution; in this

case, the mixing leads to an emulsion.

For both methodologies, the critical parameters able to determine size and shape of the liquid
droplets, are the following: the viscosity of each phase, the surface tension of the polysaccharide
solution compared to the surrounding medium (gas/air or liquid) and the dynamic interactions of
the droplets with the matrix fluid (laminar or turbulent flow). In case (a), where the liquid is pushed
through a nozzle at a constant flow rate, surface tension between droplet and air (liquid-air interface)
is essential. In the second case (b), the liquid is broken down in an immiscible fluid system in form of
droplets and the interfacial tension between dispersed and continuous phases is usually controlled by
surfactants [4].

As shown in Figure 2, the main processes involving droplet formation in gaseous phase can
be grouped according to the mechanism of liquid jet break-up in: simple extrusion (conventional
dripping, Figure 2a), vibrating nozzle (Figure 2b), electrostatic (Figure 2c) and mechanical cutting
method (Figure 2d).

Conventional dripping has been widely used to produce mainly alginate particles able to
encapsulate cells, enzymes, probiotics, plant extracts, oils and flavours [5–14]. This method involves
the manual extrusion of polymeric droplets from a fluid filled syringe or pipette into a gelation or
coagulation bath (Figure 2a). When the polysaccharide solution flows out, a droplet is formed at the
orifice. The polymeric droplet grows in size until it detaches from the orifice under the influence of
gravity, falling toward the gelling medium. In this method, there is no precise control on the formation
of the droplets that, during the falling, have the tendency to become spherical due to the surface
tension of the liquid before being gelified. Although extrusion by syringe or pipette is the simplest
way to produce polysaccharide gel particles, this method generally leads to large gel particles that are
polydisperse and not always spherical in shape [4,15,16]. This happens because gravity is the main
driving force to generate the droplet from the orifice. In addition, several scale-up difficulties limit this
method to a lab scale setup [4,17,18]. Another limitation is represented by the possibility to process
only low viscosity feed solutions due to pumping problems and needle blockage [19].

Considering the other technologies illustrated in Figure 2b–d, the breaking up of the polysaccharide
liquid jet into droplets is determined by specific devices that give the possibility to strictly control
droplet formation [4]. Among them, vibrating nozzle method, also known as prilling or laminar
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jet break-up, has been widely reported in literature for its great versatility, reproducibility and high
scalability potential [20–23].

The present review surveys the main results gained in prilling technology addressing: (i) the basic
aspects of the droplet formation technique, its possible implementations and the ionic crosslinking
as main gelation method of the droplets formed by prilling, (ii) the main polysaccharides suitable
for PbHPs production by prilling; (iii) the possible approaches exploitable for the ionic gelation,
e.g. external, internal or inverse, (iv) the influence of the applied drying method on polymer matrix
characteristics and hence on its properties affecting the release of the entrapped drug.

 

Figure 2. Illustration of dripping devices: (a) conventional dripping method influenced by gravity,
surface tension and viscosity; breaking up of liquid jets into droplets stimulated by (b) vibrating
nozzle method, (c) electrostatic forces and (d) a mechanical cutting device. Reprinted (with some
modifications) from [4]. Copyright (2018) Ganesan, Budtova, Ratke, Gurikov, Baudron, Preibisch,
Niemeyer, Smirnova, Milow.

2. Prilling Technique to Produce Polymeric Droplets

Prilling or Laminar Jet Break-Up

Prilling process is based on the mechanical dispersion of the feed solution through pressure-
controlled injection in a specific gelation or coagulation medium after breaking apart into mono-sized
drops by means of a vibrating nozzle device [23,24]. The technology has been shown especially suitable
to immobilize microorganisms or entrap bioactive substances in polymeric beads; these are formed by
fall of a mixed host-polymer liquid formulation into an appropriate polymer gelling solution [25–28].
Recently, many pharmaceutical applications of such beads have been developed in order to control the
drug release in orally administered formulations [29,30] or the colon targeting [31,32].

In the vibrating nozzle method (Figure 3), the monodispersed droplets are formed from a laminar
liquid jet by applying superimposed vibrations with an optimal frequency either on the nozzle or
on the liquid that is approaching the nozzle. The vibrations can be generated using sound waves
(ultrasound) [4,33]; the acoustic jet excitation process involved in prilling was patented to produce
uniform microspheres of alginate [34], collagen [35] and PLGA [36]. Practically, polymeric feed
solution is pressurized using a pump or gas through a nozzle in order to generate the liquid jet.
The superimposed vibrations destabilize the liquid jet (Rayleigh instability) and the jet is disintegrated
into monodispersed liquid droplets [3].

Several variables, such as density, dynamic viscosity and flow rate of the feed solution, nozzle
geometry and diameter, frequency of vibration as well as falling distance, can affect shape, size and
size distribution of the droplets and consequently of the resulting hydrogel particles [16,37–40].
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Figure 3. Schematic illustration of prilling technology with the indication of the main process variables.

Viscosity is certainly one of the most important variable of this technique; prilling is able to process
only solutions with viscosity values lower than few hundreds of mPa·s [21] and it is essential to study
the so-called nozzle viscosity (dynamic viscosity) using appropriate theoretical model [23].

As regards to the droplet size, it is estimated to be at least twice the nozzle inner diameter and
can be varied by changing the flow rate of the liquid and nozzle diameter [40]. In addition, particle
sphericity can be highly influenced by the distance between the vibrating nozzle and the gelling bath.
In fact, when the droplets hit the surface of the gelation medium, their spherical shape can be deformed
if the droplet viscosity and surface tension forces are unable to overcome the surface tension exerted by
the gelling solution [17,41]. Different papers have demonstrated that the liquid droplets are generally
able to overcome the impact forming spherical gel particles when the falling distance is greater than
10 cm [15,16]. Uniformity of the polymeric gel particles can also be improved by reducing the surface
tension of the gelling bath by the addition of surfactants [15,42]. Moreover, smaller nozzle diameters
and higher frequencies increase the possibility of coalescence [24]. For this reason, frequency is usually
kept as low as possible in order to avoid the formation of satellite droplets leading to a broader size
distribution [29].

Prilling technology can be also used in the co-axial configuration (Figure 4) to obtain droplets with
multiple layers formed by different polysaccharides, in a single manufacturing step [43,44]. Core-shell
beads can be easily fabricated by prilling in co-axial configuration designing formulations able to
obtain a drug controlled release and to diminish the effect of the GI environment. The appropriate
combination of two or more polysaccharides may be, for example, an effective way to produce a
polymer-drug core (e.g., pectin) enveloped by gastroresistant shell (e.g., alginate) able to prevent
the early release of the drug in the upper part of the gastro-intestinal tract (GIT) [45–48]. An enteric
shell may release the drug in a specific district of the organism (intestinal/colonic tract); moreover,
from the use of bioadhesive polymers may increase the gastric retention time and, therefore, improve
the localized action in GI tract or even delay the release in a precise moment of the day as required,
for example, for the treatment of severe chronic mucosal inflammations such as Inflammatory bowel
disease IBD [31].
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Figure 4. Schematic reproduction of prilling process in co-axial configuration. Reprinted from [43]
with permission from Elsevier. Copyright (2014).

Particle manufacturing through the vibrating nozzle device is easily to scale up e.g., by using
a multi-nozzle system (Figure 5) without changing other process parameters such as flow rate and
the vibration frequency [21,26]. The most important element is about the arrangement of the nozzles
which must ensure equal jet formation and equal pressure drops between the nozzles [26]. The pilot
apparatus using this technique is now being sold by some companies such as Brace GmbH (Karlstein
am Main, Bavaria, Germany), Nisco Inc. (Zurich, Switzerland), EncapBioSystems AG (Greifensee,
Switzerland) [24,49].

 

Figure 5. (a) Schematic illustration representing a multi-nozzle encapsulator (1, double piston pump; 2,
sterile barrier; 3, damper; 4, vibrator; 5, membrane of pulsation chamber; 6, concentric split; 7, pulsation
chamber; 8, nozzle plate; 9, bypass system; 10, reaction vessel; 11, stirrer; and 12, input hardening
solution). Reprinted from [26] with permission from Elsevier. Copyright (1998). (b) Picture showing
the equipment supplied by Brace GmbH (https://www.brace.de).

Once the droplets are formed, the SOL-GEL transition in hydrogels (gel network formation) must
take place as soon as possible to prevent either the aggregation of polymer droplets or the undesired
leakage of encapsulated drugs. The chemical nature of the droplets (dispersed phase) determines
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the subsequent consolidation step, in which the droplets are transformed into solid particles known
as gel-beads, involving: (i) non-solvent induced phase separation (NIPS), (ii) temperature or pH
modifications, (iii) chemical reactions or ionic cross-linking for water soluble polymers or solvent
evaporation/extraction for oil soluble polymers [24]. During the hardening process, the droplets can
shrink. The shrinkage is influenced by the type of polysaccharide, its concentration and nature of the
hardening medium.

3. Methods for the Gelation of Polymeric Droplets to Produce Gel-Particles

Figure 6 shows the main mechanisms involved in the gelation of polysaccharide droplets to
produce gel particles.

 

Figure 6. Illustration of the main mechanisms to induce SOL-GEL transition of polysaccharide
droplets: (a) non-solvent approach to produce a non-solvent filled gel network, (b) pH-induced
gelation, (c) temperature-induced (thermotropic) gelation in which the polysaccharides undergo
structural transition from coil to helix and then to double helix, (d) covalent crosslinking approach in
which the polysaccharide chains are covalently crosslinked to form gel network and (e) ions-induced
(ionotropic) gelation in which the polysaccharide molecules are crosslinked by ions. Reprinted (with
some modifications) from [4]. Copyright (2018) Ganesan, Budtova, Ratke, Gurikov, Baudron, Preibisch,
Niemeyer, Smirnova, Milow.

3.1. Non-Solvent Induced Phase Separation

Non-solvent induced phase separation (NIPS) is also known as coagulation or immersion
precipitation. In this case, the polymer is dissolved in a specific solvent and when this solution is
extruded into the coagulation bath containing the non-solvent, there is a rapid decrease of polymer
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solubility leading to phase separation. Polymer chains self-associate and form a 3D self-standing
network with the non-solvent in the pores (see Figure 6a). Generally, polysaccharide macromolecules
shrink upon the addition of non-solvent, but not completely collapse if polymer concentration is
above the overlap concentration. The NIPS process has been applied from several authors to a
diverse set of polysaccharides, such as cellulose [50,51], alginate [52,53], pectin [54] and chitin [55].
In these publications, different liquids were exploited as non-solvents to induce phase separation.
Pérez-Madrigal et al. studied the ability of aqueous sodium alginates to gelify upon mixing with
dimethyl sulfoxide (DMSO) and other organic solvents such as dimethylformamide, methanol,
ethanol etc. Gel formation was shown to depend on nature of the non-solvent, solution viscosity
(which is correlate to polymer molecular weight and concentration) and gelation time. Similar results
were obtained by Tkalec et al. [56,57]. Chitin and chitin-graft-poly(4-vinyl pyridine) were coagulated
in ethanol [58,59]; in this case the gelation occurs for the increase of the hydrophobic interactions
between the polysaccharide chains, an effect depending on the polymer type. The obtained gel particles
are usually defined “alcogels”, an attractive opportunity for aerogels processing by supercritical
drying [57,60] as we will discuss in the next paragraphs.

The non-solvent properties of ethanol have been also utilized for hardening of alginate and pectin
hydrogel microparticles prepared with other techniques such as emulsion gelation [61,62] and ionic
cross-linking [61–64] with the aim to further stabilize the polymeric gel network by a combination of
hydrogen bonds and hydrophobic interactions [53].

3.2. pH-Induced Gelation

The pH-induced gelation can be promoted changing pH value of some polysaccharide solvent;
at the contact point of each droplet of polymeric solution with the acidic or alkaline bath, the gelation
starts forming first a shell, and becomes later complete thanks to the diffusion of the ions through the
shell (see Figure 6b). This method is often used alone or in combination with other gelation methods to
prepare gel particles of chitosan, pectin and alginic acid [15]. For example, alginic acid gels are formed
when pH of the solution is brought down below the disassociation constant (pKa) of the polymer [65].
As reported by Draget et al. [66] also the rate of decrease in pH can affect gel properties; in fact, a rapid
decrease in pH results in precipitation of alginic molecules in the form of aggregates while a slow and
steady drop in pH results in the formation of a continuous alginic acid bulk gel. Unlike ionic gels,
acid gels of alginate are stabilized by intermolecular hydrogen bonds between carboxylic groups of
different chains and M-blocks residues have been shown to play a part in gelation. This also applies to
pectin, for which the gelation is stabilized by hydrophobic interactions of methylated groups [67,68].
By contrast, chitosan gel particles are prepared at higher pH values. Chitosan is firstly dissolved under
mild acidic condition (usually realized using acetic acid) by protonating the amine functional group,
and then gel particles are produced under alkaline medium (usually with NaOH solution); the pH
value of the alkaline solution must be maintained above the pKa value (6.3) of -NH2 functional groups
in order to deprotonate the amine groups [4]. Cellulose is instead coagulated using strong acidic
solutions of H2SO4 [69], HNO3 [70] or HCl [71–73] that, acting as non-solvents, induce the formation
of a gel-like structure [4].

3.3. Temperature-Induced Gelation

Temperature-induced gelation is also called thermotropic- or cryo-gelation. In this case, the
polysaccharide molecules associate themselves often into oriented form, e.g., from coil to helix and
then to double helix, in response to temperature, usually upon cooling. The association of these helices
leads to double helix formation, then proceeding to a gel network (Figure 6c). Temperature-induced
gelation as well as gel properties are highly depending upon polysaccharide typology. In fact, different
mechanisms are discussed in the literature, e.g., for agar [74–76], κ-carrageenan [76,77], starch [78,79],
cellulose [80–82] and chitosan [83].
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3.4. Chemical Gelation

Chemical gelation can be mediated by ionotropic or covalent crosslinking. In the first case,
the polysaccharides are crosslinked by ions forming a gel network (Figure 6e). In the second
case, gels are formed via covalent cross-linking which leads to irreversible chemical networks
(Figure 6d). The main problem is that the majority of covalent cross-linking agents are not
biocompatible [4,84]. Among them, glutaraldehyde is certainly that with the longest history; it has
been widely used to cross-link several biopolymers such as chitosan [85,86], sodium alginate [87–89],
cellulose [90,91], guar gum [92,93], collagen [94], collagen-chitosan [95], alginate-guar gum [96], and
carrageenan [97,98]. For instance, chitosan microspheres can be produced by mixing chitosan and
glutaraldehyde solutions in oil containing surfactants [99,100]. In this case, a Schiff base reaction
between amine and aldehyde occurs and as a result, chitosan chains are covalently cross-linked
by the glutaraldehyde molecules. With the same mechanism, other aldehydes such as glyoxal and
formaldehyde are able to crosslink chitosan chains [101–103]. Glutaraldehyde has been highly used also
for alginate reticulation. Other covalent gelling agents used for this polymer are adipic dihydrazide,
lysine, and poly(ethylene glycol)-diamines [104]. Clearly, the type of cross-linking molecule and the
cross-linking density determines both the mechanical properties and the degree of swelling in alginate
hydrogels. Usually, cellulose is chemically cross-linked in aqueous solution by using epichlorohydrin,
dichlorohydroxytriazine, 1,3,5-triacryloylhexahydrotriazine, 2,4-diacrylamido-benzenesulphonic acid,
N-methylol resins or dialdehydes [4].

As confirmed by the high number of papers present in the literature, among all gelation techniques,
ionotropic cross-linking of polysaccharide solutions is the most investigated for the fabrication
of biocompatible systems used in biomedical field, due to its affordability, versatility and high
reproducibility [105,106].

3.5. Ionotropic Cross-Linking

Ionotropic gelation exploits the capability of polysaccharide-based polyelectrolytes to crosslink
in the presence of counter ions under specific ranges of concentration and/or pH [107]. The ionic
cross-linking of polysaccharide droplets in aqueous solution gives rise to hydrogel particles (or beads)
characterized by a microstructure with interconnected nanofibrillar network [108–111]. Hydrogel
physicochemical properties depend upon chemical composition of the selected polysaccharide, its
concentration as well as the size (i.e., ionic radius) and the valence (i.e., coordination number) of
counter ions and eventually, the presence of water of hydration surrounding cross-linking ions [2,112].

Biocompatible and biodegradable alginate, pectin, chitosan are polyelectrolytes having active
functional groups, such as carboxylate, sulphate and amine that can be involved in the ionotropic
gelation mechanism [113]. Obviously, the type of counter ion and the gelling conditions must be
chosen in relation to the specific polysaccharide used for droplet formation. Alginate and pectin, being
polyanionic polysaccharides, tend to cross-link in presence of polyvalent cations. In this case, the
gelation is induced by the electrostatic interactions establishing between cations and the polymer anion
blocks [114]. On the contrary, chitosan with its amine functional group can undergo ionotropic gelation
in presence of anionic counter ions such as tripolyphosphate (TPP), sulphate and citrate. The gel
network formation is due to the electrostatic interactions established between anionic counter ions and
the chitosan cationic blocks [115–117].

3.5.1. Alginate Ionic Cross-Linking

Alginate is certainly the most well-known and studied example of polysaccharide that can be
cross-linked via a ionotropic mechanism [118]. It is a linear polysaccharide copolymer consisting
of α-l-guluronic acid (G) and β-d-mannuronic acid (M) repeating units forming regions of M- and
G-blocks and alternating structure (MG-blocks) [65,119,120] (Figure 7).
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Figure 7. Chemical structure of alginate monomers: l-guluronic acid and d-mannuronic acid.

Alginate can be obtained from different brown seaweed species or from certain bacterial strains
(e.g., Pseudomonas aeruginosa) [121]. The alginate source defines the G-to-M ratio and the molecular
weight of the polysaccharide leading to significant differences in the physicochemical and mechanical
properties of the resulting gels [119]. Commercially, alginates are available as alginic acid or in the
form of sodium, potassium, or ammonium salts. Generally, most of divalent cations (Ca2+, Sr2+, Cd2+,
Co2+, Cu2+, Mn2+, Ni2+, Pb2+ and Zn2+) and some trivalent cations (Fe3+, Cr3+, Al3+, Ga3+, Sc3+ and
La3+) can interact with G-blocks regions of alginate in a highly cooperative manner, generating a 3D
network according to the so-called “egg-box” model [122]. Alginate affinity towards such polyvalent
cations is directly dependent on the amount of G-blocks present in the alginate structure [123,124].
As demonstrated in [125] by numerous competitive inhibition studies, the main involved gelation
mechanism is the dimerization of G residues. In detail, the addition of polyvalent cations (often Ca2+

ions) to the alginate solution determines the binding of two G-blocks on opposite sides; the result is a
diamond shaped hole consisting of a hydrophilic cavity that binds the cations by multicoordination
using the oxygen atoms from the carboxyl functional groups. This arrangement causes the formation
of a junction zone shaped like an “egg-box” (Figure 8).

Figure 8. Egg-box model representing the interactions between alginate G-blocks and calcium ions.
Reprinted from [113]. Copyright (2019) Martău, Mihai, Vodnar.

Each cation binds with four G residues in the egg-box formation to form a 3D hydrogel network
of these interconnected regions [15,126]. It has been reported that in the case of Ca2+, the formation of
a stable junction requires eight to twenty adjacent G unites [65].
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Generally, the greater the atomic radius of the cation, the stronger is the cross-linked polymeric
matrix. In fact, as reported by [123,127–129], divalent ions of larger ionic radii such as Ba2+ and Sr2+

are able to produce stronger alginate gel particles than the Ca2+-based ones (Figure 8). By contrast,
having a smaller atomic radius, Mg2+ is not able to cross-link alginate [112,130]. Overall, alginate
affinity to cations increases in the following order: Mn2+ < Zn2+, Ni2+, Co2+ < Fe3+ < Ca2+ < Sr2+ <

Ba2+ < Cd2+ < Cu2+ < Pb2+ [123]. For practical applications, the use of highly toxic cations such as
Pb2+, Cu2+, and Cd2+ is limited. The use of Sr2+ and Ba2+, which are mildly toxic, has been reported
in cell immobilization applications although only at low concentrations [131]. Ca2+ is certainly the
divalent cation most used to form ionic alginate gels for its good binding affinity to alginate and
lack of toxicity under normal conditions of use [15]. Although it is generally recognized that most
divalent and trivalent cations are able to form alginate gels according to the pioneering “egg-box”
model (valid mainly for GG sequences), it is important to consider that the chemical composition of
such polymers and hence the M/G ratio can significantly vary [132]. This means that binding affinity
with cations as well as polymeric conformation can vary too. Some binding studies have shown that
Sr2+ is able to bind to G-blocks only, Ca2+ to both G- as well as MG-blocks, and Ba2+ to both G- and
M-blocks [65,123]. In general, binding affinity with cations is lower for both MM and alternating
MG blocks, requiring a rather high polyvalent ion concentration to be more efficiently complexed.
Compared to GG blocks, both MM and MG ones present a more open geometry that make them
more available for interchain aggregations along polymer (self-assembly of alginate chains) causing
significant irregularities in the arrangement of uronic units in alginate chains; this happens for the gels
cross-linked by relatively low ion radius cations [125]. Since in the pharmaceutical field the ionotropic
gelation is commonly used to entrap an API between the polymer chains, this arrangement can affect
the drug release in a controlled manner.

3.5.2. Pectin Ionic Cross-Linking

Pectin is a linear polysaccharide mainly consisting of galacturonic acid units which are connected
via α-(1–4) bonds and with a certain degree of methyl esterification of carboxyl groups (Figure 9) (DE,
degree of esterification) depending on the polysaccharide quality and source [133]. It is commonly
extracted from apple pomace and citrus peels under slightly acidic conditions. There are currently
three commercially types of pectins: (1) low methoxyl (LM) pectin, where less than 50% of galacturonic
acid groups are esterified with methyl groups; (2) high methoxyl (HM) pectin, where more than 50%
of existing galacturonic acid groups are esterified with methyl groups; and (3) amidated pectin (A),
where acid groups are partly amidated. Gelling properties highly depend on the ratio of esterified and
amidated acid groups [134].

 

Figure 9. Pectin structure.

As reported by Braccini and Perez [114], despite the structural analogy between polyguluronate
and polygalacturonate chains, the egg box model valid for alginates (guluronate system) cannot be
directly transposed to the pectate gels. In this case, the most favorable antiparallel associations of
galacturonate chains may, at best, be considered as “shifted egg boxes”. The observed “shift” seems to
lead to an efficient association with several van der Waals contacts; it reduces the original large cavity
and provides two symmetrical sub-cavities of appropriate size for binding a cation and it creates an
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efficient periodic intermolecular hydrogen bonding network. Generally, the methyl esterification of
carboxyl groups weakens the crosslinker-pectate interaction and might hamper subsequent dimer-dimer.
Therefore, ionotropic gelation is more pronounced for lower-methylated pectins and at pH around
3–3.5; increasing the pH leads to deprotonation of acidic groups which prevents aggregation of chains
and eventually gelation. Pectin has been also mixed with alginate to form in presence of cross-linking
ions an interpenetrated network made up by heterogeneous interactions [135–137].

3.5.3. Chitosan Ionic Cross-Linking

Among several polysaccharides amenable to ionotropic cross-linking, chitosan is another
noteworthy example even if by far less investigated than negatively charged polysaccharides such
as alginate and pectin [138]. Chitosan is typically obtained from the alkaline deacetylation of the
highly abundant, naturally occurring polymer chitin, but other sources can directly provide it as
such (e.g., yeasts) [113]. Chitosan is composed of β-1,4-linked glucosamine and N-acetylglucosamine
residues [139]. Both the degree of acetylation (DA) and the degree of polymerisation (DP) of chitosan
are crucial factors determining the structural and functional properties of this family of polymers and
their resulting engineered materials [140]. Commercially available chitosans vary in their DA, usually
between 5 and 20%, and in their DP or molecular weight, typically ranging between 10 and 500 kDa.
Unlike chitin, chitosan is soluble in water under mild acidic conditions thanks to the protonation of
its amino groups (pKa = 6.2–7) able to promote the solvation of polymer chains. In these conditions,
chitosan behaves as a polycation and, consequently, can form a gel by ionic interaction in presence
of multivalent anions. Tripolyphosphate (TPP) is by far the most employed cross-linker to ionically
reticulate chitosan due to its high net negative charges (ranging from one to five depending on pH)
per monomeric unit and nontoxicity [116,141,142]. TPP has been widely exploited in pharmaceutical
field to obtain chitosan microparticles [143–145], nanoparticles [143,146] and nano/micro-gels [147,148]
intended for controlled drug delivery [149].

3.6. Different Approaches to Hydrogel Formation by Ionotropic Cross-Linking

Hydrogels can be generated using ionotropic gelation technique by three main methods that differ
in the way crosslinking ions are introduced to the polymer, realizing the so-called external, internal or
inverse gelation [18,150].

In the external gelation or diffusion controlled method, polysaccharide solution is added dropwise
into the gelling bath. The hydrogel matrix is formed through the diffusion of the cross-linking agents
from the external continuous phase into the inner structure of polymeric droplets [151]. As expected,
at the outermost layer of the hydrogel, gelling kinetics is rapid and gel formation is instantaneous.
Then, counter-ions start to diffuse towards the center of the particle creating an inhomogeneous gelation
profile in which the interaction between ions and polymer functional groups is maximum at the surface
and zero at the core [152,153].

The internal gelation also called in situ gelation is an approach widely used to produce calcium
alginate particles [154]. In this case, an insoluble calcium salt (e.g., CaCO3 and CaSO4) is mixed
with the polysaccharide solution, and the obtained mixture is then extruded into an acidic gelling
bath [155–157]. The acidic environment increases the solubility of calcium salt, allowing its release that
leads to the formation of the polysaccharide gel network. This mechanism guarantees a controlled
and homogeneous alginate exposure to cations and hence a uniform gel network formation [120].
Despite the good homogeneity, the internal cross-linked matrices results less dense, with larger pore
sizes and thus more permeable than those obtained for external gelation, with lower encapsulation
efficiencies and faster release rates [157,158]. This happens because matrix permeability is affected
by competition between Ca2+ and H+ ions due to the acid added. It seems that while the acid in the
gelling bath liberates Ca2+ from the insoluble salt, it also competes with Ca2+ for interaction with the
alginate/polymer. This drawback can be overcome by manipulating the pH of the medium and the
amount of calcium salt employed [150].
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Another approach is the inverse gelation, based on the dripping of the medium containing the
cross-linking agents into the polysaccharide solution. This method is usually applied to emulsions for
producing alginate microcapsules with an oily content and soft shell [5,159,160]. In comparison to
other cross-linking methods, it exploits low amounts of biopolymer leading to the formation of a soft
particle shell. Clearly, as highlighted by Martins at al. [161] in a recent published paper, the properties
of the obtained microcapsules (e.g., mechanical resistance and release of bioactive substances) can vary
based on the type of emulsion used (W/O or O/W) for the inverse gelation

4. Influence of Drying Process on Gel Particle Characteristics

As discussed above, polysaccharide-based hydrogel particles can be used in the hydrated form for
different applications [119,162–166]. However, to avoid their chemical or microbiological degradation
a drying step is often required [167,168]. Hydrogel particles can be dried using several techniques
such as conventional, dielectric, freeze or supercritical drying, each one with a significant impact
on the physicochemical and textural properties of the final dried beads [169]. Phenomena such
as modifications of the highly interconnected hydrogel network, solute migration, polymorphism,
damages by overheating and many other effects can occur [170]. Therefore, the choice of the drying
method represents one of the critical step on the pathway to the production of PbHPs. As illustrated in
Figure 10, each drying process leads to polymeric material with different inner structure; conventional
or dielectric methods allow to obtain “xerogels” whereas freeze and supercritical drying generally
allow to achieve “cryogels” and “aerogels”, respectively [171–175].

Figure 10. Pathway for the production of xerogels, cryogels and aerogels from polysaccharide based
hydrogels via several steps including: (a) gelation (SOL→GEL), (b) solvent exchange pre-treatment,
if required (e.g., the replacement of the water contained in the pores of the hydrogel with a suitable
organic solvent), (c) drying final step with a specific technology. The images of xerogel, cryogel and
aerogel beads were here reprinted (with some modifications) from [176] with permission from Elsevier.
Copyright (2016).

Each drying method presents specific advantages and disadvantages (Table 1), and the choice
must be done based on the desired performances for the final product, system cost-effectiveness and
realizable scale-up.

In the following paragraphs, production and properties of xerogel, cryogel and aerogel particles
are discussed.
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Table 1. Main characteristics of the drying methods for polysaccharide hydrogels.

Drying Method Particle Inner Structure Advantages Disadvantages

Conventional Dielectric
Drying

XEROGEL � Simple, rapid and cheap
� High shrinkage

� Presence of capillary forces that
destroy part of the inner structure

Supercritical-Assisted
Drying

AEROGEL � No shrinkage of the porous
inner texture

� High cost
� Need of aqueous/organic

solvent exchange

Freeze-Drying CRYOGEL � Low shrinkage
� Higher pore Diameter

� High cost
� Need of aqueous/organic

solvent exchange

4.1. Conventional and Dielectric Drying to Produce Xerogels

Conventional drying (e.g., using ambient air and an oven) as well as dielectric treatments generally
cause the collapse of the nanoporous structure of the parent hydrogel due to the high capillary pressure
gradient established during the solvent removal. The collapsing of the polymer structure produces
a massive volume shrinkage leading to the formation of a highly aggregated and densely packed
material without pores; the formed compact structure is known as “xerogel”. However, as discussed in
a large number of papers [175,177–179], porous texture of the dried material can be tuned by a proper
selection of solvent, temperature, carrier gas used during evaporation and, specifically for microwave
heating, the irradiating regimen. These parameters alone or in combination can allow to obtain either
microporous, micro-mesoporous or micro-macroporous textures of the dried beads. For instance,
as reported by [176] the porous structure of cellulose-based wet gels may resist to collapse to a certain
limit when alcohol, having low surface tension and low vapor pressure, is used as organic solvent.
In addition, an interesting study of [180] showed that degree of substitution (DS) of cellulose can play
an important role for the production, via ambient drying, of low density, open porous and hydrophobic
cellulose material defined “Xerocellulose”. During this research, tritylcellulose with different DS
was synthesized in homogeneous conditions and then subjected to dissolution-coagulation-drying
producing “Xerocellulose”. Results showed that, depending on DS, the chemical modification leads to
the development of unusual microstructure due to the different manner of self-assembly of cellulose
molecules and lack of hydrogen bonding.

Xerogel porosity may be specifically tuned, as demonstrated by studies of our research group aimed
to verify the feasibility of the tandem technique Prilling/Microwave assisted drying for the production
of alginate-based beads loaded with non-steroidal anti-inflammatory drugs (NSAIDs) [181,182].
Microwaves at different regimens of irradiation affected matrix porosity, solid state of the loaded
drug (i.e., ketoprofen or piroxicam) and drug-polymer interaction, leading to beads with significant
differences in drug release profiles. Interestingly, high MW irradiation level led to dried beads with
highly porous and swellable inner matrix able to rapidly release the encapsulated drug in the simulated
gastrointestinal fluids. By contrast, low MW irradiation levels produced beads with few pores in the
inner matrix acting as NSAID delayed delivery systems.

4.2. Freeze-Drying to Produce Cryogels

During the freeze drying, the liquid entrapped into the hydrogel body is frozen and sublimed
under regulated vacuum [118,183] reducing the volume shrinkage of the beads to 40%–50%. Unless
special precautions are often taken to prevent the growth of ice crystals, freezing may destroy the
pore structure and damage the nanostructured gel matrix as freezing always implies the growth of
crystals [184]. The increase of the solvent volume upon crystallization induces the formation of a
dendritic network of the crystalline solvent phase. The dendrites are, depending on the cooling rate,
typically in the range of few up to a few tens of micrometers’ size; they push the walls of the network
at the crystal boundaries destroying the morphology/inner structure [185–189]. The resulting material
is open porous product with a pore size in the range of several micrometers termed “cryogels”.
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In certain cases, modifying the freeze-drying conditions it is possible to modulate the ultrastructure
of the porous matrix, moving from nanofibrillar to sheet-like skeletons with hierarchical micro- and
nanoscale morphology. For instance, by increasing the cooling rate of the hydrogel precursors with
e.g., liquid propane, or by using the spraying freeze drying approach, it is possible to avoid the
macroporous 2D-sheet morphology of cellulose cryogels, producing aerogel-like dried systems with
intermediate textural properties (BET-specific surface areas of 70–100 m2/g) [190]. Interestingly,
the freeze drying of alcogels from resorcinol-formaldehyde using t-butanol as solvent resulted in a
significant improvement of the mesoporosity of the resulting dried gels if compared to the freeze
drying of hydrogel counterparts [187].

4.3. Supercritical Assisted Drying to Produce Aerogels

Supercritical drying is the best method to preserve the porous texture and structural properties of
the wet gel network in a dry form without cracks as well as without substantial volume reduction
or packed network structure due to the intrinsic absence of surface tension in the pores of the gel.
Supercritical drying produces nanostructured materials with low-density (typically <0.2 g cm−3),
high-porosity (>96% v/v) in the mesoporous range, with full pore interconnectivity and large surface
area (>250 m2/g), commonly called “aerogels”. Aerogels have been designed in a several morphologies
(e.g., cylinders, beads, microparticles) and configurations (e.g., only core, core-shell, coated particles)
with an attractive processing versatility [191–194].

During supercritical drying, the organic solvent in the hydrogel pores (deriving from the
pre-treatment named solvent exchange procedure, see Figure 10), is removed under supercritical
conditions. As well known, a fluid reaches its supercritical state when it is compressed and heated above
its critical point. Supercritical fluids have liquid-like densities and gas-like viscosities [195]. Supercritical
carbon dioxide is the most commonly used fluid for supercritical drying due to its mild critical point
conditions (304 K, 7.4 MPa), nontoxicity (it is considered to be Generally Recognized as Safe or
GRAS), environmental friendliness, widely availability and cheapness/cost-effectiveness [191,196,197].
Generally, prior to the supercritical drying, the solvent exchange (that is the replacement of the
water contained in the pores of the hydrogel with a suitable organic solvent) is needed due to the
low affinity of water to supercritical carbon dioxide (SC-CO2) [196,198]. The presence of even small
amounts of water in the pores of the wet gel can cause a dramatic change in the initially highly porous
polysaccharide network upon supercritical drying. The usual approach in SC-CO2 drying procedure
is the displacement of the water using a solvent with high solubility in CO2, commonly alcohol or
acetone [191] and then the immersion of the gel in SC-CO2. The extraction time depends mainly on the
thickness of the gel samples. Therefore, it can be still reduced from the several hours needed for thick
monoliths to only few minutes for polysaccharide particles of millimeter size.

5. Case-Studies: Polysaccharide-Based Hydrogel Particles Produced by Prilling/Ionotropic
Gelation and Their Application as Drug Delivery Systems (DDS)

Polysaccharide-based hydrogel particles can be used as drug carriers, which application in
pharmaceutics depends on the characteristics of the polysaccharides and the drugs, the particle
configuration, as well as on the inner structure, namely xerogels, cryogels and aerogels. Table 2
summarizes the different kinds of PbHPs produced via prilling/ionotropic gelation, particle
configuration (only core or core-shell), their main physico-chemical and technological properties, and
the potential pharmaceutical applications.

As shown in Table 2, hydrogels can be obtained as simple monolayered (only core) or multi-layered
(core-shell) systems, in the hydrated or in the dried form. Based on the specific drying treatment,
hydrogel beads can be transformed into xerogel, cryogel or aerogel form. The choice of a specific
polysaccharide and particle system must be driven by the final desired application and performance
requirements. Prior to any process design, it is necessary to study physico-chemical characteristics of the
polymeric materials, like viscosities, densities, gelation and, physico-chemical and biopharmaceutical
properties of the carried drug.
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5.1. Design of PbHPs in Form of Xerogels

As reported in Table 2, successful outcomes have been achieved through a formulation design based
on prilling in tandem with conventional drying that provide efficient drug delivery of both steroidal
(e.g., prednisolone and betamethasone) and non-steroidal (e.g., ketoprofen, ketoprofen lysine salt and
piroxicam) anti-inflammatory drugs, targeting chronic inflammation and early morning pathologies.

The accurate selection of biopolymer, the opportune set-up of process parameters and gelling
conditions allowed to produce interesting delivery systems in the xerogel form with controlled drug
release both for low soluble and highly soluble NSAIDs. Zn2+ as external cross-linking agent for
alginate/ketoprofen (K) solutions gave PbHPs with good technological properties such as drug loading,
particle size, morphology, hardness of cross-linked matrix [202]. In vitro and in vivo release behavior
resulted to be strongly influenced by the amount of NSAID loaded inside the polymer; the loading of
high amount of drug into feed solutions promotes, during the gelling phase, the formation of a compact
gel polymeric network via intermolecular interactions, as hydrophobic or hydrogen bonding, which
stabilize the well-known alginate “egg-box” structure. This phenomenon leads to tough polymer beads
(Figure 11a), reducing the leaching of the drug from the drops into the gelling medium. Accordingly,
the formulation obtained with the highest drug content (F20, K/alginate ratio 1:5) showed the highest
entrapment of the drug within the matrix (encapsulation efficiency, 53%) and a delayed release of the
drug in simulated intestinal fluid (see Figure 11b). This in vitro release pattern was clearly reflected
in the in vivo prolonged anti-inflammatory effect evaluated using a modified carrageenan-induced
acute edema assay in rat paw. F20, administered 3 h before edema induction, showed a significant
anti-inflammatory activity, reducing maximum paw volume in response to carrageenan injection,
whereas no response was observed for pure ketoprofen (see Figure 11c).
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Figure 11. Main in vitro and in vivo results obtained for Zn-alginate-based xerogel beads loaded with
ketoprofen: (a) SEM microphotographs showing the compact inner matrix; (b) relese profile performed
by USP Apparatus 4 and, (c) edema volume reduction in rats (** p-value ≤ 0.01, *** p-value ≤ 0.001
compared with control). These images were here reprinted (with some modifications) from [202] with
permission from Elsevier. Copyright (2015).

Zn2+ as external cross-linking agent for pectin solutions was able to produce PbHPs containing
ketoprofen lysine salt (KL), a highly soluble NSAID [204]. In this case, the best results were obtained
using amidated low methoxyl pectin (esterification degree 24% and amidation degree 23%) producing
beads with good morphological properties and size, high drug content and encapsulation efficiency
(93.5%), and interesting KL sustained release profiles.
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5.2. Investigation on the Effect of Different Cations on Gelation Process

Many researchers evaluated the influence of different divalent cations on PbHP properties.
For instance, Chan et al. [210] studied the ability of calcium chloride and zinc sulphate to cross-link
alginate microspheres prepared by emulsification.

In this study, the aqueous phase, consisting of 2.5% w/w sodium alginate and 1% w/w sulphaguanidine
was dispersed in isooctane with the aid of surfactants and a mechanical stirrer. The fine globules of
sodium alginate produced were gelified by addition of calcium chloride and zinc sulphate, alone or
in combination. The microspheres formed were collected by filtration, washed and oven dried at
40 ◦C. The results of characterization studies showed that the simultaneous use of these two salts
led to different particle morphology and slower drug release compared to particles cross-linked by
the calcium salt alone. These effects were attributed to a greater extent of interaction between zinc
cations and the alginate molecules able to produce a less permeable alginate matrix. Cerciello et al.
also investigated the specific effect of these two divalent cations, i.e., Ca2+ and Zn2+, used alone or
blended in different ratios (Ca2+:Zn2+, ratio 1:1, 1:4 or 4:1), on the properties of alginate beads obtained
via prilling/external gelation [201]. The synergistic effect of the two cations, when used in the gelling
bath in the ratio Ca2+:Zn2+ 1:4; positively affected particle morphology, size, inner structure, ability
to encapsulate the model drug (SAID, prednisolone, P) and to control its release from the polymer
matrix. Figure 12 shows SEM and SEM-EDS microphotographs of cryofractured blank beads obtained
using the different ratios Ca2+/Zn2+ in the gelling solution. As showed, formulations gelified using
Ca2+:Zn2+ in the ratios 1:1 and 4:1 exhibited an internal structure enriched in Ca2+, due to the higher
diffusivity of this cation, compared to Zn2+. Only with a ratio Ca2+/Zn2+ 1:4 was possible to observe
an equilibrium between the two cations quantities into the polymeric matrix. This specific ratio, in fact,
exploited the Ca2+ ability to establish quicker electrostatic interactions with G groups of alginate and
the Zn2+ ability to establish covalent-like bonds with both M and G blocks of alginate. Drug release
profiles clearly reflected the advantages deriving from the simultaneous use of both cations. Their
proper mixing allowed to produce a polymeric matrix tougher and more resistant compared to those
obtained with a single cation (zinc or calcium) and with an interesting P prolonged release.

 

Figure 12. SEM and SEM-EDS microphotographs of cryofractured blank xerogel beads produced with
different Ca2+/Zn2+ ratios: (a) 1:1, (b) 1:4 and (c) 4:1. Reprinted from [201] with permission from
Elsevier. Copyright (2017).
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5.3. Prilling to Obtain Floating PbHPs

A significant number of studies was conducted to develop floating PbHPs, mainly alginate based
particles, using gas-forming agents such as CaCO3 or NaHCO3. In the most of them, calcium has
been used as external cross-linker for the gelation phase [157,211,212]. More recently, an important
milestone was achieved with the simultaneous use of two different divalent cations to produce floating
and prolonged release alginate PbHPs for the oral administration of prednisolone, P [207]. Critical
parameters were established: prilling/ionotropic gelation was used as microencapsulation technique,
zinc acetate in the gelling solution as the alginate external crosslinker, and calcium carbonate in the
feed acting as the internal crosslinking agent able to generate gas when in contact with the acidic zinc
acetate solution. The double gelation process (internal- and external) promoted by Ca2+ and Zn2+

ions gave alginate beads with extremely high encapsulation efficiency values (up to 94%) and a very
porous inner matrix conferring buoyancy in vitro in simulated gastric fluid up to 5 h. Particularly,
the best formulation F4 (P/Alginate ratio 1:5; Alg/CaCO3 ratio 1:0.50) was able to control the drug
release in acidic medium for the entire time corresponding to the floating period. Although porous,
the tougher matrix obtained thanks to the double gelation process is able to reduce swelling and erosion
processes in simulated gastric fluid (SGF). F4 was also able to prolong the in vivo anti-inflammatory
effect up to 15 h compared with raw prednisolone. Therefore, this alginate-based system has been
proposed as a new technological platform able to extend the anti-inflammatory efficacy of SAID such
as prednisolone (characterized by high efficacy and high tolerability, but short half-life) for many
hours and successfully treat patient suffering from chronic inflammatory diseases, also reducing the
frequency of the oral administration.

An interesting production innovation was obtained designing floating PbHPs with controlled
release properties without using any gas-generating agent. Our research group designed a hollow
multipolymer matrix made up of alginate, ALM-pectin and HPMC. Results showed that particle
shape and sphericity can be correlated to nozzle viscosity of the feed solutions; the higher the nozzle
viscosity, the slower the break-up of the polymeric laminar-jet and, thus, droplet formation. The high
entanglement existing between the chains of three different polymers makes the polymeric jet highly
cohesive (viscoelastic stresses dominate) delaying drops detachment from the nozzle. At the lowest
feed concentration (4.75 w/w), corresponding to a nozzle viscosity of 24.4 mPa·s, polymer chains
are relaxed and surface tension dominates, allowing the formation of droplets that, falling in the
gelation bath, give rise to spherical particles. Optimized formulation F4 (Drug/Polymers ratio 1:15;
Pol1/Pol2/Pol3 ratio 1.25:3:0.5) showed beads spherical in shape with a sphericity coefficient mean
value of 0.94 and a mean diameter around 2200 μm. This formulation acts as a floating-system able to
release the encapsulated model drug (piroxicam, PRX) in a controlled and delayed manner.

Floating properties of F4 are due both to the swelling of the hydrocolloid particles and to hollow
inner structure (Figure 13). The hydration of the hydrocolloid particle surface in SGF results in an
increased bulk volume and, at the same time, the presence of internal pores make beads able to entrap
air. As a result beads had bulk density <1, and, therefore, remained buoyant on the acidic medium.
In addition, the inner cross-linked multi-polysaccharide matrix acts as reservoir for slow and sustained
PRX. Drug release was controlled by a diffusion mechanism process through the swollen polymers
gel layer, as shown by in vitro release assay. Figure 14 shows the presence of pores and air bubbles
entrapped within the gel barrier after 60 min of floating in acidic medium.
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Figure 13. SEM microphotographs showing the hollow inner matrix of polysaccharide-based floating
beads produced with different Pol1/Pol2/Pol3 ratios: (a,b) 1.75:4:1, (c,d) 1.75:3:0.5 and (e,f) 1.25:3:0.5.
Reprinted from [206] with permission from Elsevier. Copyright (2018).

 

Figure 14. Microphotographs obtained using bright-field (a,b) and fluorescent microscopy (c,d) showing
the presence of pores and air bubbles entrapped within the gel matrix of hydrated beads, able to confer
their floating ability in SGF. Reprinted from [206] with permission from Elsevier. Copyright (2018).

As expected by morphology and results from in vitro assays, a promising application of floating
PbHPs is the treatment of chronic inflammatory-diseases in elderly patients needing a rapid onset of
drug action followed by a maintenance dose. In this regard, the in vivo anti-inflammatory activity
of this type of new floating PbHPs, evaluated using the modified protocol of carrageenan-induced
acute edema in rat paw previously developed [202], showed an incredible extension, up to 48 h,
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of the anti-inflammatory effect compared to standard PRX, as effect of both floating and sustaining
release abilities.

5.4. Core-Shell PbHPs

Generally, the production of core-shell PbHPs through a generic dripping device can be easily
conducted exploiting coacervation. The major driving force for the coacervation method is electrostatic
attraction between cationic and anionic water-soluble polysaccharides. The resultant “coacervate”
generally forms the particle shell. The power of the interaction between the polysaccharides and
the nature of the complex is affected by many factors such as pH, concentration, ionic strength,
biopolymer type, and the ratio of biopolymers [213]. With this method several core-shell PbHPs
have been produced [214–216]. For instance, alginate and chitosan can be used together because of
their opposite charges to form alginate particles coated with chitosan. The electrostatic interaction of
carboxylic groups of alginate with the amine groups of chitosan results in the formation of a membrane
surrounding the surface of the core particles and reduces their porosity [47,217,218]. Ren et al. [219]
exploited this method to prepare alginate-chitosan microcapsules for protein delivery via oral route.
This study confirmed that such systems are pH sensitive; in acidic solution, due to the ionic bond
between the chitosan and alginate as well as the physical barrier provided by the interphasic membrane
itself, microcapsules maintained integrity well, and effectively prevented the direct exposure of protein
to the gastric fluid. In fact, less than 10% of protein (i.e., IgG) was released in SGF and 80% of its
activity was preserved; during the first hour of permanence into simulated intestinal fluid, a burst
release of IgG was observed.

In general, to increase the performances of such particle systems and make more efficient the
delivery of macromolecules as well as drugs throughout the GIT, the manufacturing phase should
provide a major control on shell formation process. To this regard, an important achievement was the
design and the development of multiparticulate beads in core-shell configuration using (a) prilling
apparatus in its basic configuration followed by an enteric coating process [32,205] and (b) prilling
apparatus in coaxial configuration [31,43]. This latter is certainly the most innovative approach;
it employs multiple concentric nozzles to produce a smooth coaxial jet comprising polymer annular
shell and core material, which are broken up by acoustic excitation into uniform core-shell droplets
and gelled into a cross-linking solution. PbHPs in core-shell configuration consisting of zinc-ALM
pectinate as core and zinc-alginate as shell were produced. Both NSAID (piroxicam, PRX) and SAID
(betamethasone, B) were respectively loaded as model drug within the pectin core. The aim was
to combine the pH dependent solubility (gastro-resistance) of zinc alginate and the colon targeted
selectivity of zinc-ALM pectinate [220,221] in a unique system to obtain an enteric carrier targeting
colon. The most critical process parameter to obtain uniform double-layered particles was identified in
the ratio between the nozzle viscosity of the inner and outer polymer solutions. In fact, beads with
homogeneous layered, good spherical shape and smooth particle surface were obtained when this ratio
was above 6. Moreover, optimization of other process parameters such as selection of the cross-linker,
pH of the gelling solution as well as cross-linking time was necessary to obtain well-formed and
homogeneously coated microcapsules (see Figure 15, panel a) with strong drug/polymer core showing
a tailored control of drug release in the gastrointestinal tract (see Figure 15, panel b).
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Figure 15. Main in vitro results obtained for core-shell (Pectin/Alginate) beads loaded with piroxicam:
(a) SEM microphotographs showing the complete and homogeneous alginate shell surrounding the
pectin core; (b) Release profiles of mono-layered “only core” (Pectin) beads (-�-) and bi-layered
“core-shell” (Pectin/Alginate) beads (-�-), performed in simulated intestinal fluid by using USP
Apparatus 2. Reprinted from [43] with permission from Elsevier. Copyright (2014).

5.5. Design of PbHPs in Form of Aerogels

The application of biopolymer aerogels as drug delivery systems has gained increased interest
during the last decade since these structures have large surface area and accessible pores allowing
for, e.g., high drug loadings. Examples of oral, mucosal, and most recently pulmonary drug delivery
routes have been highly discussed in the literature. Furthermore, thanks to high pore volume and
swelling ability both pristine and drug-loaded polysaccharide aerogel particles have been suggested as
superabsorbent and for wound healing applications [44,222]. Being largely mesoporous solids, aerogels
can accommodate drugs in the amorphous state suppressing re-crystallization [223]. This feature along
with the high specific surface area and rapid pore collapse upon contact with liquid media gives rise to
unusually fast drug release.

Reverchon et al. [208,209] produced alginate-based aerogels as carriers for the fast delivery
of slightly soluble NSAIDs in the upper gastrointestinal tract by prilling of drug/alginate feed
solutions followed by cross-linking in ethanol or aqueous CaCl2 solutions, water replacement and,
supercritical-CO2-assisted drying. The selected techniques allowed to successfully produce spherical
aerogels (sphericity coefficient 0.97–0.99) in narrow size distribution with reduced particle shrinkage
and smooth surface (surface roughness 1.10–1.13); the internal porous texture of the parent hydrogels
was preserved and appeared as a network of nanopores with diameters around 200 nm (see Figure 16a).
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Figure 16. Main in vitro results obtained for alginate-based aerogel beads loaded with ketoprofen:
(a) SEM microphotographs showing the inner nanoporous structure; (b) Release profiles of beads dried
by both supercritical-CO2 and conventional drying, performed in simulated gastro-intestinal fluids by
using USP Apparatus 2. Reprinted from [208] with permission from Elsevier. Copyright (2012).
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Recently, we verified the influence of the alginate molecular weight, the solvent used in the
gelation solution on porosity, textural properties and stability of the alginate aerogel beads produced
via prilling/ionotropic gelation/SC-CO2 drying route [169]. Gelation in ethanolic media promoted
the formation of aerogels with higher textural properties compared to the aerogels derived from
particle crosslinked in aqueous media. As expected, the textural properties of aerogels were far
higher than those obtained from cryogels and xerogels obtained by freeze-drying and oven drying,
respectively. This study also highlighted that the use of medium molecular weight alginate led to
aerogels with reduced shrinkage and enhanced porosity. By contrast, the use of high molecular
weight alginate promoted the formation of aerogels with higher surface area. Finally, stability studies
showed non-significant variations in aerogels weight and specific surface area after 3 months of storage,
especially, in the case of aerogels produced with medium molecular weight alginate. Overall, this
study allowed to highlight the suitability of such materials for wound dressing applications. In fact,
thanks to their high surface area, aerogels can rapidly absorb the exudate once applied on a wound and
at the same time, they can promote a controlled release of the active substance eventually embedded
within the polymer network.

Several other researchers developed aerogel-based formulations for the management of chronic
wounds. For instance, with this aim López-Iglesias and coworkers [224] produced vancomycin-loaded
chitosan aerogel beads, starting from the simple dripping of a chitosan solution into a basic NaOH 0.1 M
solution. In this sol-gel method, the gelation took place immediately after contact with the medium.
After that, the productive process continues with the solvent exchange carried out using absolute EtOH,
and it ends with the SC drying. The dried particles showed a fibrous structure characterized by a high
porosity (>96%) and large surface area (>200 m2/g); they preserved their initial spherical structure,
with an overall volume shrinkage of 57.0 ± 4.5% attributable to the flexibility of the polymeric chains
of chitosan that are brought closer after the extraction of the solvent.

A significant number of investigations also focused on the possibility to produce layered aerogels.
Veronovsky et al. [225] prepared multilayer amidated LM pectin aerogel particles via ionotropic gelation
by dripping 2% Wt pectin solutions through a needle into calcium chloride solution. The obtained
hydrogels were then dripped into a 1% Wt pectin solution for obtaining membranes around the core
particles, and again were crosslinked in CaCl2 solution. Three-membrane hydrogel particles were
produced by repeating the process. After solvent exchange, particles were dried with supercritical
CO2. To verify the ability of such materials to act as carriers for drug delivery, two model drugs that is
theophylline and nicotinic acid were loaded within the core. The selected operative conditions allowed
obtaining multilayer pectin aerogel particles with diameter of 8.0 and 9.8 mm, depending on the source
of pectin (apple and citrus, respectively). Specific surface area varied from 469 to 593 m2/g based on
pectin source and its concentration. The release of both loaded drugs turned out to be controlled
by swelling and dissolution of pectin matrix. Aerogels from citrus pectin showed more controlled
release behavior than those from apple. Moreover, core-shell aerogels have been designed to delivery
antibiotics. De Cicco et al. [44] combined amidated LM pectin with alginate to produce core-shell
aerogels loaded with doxycycline hyclate, by means of prilling technique in coaxial configuration.
Ionotropic gelation was conducted via diffusion method (external gelation) in an ethanolic CaCl2
solution. The obtained aerogels showed spherical shape, smooth surface and an apparent density of
around 0.3 g/cm3.

5.6. Design of Experiments (DoE) and Artificial Intelligence (AI) for the Productionof PbHP by Inverse
Gelation Technique

Recently, our research group exploited the possibility to apply the Design of Experiment for the
development of wet alginate soft-capsules with a hydrophilic core through inverse gelation [199].
Soft-capsules, designed for topical administration, were produced through a vibrating nozzle device,
dripping a thickened calcium chloride solution into an alginate bath. The experimental design
applied revealed the effect of several critical process parameters such as the solution’s composition,
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frequency and flow-rate onto critical quality attributes of the produced soft-capsules as e.g., drug
content, encapsulation efficiency, size, shape and mechanical strength. The overall knowledge gained
through the DoE exercise showed that the inverse gelation process was capable of producing PbHPs as
soft-capsules with the desired attributes, resistant enough to allow handling during storage, but also
very easy to break when applied onto the skin.

Process optimization may be gained by integration of several methods into the process of the
formulation design of PbHPs. Artificial intelligence (AI) is one of the possibilities to predict the optimal
process conditions, reproducibility and great precision and accuracy in data analysis. In the last years,
we proposed inverse gelation for the production of PbHPs as wet core-shell microcapsules using AI
tools for the process optimization [200]. A w/o emulsion containing aqueous calcium chloride solution
in sunflower oil pumped through the inner nozzle of a prilling encapsulator apparatus gave the core
while an aqueous alginate solution, coming out from the annular nozzle, produced the particle shell
(see Figure 17). The numerous operative conditions such as w/o constituents, polymer concentrations,
flow rates and frequency of vibration were optimized by two commercial software, FormRules® and
INForm®, which implement neurofuzzy logic and artificial neural networks together with genetic
algorithms, respectively. The optimized parameters by AI tools allowed to manufacturing of spherical
core-shell beads (sphericity coefficient about 0.98) with diameter about 1.1 mm and a narrow size
distribution containing the oily droplet wrapped by a thin and regular alginate layer (about 95 μm).
This technique certainly represents an innovative approach to produce PbHPs in form of core-shell
particles with different hardness loaded with oil or drugs dispersed into lipids.

 

Figure 17. Schematic illustration of the method employed for the production of core-shell microparticles
by inverse gelation optimized with artificial intelligent tools. Reprinted from [200] with permission
from Elsevier. Copyright (2018).

6. PbHPs: Safety by Design and Clinical Translations

Despite the largely evolving knowledge and techniques for the development of PbHPs as
controlled DDS able to improve biopharmaceutical properties of various bioactive molecules (e.g.,
small molecules, protein, oligonucleotides), their clinical study remains very limited [2]. As it
always happens, opportunities are accompanied by challenges, and for new process technologies in
pharmaceutical field, the main issue is the insecurity concerning their safe implementation. The main
difficulty to translate such systems into clinical studies is due to a general lack of:

(1) understanding how properties of such materials influence the adsorption of bioactive molecules
and their effect on cellular reactions,

(2) standardized methods assessing material characteristics as well as biological reactions,

both aspects falling in the field of safety. In particular, it is important to consider that natural-based
polysaccharides are not a single discrete chemical system, as they vary in number and distribution of
repeating building blocks along the backbone [2]. Since polymer molecular weight and composition
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can significantly vary, their main physicochemical properties such as solubility, chain flexibility, intra-
and intermolecular forces, carrier size/shape, loading capacity, surface charge, and degradation profile
can vary, and consequently also the in vivo performances. These aspects must be taken into account
by regulatory authorities during control phases for a successful translation of PbHPs from bench
to bedside.

In this contest, the safety-by-design (SbD) approach acquires a significant relevance. In general,
SbD concepts foresee the risk identification and reduction as well as uncertainties regarding human
health and environmental safety during the early stages of product development, by altering its design
and by ensuring safety along its lifecycle. The SbD concept is therefore different from conventional
risk assessment approaches, which only consider safety when the product is already fully developed.
As well known, while the concept of quality-by-design (QbD) is widely used by pharmaceutical
industry and its implementation is foreseen by the pharmaceutical development guidelines [226,227],
that of SbD is new, and it is not yet included in ICH, EMA, or FDA guidelines. This means that even if
safety is taken into account during the pharmaceutical development, there is still no systematic SbD
approach in place, yet. As the QbD requires for its application the definition of the critical quality
attributes (CQA) that will lead to the achievement of a product with proven effectiveness, in the
same way the SbD has to establish CQA leading to a product with low safety concerns. Few papers
focus on this intriguing and complex topic involving multidisciplinary knowledge (i.e., life science,
clinical medicine, material science, chemistry, and engineering) as well as active collaboration among
regulatory authorities, pharmaceutical companies, academics, and governments.

Recently, Schmutz et al. [228] elaborated a useful methodological SbD approach (referred
as GoNanoBioMat SbD approach) focusing on polymeric biomaterials widely used to prepare
nanoparticles and microparticles for drug delivery. Such approach allows identifying and addressing
the relevant safety aspects to face with when developing biopolymeric-based DDS during design,
characterization, assessment of human health and environmental risk, manufacturing and handling.
As shown in Figure 18, the pillars of such approach are the following:

(1) Material Design, Characterization, Human Health and Environmental Risks
(2) Manufacturing and control
(3) Storage and Transport.

For the Human Health Risks step, the route of administration/exposure, the dosage, the duration
and frequency should be determined as safety of polymeric biomaterials depends on the route of
administration/exposure and the resulting respective pharmacokinetic profile. If one final candidate
has been selected, the developer of such materials should go to the Manufacturing and Control step
to ensure product safety and quality. The goal of this step is to scale-up the production by applying
Good Manufacturing Practices (GMPs), preventing contamination and ensuring uniformity between
the batches. In this step, CQAs of nanobiomaterials must be identified as well as Critical Process
Parameters. These are defined as the “process parameters that influence CQAs and therefore should
be monitored or controlled to ensure the process produces the desired quality” (ICH Q8 (R2), 2009).
The goal of the final step is guarantee safe storage and transport.
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Figure 18. Safety-by-Design approach. Blue arrows correspond to the flow of polymeric nanobiomaterials
as drug delivery systems from design to storage and transport, red arrows are feedback loops uses
whenever the nanobiomaterial product is unsafe, inefficient or has unwanted side effects, and bullet
points represent the methods/tools or endpoints at each step. Reprinted from [228]. Copyright (2020)
Schmutz, Borges, Jesus, Borchard, Perale, Zinn, Sips, Soeteman-Hernandez, Wick and Som.

A recent paper by Poel and Robay [229] highlights the usefulness to “design for the responsibility
for safety”, rather than directly for safety, and propose some heuristics to use in deciding how to share
and distribute responsibility for safety through design; in summary, designers should think where the
responsibility for safety is best situated and design technologies, accordingly. The solution to safety
issues is not to be sought in transferring all responsibility to the users of a technology (or to other
stakeholders) but rather in a model of responsibility shared among the various actors involved, such as
operators and users. The authors state that it is better to accept indeterminacy and to use it as potential
source for safety rather to design it out in an attempt to achieve absolute safety, which is unattainable;
in many real-world situations, human actions should be considered not a source of risks but of safety.
Reason argues that the human possibility to improvise may be crucial to react to (unexpected) risks
and is, therefore a source of safety [230]. Based on these considerations, indeterminacy is not only a
liability but also an asset as it opens the possibility to use the expertise and insights of the actors in the
value chain to identify risks unknown during the design phase.

To date, there are still many open questions on safety and conformity assessment. From this
point of view, an early and deep dialogue between experts from academic community, industry and
regulatory authorities is of utmost importance to “anticipate” quality and safety requirements of PbHPs.
In general, regulatory requirements as well as regulatory/scientific guidance on new technologies
and nanomaterials applied in medicinal products as well as medical devices are emerging. A new
regulatory framework for medical devices was recently published in Europe [231]. The new regulation
contains several provisions for nanomaterials, including a definition, specific attention for safety of
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nanomaterials and classification rules leading to different routes for conformity assessment. For the
implementation of such aspects, more guidance is needed.

7. Conclusions

In this review, a comprehensive description of the theoretical and practical aspects behind the
production of different polysaccharide-based hydrogel particles (PbHPs) by prilling technology in
tandem with several curing technique is given. PbHPs, depending on the designed characteristics,
can be produced as drug delivery systems exerting a number of functions as to control drug release
and targeting. Beads with modular inner structure and tailored texture (xerogel, aerogel, cryogel)
and with different configurations (mono-layered “only core” or multi-layered “core-shell”) may be
obtained by a proper selection of the droplet formation technique and the subsequent gelation step.
However, the choice of the drying method for the hydrogel is a critical step allowing to obtain carriers
with specific morphology and inner structure and hence with controlled release properties, mainly of
anti-inflammatory and antibiotic drugs.

Several studies in literature highlight that prilling is a versatile technique to develop polysaccharide-
based particles loaded with different drugs (i.e., NSAIDs and SAIDs), both with poor and high solubility,
intended for oral or topical applications and intended as fast or prolonged/sustained drug release
formulations. The added value of this technique is related to its versatility and scalability. In fact,
such technique is already approved for large scale by some companies. In general, the pathway for
PbHP production through prilling comprises a deep knowledge of various formulation and process
parameters, starting from biopolymer concentration, type of solvent, feed solution viscosity, gelling
methods and properties of cation or cations for ionotropic gelation. Moreover, drying conditions play
an important role in determining the characteristics of the final material.

Despite the promising pharmaceutical applications, these are some challenges correlated to the
numerous critical parameters influencing size, shape, morphology and structure (i.e., homogeneity,
density, strength, flexibility, pore size, permeability) of the final material and hence the release profile
of the entrapped drug and its in vivo activity. The possibility to apply the Design of Experiment for the
development of PbHPs and the use of artificial intelligent (AI) tools for the process optimization may
reduce the time and make more efficient the process design. Another important aspect to consider
is the possibility of including safety in the design of PbHPs as useful tool to enhance the medical
translation of such innovative DDS.
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Abstract: Starch recovered from an agrifood waste, pea pods, was enzymatically modified and used
to prepare cryogels applied as drug carriers. The enzymatic modification of starch was performed
using the laccase/(2,2,6,6-tetramethylpiperidin-1-yl)oxyl TEMPO system, at a variable molar ratio.
The characterization of the ensuing starches by solution NMR spectroscopy showed partial conversion
of the primary hydroxyl groups versus aldehyde and carboxyl groups and successive creation of
hemiacetal and ester bonds. Enzymatically modified starch after simple freezing and lyophilization
process provided stable and compact cryogels with a morphology characterized by irregular pores,
as determined by atomic force (AFM) and scanning electron microscopy (SEM). The application
of cryogels as carriers of active molecules was successfully evaluated by following two different
approaches of loading with drugs: a) as loaded sponge, by adsorption of drug from the liquid
phase; and b) as dry-loaded cryogel, from a dehydration step added to loaded cryogel from route
(a). The efficiency of the two routes was studied and compared by determining the drug release
profile by proton NMR studies over time. Preliminary results demonstrated that cryogels from
modified starch are good candidates to act as drug delivery systems due to their stability and
prolonged residence times of loaded molecules, opening promising applications in biomedical and
food packaging scenarios.

Keywords: cryogel; starch; NMR spectroscopy; morphology; drug release

1. Introduction

Polysaccharides are natural and environmentally friendly polymers that have been used as starting
materials for the production of a “new generation” of biobased materials because they are biocompatible,
biodegradable, and nontoxic [1]. Native and modified polysaccharides, such as cellulose [2–5],
hemicellulose [6,7], pectin [8,9], polygalactomannans [10–12], starch [13,14], and alginate [15] have been
reported as promising matrices for producing bioaerogels via dissolution in water, retrodegradation,
solvent exchange, drying via supercritical CO2, and air–liquid phase replacement [1]; and for producing
cryogels via conventional lyophilization [10,11]. Cryogels are supermacroporous gel networks derived
from the cryogelation of monomers or polymeric precursor gel matrices at the subzero temperature.
Being lightweight and very resistant to the breakage materials and characterized by interconnected and
open porous structures, large surface area, high mechanical strength, and ultralow dielectric constant,
they appear suitable for a wide range of applications in several fields [16,17]. Additionally, considering
they may be obtained through a simplest approach and in aqueous medium, cryogels are suitable
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and fit for diverse biological and biomedical applications, such as for drug release, immobilization of
molecules and cells, and matrices for cell separation [18,19].

The purpose of this paper is to describe the synthesis of modified starch via enzymatic
oxidation and the production of cryogels suitable as carriers of active molecules. The oxidation
reaction was carried out by using fungal laccase, from Trametes versicolor and the mediator TEMPO
(2,2,6,6-tetramethyl-1-piperidinyl-1-oxy radical) at a variable molar ratio [20–22]. Starch from pea pods
(Pisum sativum) was used as feedstock derived from an agrifood waste. Starch is a polysaccharide with
high molecular weight whose principal components are amylose and amylopectin. Amylose is a linear
polymer of D-glucose units linked through α-(1→ 4) glycosidic bonds. Amylopectin has a branched
structure through both α-(1→ 6) and α-(1→ 4) glycosidic bonds [23]. The combined use of laccase
enzyme and the mediator TEMPO is a well-known method for the suitable oxidation of the primary
hydroxyl groups to aldehydes [24,25]. The consequential formation of hemiacetalic bonds between
the newly formed carbonyl and carboxyl groups and the free hydroxyl groups supports the creation
of a crosslinked network responsible for the modified material behavior and allows the modulation
of the material properties [25]. After the oxidation reaction, the modified starches were thoroughly
characterized by mono- and two-dimensional solution NMR spectroscopy to determine the degree of
oxidation and the nature of newly formed functional groups. Applying a conventional lyophilization
process to modified starch, cryogels were obtained, and the morphology was investigated using atomic
force microscopy (AFM) and SEM. The sorption/desorption capability of the cryogels was evaluated
using caffeine in water, chosen as a “model drug” for the presence of functional groups in the molecular
structure able to interact with those on starch polymer chains, thus favoring a slower desorption
phenomenon. Moreover, this being a molecule that is a natural antioxidant by scavenging hydroxyl
radicals, it is appropriate for biomedical applications to support the use of the proposed carrier [26].
Two different approaches of cryogel loading were evaluated, as reported: (a) adsorption of caffeine
from the liquid phase (sponge cryogel); and (b) adsorption of caffeine from the liquid phase followed
by a dehydration process (dry-loaded cryogel). Profile studies of release were then conducted by
collecting a series of proton NMR spectra over time, thus showing encouraging preliminary results for
the use as carriers. Synthesized cryogels, due to their properties, could have a wide range of promising
applications in biomedicine (immobilizing biomolecules; capturing target molecules; for drug delivery;
for wound healing), biotechnology, and bioseparation segments.

2. Results

2.1. Starch Oxidation

Purified starch from pea pod powder was enzymatically oxidized by using fungal laccase and the
mediator TEMPO in mild reaction conditions and at a variable molar ratio (see Table 1), as described in
Section 4.2.

Table 1. Reaction conditions for the TEMPO-mediated laccase oxidation of PS in water.

Sample TEMPO (mg) Laccase 1 (mg)

A 1 4
B 1 40
C 10 40

D 2 - -
1 Laccase was dissolved in 1 mL of water prior use. 2 Sample D was not enzymatically oxidized.

Trametes versicolor was chosen as a source of laccase because its carboxyl content was the largest
compared to that of other enzymes [27] and because it is able to promote the oxidation of the mediator
TEMPO in an unbuffered water medium. During oxidation, the mediator TEMPO is converted into
an oxonium ion, able to selectively act on the primary hydroxyl groups present on pea pod starch
(PS) chains, thus generating aldehyde groups. The chemical nature of PS derivatives was deeply
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investigated by mono- and two-dimensional NMR spectroscopy. Results were perfectly in line with
the literature data, supporting experimentally the occurrence of the oxidation in low yield (10%)
as observed for other polysaccharides, such as polygalactomannans [25] arabinoxylan and konjac
glucomannans [10], for which a maximum of 12% of oxidation degree was reached. As a consequence,
the resonances of the partially oxidized PS, in the proton spectrum of Figure 1, have small intensities
overlapping with those of the native PS. The obtainment of aldehyde derivatives was confirmed by the
appearance in the proton spectrum of characteristic resonances at 9.23 and 9.28 ppm in the 1H spectrum
of Figure 1. Moreover, 1H chemical shifts of partially oxidized PS were assigned and are listed in
Table S1 according to available literature data and two-dimensional experiments. Some peculiar signals
in the proton spectrum were very close to those reported for acetylated starches [28,29] and oxidized
polygalactomannans [24,25].

Figure 1. 1H NMR spectrum of partially oxidized pea starch (sample C), recorded at 298 K, in D2O
(for simplicity, only the numbering scheme of the amylopectin derivative is illustrated; the assignment
refers to partially oxidized starch).

In the 13C spectrum of partially oxidized PS in Figure S3, the signals of produced acid residues
are scarcely detectable because of the low yield of the oxidization reaction and especially the absence
of NOE signal enhancement together with a long relaxation delay. In addition, the carbonyl signal
expected in the 190–200 ppm region in the 13C spectrum cannot be easily detected, thus indicating that
the aldehyde groups are hydrated or forming hemiacetals with the hydroxyl groups [30]. Nevertheless,
the formation of a carboxyl carbon derivative for the modified PS was confirmed by the HMBC
spectrum in Figure 2; this is because of the major sensitivity of the experiment along the proton
dimension. Analyzing in detail the carboxyl region in Figure 2 (at 170–190 ppm), it is possible to
observe a cross peak at 177.9 ppm referring to a 3JCH correlation of a proton at 4.1 ppm with the
carboxyl atom. This cross peak was assigned to the newly formed carboxyl group at the C6 position of
the modified PS correlating through three bonds with the H4 proton. The enhanced technique also
allowed easier detection of minor peaks attributable to the partially oxidized PS. Indeed, signals related
to hemiacetalic derivatives were revealed from the HMBC analysis (at ca. 80–90 ppm), in agreement
with literature data [25,30,31] and confirming the 13C NMR data. These derivatives can be justified
from the chemo-enzymatic oxidation mechanism that supports the creation of a crosslinked network
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between the newly formed carbonyl and free hydroxyl groups. These groups are able to form intra-
and inter-chain hemiacetalic bonds that are finally responsible for the modified material behavior.

Figure 2. 1H–13C HMBC spectrum of partially oxidized pea pod starch (PS) from sample C in D2O
at 298 K. Some characteristic resonances are highlighted and refer to minor components from the
oxidation process assigned with this technique.

Finally, the entire spin system was verified by 2D 1H–1H double quantum filtered-total correlation
spectroscopy (TOCSY) experiment reported in Figure S4.

2.2. Cryogels

The final recovered cryogels from the modified PSs, obtained as illustrated on Section 4.2, showed
different structures depending on the mediator TEMPO/laccase ratio in Table 1; therefore, samples A
and B both showed fragile textures as fluffy and easy water dispersible matrices (sample B in Figure 3a);
by contrast, sample C evidenced a compact and reinforced structure, as shown in Figure 3b.
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Figure 3. Cryogels from the modified PS as obtained from variable 2,2,6,6-tetramethyl-1-piperidinyl-1-
oxy radical (TEMPO)/laccase ratio as shown in Table 1: (a) sample B; (b) sample C.

Cryogel Morphology

SEM analysis on sample C in Figure 4 shows a highly porous structure, with the dimension of
pores appearing to be not homogeneous in the whole fragile fractured surface. Indeed, areas with both
smaller and bigger pores are observed. Moreover, nanometric holes are visible within some walls.

Figure 4. SEM images at different magnifications of the fragile fractured surface of sample C.

The morphological analysis carried at higher magnification by AFM in Figure 5 confirmed
the presence of pores heterogeneously shaped and sized, of which the smallest ones range from
approximately 200 nm to a few microns. Grain morphology of the flat areas (inlet of Figure 5b) was
also evidenced.
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Figure 5. Atomic force microscopy (AFM) images of the sample C cryogel surface at: lower (a) and
higher (b) magnifications. The inlet in (b) represents a magnification of the flat area.

This morphology with heterogeneously shaped pores is similar to that reported for superabsorbent
aerogels obtained from cellulose nanofibrils [32,33] and hydrogels for tissue regeneration [34].
The presence of pores heterogeneous in shape and size together with nanometric pores in the walls could
be useful for tuning the absorption/release of active molecules, such as caffeine.

3. Discussion

Cryogels as Carrier

The ability of the partially modified PS to act as a delivery system of active molecules was
investigated by solution NMR spectroscopy, as this technique is not limited to specific classes of
compounds or functional groups but can be extended to the determination of all hydrocarbon
compounds and is very useful for the analysis of mixture. Moreover, together with the release
profile, it is possible to observe when the cryogel starts to dissolve. Finally, it is a quantitative and
non-disruptive technique.

To test the cryogels’ ability to act as drug carrier, caffeine was chosen as model molecule because of
the affinity of its functional groups with those of modified PS and because it is a well-known antioxidant
and pro-oxidant and has reinforcing properties [35]. All samples in Table 1 were loaded with caffeine
by immersing each of them into an Eppendorf tube containing caffeine in water, as illustrated in
Section 4.3. (route (a)), and finally, samples A and B were discarded because of their fragile texture
and easy water solubility; thus, cryogels from sample C conditions were used like carriers due to their
compact and sTable Structure. Successively, the uploading capacity was evaluated for both samples.
The main difference between the two loading methods is in the wet or dry use of the cryogels. For wet
uses, the idea is to enhance the dissolution rate of poorly water-soluble drugs, thus increasing the
therapeutic effects linked to drug availability. In the case of dry-loaded cryogels, wound healing
applications are considered. This cryogel may be able to generate a wet gel at the wound site when an
exudate is present, thus avoiding perilesional skin damages.

Firstly, for sponge cryogels from route (a), the release profiles of adsorbed caffeine were evaluated by
collecting a series of proton NMR experiments acquired as detailed in Section 4.5. Direct quantification
of released caffeine was done through a proportional comparison between the signal of the internal
standard (TMS at δ = 0 ppm) and a selected signal of caffeine (e.g., a methyl signal at δ = 3.32 ppm,)
considering that in a proton spectrum, the area of the signals is directly proportional to the number
of protons present in the active volume of the sample [36]. Milligrams of released caffeine were
determined by applying Equation (1) and then plotted vs. contact time in Figure 6 (considering
cumulative milligrams over time). Data analysis for the sponge cryogel evidenced that the maximum of
released caffeine was reached in the first 1560 min of elution, probably due to the quick release of caffeine
from the surface of the PS material. Successively, for more prolonged contact time, the concentration
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goes down, and a more constant profile was reached probably because the caffeine entrapped in the
core system was slowly released over time. After prolonged contact time, the cryogel starts to dissolve.
Two stock solutions were analyzed to replicate data showing the same trend.

In the case of the dry-loaded cryogel from route (b), the procedure for the quantitative analysis of
released caffeine was the same as described above. The plot of NMR data vs. contact time in Figure 6
evidenced no significant differences on the release profile for this material with respect to the sponge
cryogel. The only valuable difference is attributable to the stability of this material that is more fragile
and difficult to handle. In addition, in this case, two stock solutions were analyzed to replicate data
showing the same trend.

Figure 6. Percentage/mg medium values of the cumulative caffeine release versus time (standard
deviation bars are reported) for the sponge cryogel and dry-loaded sample.

These preliminary studies are encouraging and aspire to develop cryogels for specific applications.
The sponge cryogels may contribute to the development of specific administration routes (topical,
pulmonary, oral), thus shaping on demand, and on the “site” the drug availability. The dry-loaded
cryogel will be useful for wound healing applications; it will mimic the natural tissue environment,
and when loaded with antioxidant molecules, it can enhance antibiotic resistance during bacterial
invasion [37].

4. Materials and Methods

4.1. Materials

Starch from pea pods (PS) in powder was generously provided by Dr. Marco Radice of Emsland
Group and used after purification, carried out by dispersing it (10% w/w) in MilliQ water and ethanol
in a 60/40 ratio by stirring at room temperature for 1 h. The material was recovered by filtration and
then dispersed at 10% w/w in acetone and stirred for an additional hour at room temperature. After
vacuum filtration, the material was dried at 50 ◦C overnight. The final yield was 94% (w/w).

Laccase from Trametes versicolor in powder form (0.5 U/mg as declared by Sigma-Aldrich),
mediator TEMPO, caffeine, and all other chemicals were purchased from Sigma-Aldrich (Sigma-Aldrich,
Darmstadt, Germany) and used as received. Deuterated water, (D2O 99.9%), and tetramethylsilane
(TMS) for NMR spectroscopy were purchased from CortecNet (CortecNet, Les Ulis France) and used
as received.
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4.2. Oxidation Process and Cryogel Preparation

Purified PS was dispersed in milliQ water and stirred for 1 h at room temperature and then left
overnight without stirring. Successively, a suspension of PS (10 mg) in water (2 mL) was prepared and
stirred for 30 min at 30 ◦C, and then the mediator TEMPO and laccase were added in a molar ratio as
reported in Table 1. The reaction mixture was stirred for 4 h at 30 ◦C and then kept at room temperature
overnight. Finally, the enzyme was inactivated by placing the reactor into a boiling bath for 15 min.

The so-obtained reaction mixture, slightly viscous, was kept frozen at 8−0 ◦C for 18 h in cylindrical
reactors and then lyophilized at −55 ◦C for 24 h (0.03 mbar). Recovered samples after lyophilization
were stored at room temperature. Syntheses were duplicated to verify the reaction reproducibility.
Furthermore, to verify the possibility of generating cryogels from the not enzymatically oxidized PS,
the freeze-drying procedure was applied to a suspension of PS (10 mg) in water (2 mL) (sample D in
Table 1) obtaining no cryogel.

4.3. Caffeine Adsorption in the Cryogel Structure

The adsorption of caffeine in cryogel was carried out following two different procedures, as follows:
(a) for the sponge cryogel, a slice of 15 mm in diameter (5 ÷ 6 mg), obtained from sample C (in Table 1),
was immersed into an Eppendorf tube containing caffeine in water (5 mM) for 90 min, then washed
with 500 μL of water, and weighted to determine the “uploading capacity”; (b) the cryogel from route
(a), after being charged with caffeine in water, was re-lyophilized, giving rise to the dry-loaded cryogel.
Both procedures utilized the cryogel obtained from sample C condition in Table 1 because it is more
stable in water with respect to samples A and B.

4.4. Studies on Sorption/Desorption of Caffeine in the Cryogels

The sorption/desorption capability of the loaded cryogel from route (a) was evaluated by immersing
it into 700 μL of fresh deuterated water at regular interval time (respectively for 15, 30, 60, 180, 240,
and 900 min as contact time) before acquisition of the NMR data. For all recovered solutions, proton
spectra were recorded in quantitative conditions to evaluate the amount of released caffeine over time,
and then this parameter was plotted as function of time considering the cumulative amount.

The sorption/desorption capability for the dry-loaded cryogel from route (b) was determined as
detailed above by immersing it into 700 μL of fresh deuterated water at regular interval time, and
proton NMR experiments were conducted on each solution. Finally, data were evaluated over time.
Data were duplicated in both cases.

The experimental scheme illustrating the sorption/desorption procedure in the cryogels is reported
in Figure S1.

4.5. NMR Spectroscopy

Mono- and two-dimensional NMR experiments were recorded on a 500-MHz Bruker DMX
spectrometer, operating at 11.7 T, equipped with a 5 mm probe and gradient unit on z, and thermostated
at 298 K (Bruker Biospin GmbH, Rheinstetten, Karlsruhe, Germany). The samples were prepared by
dissolving 5.0 mg of oxidized starch into 700 μL of D2O at room temperature (The NMR data were
acquired on modified PS before the lyophilization process, and no precipitate or solid materials was
observed in the NMR tube.). As internal standard, 20 μL of a 0.7 mM TMS/water solution was added
to each NMR solution before data acquisition.

Acquisition parameters for 1H experiments of enzymatically oxidized pea starch: 90◦ pulse 9.75 μs;
PL1−2.2 dB; relaxation delay, 20.0 s. Spectral width, 8400 Hz; number of transient, 1024.

13C parameters: spectral width, 14 KHz, 90◦ pulse, 11.0 μs; PL1−1.3 dB with a delay of 10 s.
2D 1H-1H DQF-TOCSY (double quantum filtered-total correlation spectroscopy) was acquired

with 256 experiments over 2 K data points and 256 scans each, with a mixing time of 0.09 s and
a relaxation delay of 1.2 s.
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The 2D 1H-13C g-HSQC experiments (gradient-heteronuclear single quantum coherence) were
performed by applying a coupling constant 1JCH = 150 Hz; data matrix 2 K × 256; number of scans: 128.

The 2D 1H-13C g-HMBC experiments (gradient-heteronuclear multiple bond correlation) were
performed by applying a delay of 50 ms for the evolution of long-range coupling; data matrix 2 K × 256;
number of scans 128; D1 2.00 s. Data were zero filled and weighted with a sine bell function before
Fourier transformation.

Quantitative acquisition parameters for 1H spectra of caffeine solutions: 90◦ pulse, 9.75 μs;
PL1−2.2 dB; relaxation delay, 40.0 s. Spectral width, 8400 Hz; number of transient, 1024. Data processing:
exponential line broadening of 0.1 Hz was applied as resolution enhancement function; zero-filling
to 32 K prior FT (TopSpin 4.0.6 software, Bruker Biospin GmbH, Rheinstetten, Karlsruhe, Germany).
Spectra were referenced to the residual solvent signal of TMS at δ = 0 ppm, as internal standard.

For all experiments, spectra phasing and integration were performed manually, and the NMR
spectra were processed using the Bruker TopSpin 4.0.6 software (Bruker Biospin GmbH, Rheinstetten,
Karlsruhe, Germany).

Caffeine content was determined from the integral value in the proton spectrum by applying
Equation (1) [36]:

[mM]c = Ic/Hc [mM]st Hst/Ist (1)

where [mM]c is the millimolar concentration of caffeine; [mM]st is the millimolar concentration of
the standard solution of TMS; Ic, Ist, and Hc and Hst are the integral value and number of protons
generating the signals of caffeine and TMS, respectively. The 1H spectrum of caffeine with resonance
assignment is reported in Figure S2.

4.6. Cryogel Morphology

The morphology and structure of the samples were assessed using scanning electron microscopy
(SEM) performed on a Hitachi TM 3000 Benchtop SEM instrument (Tokyo, Japan) operating at 15 kV
acceleration voltage. Observations were carried out on fragile fractures (in liquid nitrogen) of samples
lyophilized and sputter-coated with gold.

Observations at higher magnification were carried out with a commercial AFM (NTMDT) model
NTEGRA in tapping mode. For AFM measurements, the oxidized PS sample was fixed on a glass slide
with a double tape.

5. Conclusions

Sustainable and renewable starch-based cryogels have been synthesized from enzymatically
modified starch from pea pods, combined with conventional lyophilization. The nature of the functional
groups derived from the oxidation reaction seems to play a crucial role in affecting the final behavior
and properties of the synthesized materials. This work highlights the role of NMR spectroscopy
as an analytical tool for material characterization and determination of the drug release profile of
cryogels, allowing at the same time, to follow the material degradation process. The ability of the
prepared cryogels to act as drug carriers might be useful in designing novel bio-inspired materials with
promising application for wound healing and for specific administration routes in the pharmacological
field. In the future, antimicrobial effects will be investigated to improve the performance of cryogels
and to open the scenario on novel applications.

Supplementary Materials: The following are available online: Figure S1. Experimental scheme illustrating the
procedure for sorption/desorption of caffeine. Figure S2. 1H spectrum of caffeine with resonance assignment.
Figure S3. 13C NMR spectrum of oxidized PS (sample C), recorded at 298 K, in D2O. Figure S4. TOCSY spectrum of
oxidized PS (sample C), recorded at 298 K, in D2O. Table S1. Peculiar chemical shifts for 1H species of modified PS.
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Abstract: The following study describes the preparation of pectin aerogels and pectin aerogels coated
with an external layer of chitosan. For the preparation of chitosan-coated pectin aerogels, a modified
coating procedure was employed. Since pectin as well as pectin aerogels are highly water soluble,
a function of chitosan coating is to slow down the dissolution of pectin and consequently the release of
the active substances. Textural properties, surface morphologies, thermal properties, and functional
groups of prepared aerogels were determined. Results indicated that the coating procedure affected
the textural properties of pectin aerogels, resulting in smaller specific surface areas of 276 m2/g,
compared to 441 m2/g. However, chitosan-coated pectin aerogels still retained favorable properties
for carriers of active substances. The case study for prepared aerogels was conducted with curcumin.
Prior to in-vitro release studies, swelling studies were performed. Curcumin’s dissolution from both
aerogels showed to be successful. Pectin aerogels released curcumin in 3 h showing a burst release
profile. Chitosan-coated pectin aerogels prolonged curcumin release up to 24 h, thus showing a
controlled release profile.

Keywords: curcumin; pectin aerogels; chitosan coating; burst release; controlled release

1. Introduction

Polysaccharides have gained increasing attention in biomedicine within the last decade. Due to
their exquisite properties such as non-toxicity, biodegradability, and biocompatibility, they are listed as
excellent candidates for use in various biomedical formulations.

Pectin is a linear polysaccharide mainly consisting of galacturonic acid units which are connected
via α-(1-4) bonds. Gelling properties of pectin depend on the ratio of esterified and amidated acid
groups, and particularly the type of pectin (low methoxyl pectin, high methoxyl pectin, or amidated
pectin) [1]. Different gelation methods have been reported in the literature: ionotropic gelation with
Ca2+ [2], ionotropic gelation with ethanolic solution of Ca2+ [3], emulsification in oil followed by
coagulation in ethanol [4], and ethanol gelation [5]. Pectin aerogels are highly water soluble in the
same way as pectin. They could be used for improving the dissolution and bioavailability of poorly
water-soluble drugs [6].

Chitosan is a linear polysaccharide consisting of linked β-(1-4)-glucosamine units. It can be
obtained by deacetylation of chitin from seafood industry waste, such as squid pens and crab shells. Gels
can be formed either by irreversible covalent links with chemical cross-linkers, such as glutaraldehyde,
or by various reversible links with ions and polyelectrolyte complexes. The latter are formed by
dissolution of chitosan in an acidic medium, followed by precipitation in an alkaline solution, which is
the simplest way of preparing chitosan gels [7]. Chitosan aerogels, in the literature usually referred
to as scaffolds, are in most cases used for tissue engineering applications [8]. Unlike pectin, chitosan
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is soluble in an acidic medium, in lower pH ranges. This property is very important and opens up
possibilities for new applications.

The drug release properties from water-soluble polysaccharides, such as pectin, suffer some
problems. The main disadvantage is the burst release of active substances due to quick breakdown of
gels in vitro. To improve the performance of water-soluble polysaccharides, chitosan coatings can be
added to protect the core and prolong the release of active substances trapped inside. There are efforts
in the literature to achieve these formulations and mentioned effect [9–13].

Curcumin is a yellow pigment present in the spice turmeric (Curcuma longa). It is associated
with antioxidant, anti-inflammatory, anticancer, antiviral, and antibacterial activities, confirmed
by more than 6000 citations and hundreds of clinical studies [14]. Curcumin, however, has poor
absorption, biodistribution, metabolism, and bioavailability. There are suggestions to overcome these
problems, by incorporating curcumin into formulations such as nanoparticles, liposomes, micelles,
and phospholipid complexes [15–18].

The aim of this study was to improve the bioavailability of curcumin by attaching it to highly
water-soluble pectin aerogels in the first step. Secondly, the curcumin release was optimized by adding
a chitosan layer over the pectin core.

To the best of our knowledge, this is one of the first studies on the topic of chitosan coatings over
pectin aerogels.

2. Results

2.1. Synthesis of Pectin Aerogels and Chitosan-Coated Pectin Aerogels

Figure 1 shows a schematic presentation of the modified coating method, applied for covering
the pectin core with a chitosan layer. In the first step (a), 4% (w/w) pectin solution was prepared,
poured into molds and covered with ethanol to obtain gels. Once the stable gel was obtained, tablet
shape forms were cut (b) for further treatment. Step (c) refers to dipping pectin cores into 1.5% (w/w)
chitosan solution in 0.2 M CH3COOH. To attach chitosan to the pectin core, tablets were transferred to
NaOH solution in ethanol (d), which triggered the gelation of chitosan. In the last step, before further
processing, pectin gels coated with chitosan were washed out with ethanol (e).

 

Figure 1. Schematic presentation of the coating procedure.

To prepare aerogels from gels, a supercritical drying technique was applied at 120 bar and 40 ◦C
for 6 h. The aerogels obtained are presented in Figure 2. Chitosan-coated pectin aerogels (right side)
are more massive with clearly changed shapes. Unlike the pectin aerogels (left side), which have a
precise, tablet-shaped form, chitosan-coated pectin aerogels have less defined shapes. The average
diameter-to-height ratio for pectin aerogels is 3, while for chitosan-coated pectin aerogels, it is 1.5.
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Figure 2. Pectin aerogels and chitosan-coated pectin aerogels.

2.2. Characterization of Pectin Aerogels and Chitosan-Coated Pectin Aerogels

2.2.1. Textural properties

Specific surface areas were measured using N2 adsorption–desorption analysis. Furthermore,
bulk and skeletal densities were determined, and porosity was calculated. All values are shown in
Table 1.

Table 1. Specific surface areas, densities and porosities of pectin aerogels and chitosan-coated
pectin aerogels.

Pectin Aerogels Chitosan-Coated Pectin Aerogels

Specific surface area, m2/g 441 ± 6 276 ± 8
Bulk density, g/cm3 0.084 0.098

Skeletal density, g/cm3 2.1 1.9
Porosity, % 96.0 ± 0.05 94.8 ± 0.03

Specific surface area of chitosan-coated pectin aerogels is 276 m2/g, which is significantly lower
compared to pure pectin aerogels, which have a surface area of 441 m2/g. It seems that the coating
procedure affected the structure of pure pectin aerogels, resulting in smaller specific surface areas.
However, the specific surface area of 276 m2/g is still high enough for loading of the active substances
(such as curcumin) and the potential as a drug carrier. Very high porosities of 96 ± 0.05% and
94.8 ± 0.03% undoubtedly shows aerogels nature of both pectin and chitosan-coated pectin materials.

The N2 adsorption–desorption isotherms for both pectin aerogels and chitosan-coated pectin
aerogels, presented in Figure 3 could be classified as type IV isotherms. From the types of isotherms,
it can be concluded that the prepared aerogels are mesoporous materials.
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Figure 3. Adsorption–desorption isotherms for pectin aerogel and chitosan-coated pectin aerogels.
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2.2.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was employed for determining the surface morphology of
prepared aerogels. The coating of pectin core with chitosan layer was confirmed by SEM image on a
100 μm scale. Figure 4a undoubtedly shows a two-layer aerogel. The upper layer represents a chitosan
coating over a pectin core. Porous structure is visible in both layers. Furthermore, Figure 4b represents
the outer part of the coating on a 1 μm scale, confirming the porous structure of the chitosan.

a) b) 

 
 

 

c) d) 

100 μm 

500 nm 500 nm 

1 μm 

Figure 4. Scanning electron microscopy (SEM) images: (a) chitosan-coated pectin aerogels, the inner
part (100 μm scale); (b) chitosan-coated pectin aerogels, the outer part (1 μm scale); (c) pectin aerogel
(500 nm scale); and (d) chitosan-coated pectin aerogels (500 nm scale).

Figure 4c,d present the pore network of pectin aerogels and chitosan-coated pectin aerogels on a
500 nm scale. In both cases, the structure is highly porous, having a complex interconnected network
of pores. The structure of pectin aerogels seems to be more compact compared to the structure of
chitosan-coated pectin aerogels, which is expected since the specific surface area and porosity of pure
pectin aerogels is higher.

2.2.3. Thermal Analysis

Thermogravimetry (TGA) and differential scanning calorimetry (DSC) were carried out
simultaneously. The analyses were performed at air atmosphere at a temperature range from
30 to 600 ◦C, with a heating rate of 10 ◦C per minute.

Figure 5 shows DSC curves for pectin polysaccharide (powder), curcumin (powder), and pectin
aerogel loaded with curcumin. Chitosan-coated pectin aerogels loaded with curcumin were not
subjected to TGA/DSC analysis due to the size and weight limits.
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Figure 5. Differential scanning calorimetry (DSC) curves for curcumin powder, pectin powder and
pectin aerogel loaded with curcumin.

The DSC curve for curcumin shows a clear peak at 178 ◦C, indicating the melting point of the
substance. The curve for pectin shows an exothermic peak at 237 ◦C, indicating a degradation of
this polysaccharide. As for pectin, the DSC curve for pectin aerogel loaded with curcumin has an
exothermic degradation peak at 225 ◦C. In this case, the peak is shifted to the left, which means that
the degradation occurs earlier. On the other hand, the melting peak of the curcumin is not visible on
the pectin–curcumin curve.

Simultaneously with DSC, TGA was measured as presented in Figure 6.
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Figure 6. Thermogravimetry (TGA) curves for curcumin powder, pectin powder, and pectin aerogel
loaded with curcumin.
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The values read from TGA curves are given in Table 2. The thermal degradation of pectin
polysaccharide as well pectin aerogel loaded with curcumin occurs in the two steps. The main
decomposition (62%) occurs at higher temperatures, which is confirmed by DSC curves (exothermic
degradation peaks at 237 and 225 ◦C). Decomposition of curcumin of 59% occurs in one step and
corresponds to the melting of the substance.

Table 2. Mass degradation of curcumin powder, pectin powder, and pectin aerogel loaded
with curcumin.

Mass Degradation

Curcumin powder 1st step: 59%
Pectin powder 1st step: 8%

2nd step: 62%
Pectin aerogel loaded with curcumin 1st step: 7%

2nd step: 62%

2.2.4. Fourier Transform Infrared Spectroscopy

Figure 7 presents infrared (IR) spectra for curcumin powder, pectin aerogels loaded with curcumin,
and chitosan-coated pectin aerogels also loaded with curcumin.

Figure 7. Infrared (IR) spectra: curcumin powder (black), pectin aerogel loaded with curcumin (red),
and chitosan-coated pectin aerogel loaded with curcumin (green).

IR spectrum of curcumin clearly shows characteristic peaks [19]: 3500 cm−1 for phenolic O-H
stretching, 1628 cm−1 aromatic moiety C=C stretching, and 1600 cm−1 benzene ring stretching vibrations
identifying curcumin. Furthermore, the IR spectrum contains C=O and C=C vibrations at 1508 cm−1,
olefinic C-H bending vibrations at 1427 cm−1, and aromatic C-O stretching vibrations at 1278 cm−1.

The IR spectrum for pectin aerogels loaded with curcumin shows a characteristic peak at 1743
cm−1, presenting esterified carboxyl groups. Peaks at 1625 cm−1 and 1600 cm−1 are clearly visible,
confirming the presence of loaded curcumin.
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Lastly, the IR spectrum of chitosan-coated pectin aerogels show characteristic peaks at 1604 cm−1

presenting N-H bending of the primary amine, 1398 cm−1 and 1327 cm−1 presenting CH2 bending and
CH3 symmetrical deformations. These peaks are the characteristic signature of chitosan. Characteristic
peaks for curcumin, however, are overlapping with peaks of chitosan; hence, they are not visible in the
spectrum. The presence of curcumin was later confirmed by in-vitro release studies.

2.3. Swelling Studies

Swelling studies are more or less able to predict the behavior of aerogels during in-vitro release
studies. The studies were performed for both pectin aerogels and chitosan-coated pectin aerogels
without the presence of curcumin. Experiments were performed in simulated gastric fluid (SGF) at
pH = 1.2, and simulated intestinal fluid (SIF) at pH = 6.8, in both cases for 24 h. The aerogels were
afterwards compared to see the influence of the coating on their behavior in SGF/SIF.

Figure 8 presents the swelling behavior of both aerogels at SGF. It can be clearly seen that pectin
aerogels and chitosan-coated pectin aerogels behave completely differently.
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Figure 8. Swelling behavior of pectin aerogel and chitosan-coated pectin aerogel in SGF at pH = 1.2 for
24 h.

Both pectin aerogels as well as chitosan-coated pectin aerogels in contact with SGF immediately
swelled. However, once pectin aerogels reached their maximal swelling ratio, they stayed unchanged
for the next 24 h. This means that they are stable in the mentioned fluid. Chitosan-coated pectin
aerogels reached their maximal swelling ratio after 2 h. Unlike pectin, they started to decompose after
2 h and continued decomposing over the next 4 h. Chitosan-coated pectin aerogels have an additional
chitosan layer which is soluble at a lower pH. This means that the chitosan layer swells and afterwards
decomposes. Once the chitosan layer decomposes after approximately 6 h, the pectin core stays stable
in the SGF, in the same way as pectin aerogels.

In SIF, the behavior of aerogels again differs, as shown in Figure 9. Almost immediately after
contact with SIF, pectin aerogels reach their maximal ratio. After 3 h, pectin aerogels completely
decompose. On the other hand, the swelling ratio of chitosan-coated pectin aerogels increases slowly,
reaching its maximal ratio after approximately 5 h. Afterwards, they stay stable in the mentioned fluid.
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In this case, a chitosan layer over the pectin core prolongs the decomposition of the pectin core from 3
to 6 h. Once the pectin core is decomposed, the chitosan layer is stable in SIF, in the same way pectin is
in SGF.
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Figure 9. Swelling behavior of pectin aerogel and chitosan-coated pectin aerogels in SIF at pH = 6.8 for
24 h.

It is important to emphasize that swelling studies in SGF and SIF were performed independently.
Entirely new aerogels were used for both SGF and SIF. The human body, however, functions differently.
Once a drug is taken, it stays in the stomach up to 2 h, and then moves (if it does not dissolve) to the
intestines for another 6 to 24 h, depending on bowel movements and their emptying.

Based on the aforementioned mechanism, drug release studies for both pectin aerogels and
chitosan-coated pectin aerogels were performed first in SGF for 2 h and were afterwards transferred to
SIF for an additional 22 h.

2.4. In-Vitro Curcumin Release Studies from Aerogels

To increase the bioavailability of curcumin, two types of aerogels were proposed as carriers:
pectin aerogels and pectin aerogels coated with a layer of chitosan. The release of curcumin was tested
through in-vitro release studies. Additionally, dissolution of curcumin powder was performed as
a comparison.

As shown in Figure 10, the studies were performed for the first 2 h in SGF at pH = 1.2, and SIF at
pH = 6.8 for the next 22 h. Weighted samples were immersed in SGF, after which they were immediately
transferred to SIF. The experiments were monitored for 24 h.

In the first part of the study, both pectin aerogels and chitosan-coated pectin aerogels showed
almost no release of curcumin in SGF at pH = 1.2. Both aerogels swell in this environment, but
apparently not enough to release a significant amount of curcumin. These results are in good agreement
with swelling studies, in which it was shown that both aerogels needed approximately 2 h to reach their
maximal swelling ratio. In this case, this behavior of aerogels is highly desirable since the absorption
of curcumin occurs in the intestine [14]; hence, there is no need for its release in the stomach.
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Figure 10. In-vitro curcumin release studies: 2 h in SGF followed by 22 h in SIF, 24 h overall.

When transferred to SIF, the release of curcumin from pectin aerogels is completely different from
that of -chitosan-coated pectin aerogels. Pectin aerogels release all of their curcumin after just 1 h in
SIF, of 3 h overall.

If the desired release is controlled release, which it is in most cases, then the release from pectin
aerogels has to be slowed down, but not too much. Controlling drug diffusion from the dosage form
is an excellent approach to maintaining therapeutic levels of the drug in the body. Controlled drug
release in this particular case is important because of the poor adsorption of curcumin by the human
body. It is crucial that a controlled amount of the drug reaches the body so that as much as possible
can be adsorbed. If a large amount of the drug reaches the body at once, much of it will pass through
without any adsorption at all.

Chitosan-coated pectin aerogels demonstrated slower release of curcumin, prolonged up to 24 h.
As seen from Figure 10, curcumin was released for 24 h, leaving enough time for the substance to be
adsorbed and metabolized by the body.

Lastly, curcumin powder was shown to be practically insoluble in body fluids, showing almost no
dissolution after 24 h.

3. Discussion

Besides pure pectin aerogels, chitosan-coated pectin aerogels were prepared. The shape of latter
slightly changed, resulting in a more massive appearance and less defined shapes.

N2 adsorption–desorption analysis showed that chitosan-coated pectin aerogels had significantly
reduced specific surface areas and porosity compared to pure pectin aerogels. Namely, the preparation
procedure affected the pore network, reducing the specific surface areas of pure pectin aerogels
from 441 m2/g to 276 m2/g. Transferring pectin cores to the NaOH solution apparently caused the
shrinkage of pectin cores and some damages in the pore network. The adsorption capacity of pectin
aerogels is higher compared to the adsorption capacity of chitosan-coated pectin aerogels, based on
adsorption–desorption isotherms.

Scanning electron microscopy revealed porous structures for both pure pectin aerogels and
chitosan-coated pectin aerogels, in both pectin core and chitosan layer. However, the structure
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of pectin aerogels showed to be more compact. SEM images are in good agreement with N2

adsorption–desorption analysis, since pectin aerogels have higher specific surface areas. SEM images
of chitosan-coated pectin aerogels show less compact structure, caused by the coating procedure and
some damages to the pore network due to the shrinkage.

Thermal analysis consisted out of simultaneous thermogravimetry and differential scanning
calorimetry to obtain TGA and DSC curves. The DSC curve of pectin aerogel loaded with curcumin
compared to pectin polysaccharide showed a shifted peak, indicating the earlier degradation. A
possible cause is the presence of curcumin. However, the melting peak of the curcumin is not visible
on the pectin–curcumin curve. The overall mass of analyzed pectin aerogel loaded with curcumin is
approximately 10 mg. This means that the mass of curcumin is quite low and could be simply covered
or not detected in this case. TGA curves of pectin polysaccharide and pectin aerogels loaded with
curcumin showed that the thermal degradation occurs in two steps.

Determined IR spectrum of pectin aerogels loaded with curcumin confirmed the presence of
curcumin. The chemical structure of pectin, however, was not changed. This was verified by
characteristic peaks for pectin that are still present in the spectrum. This means that the pectin aerogel
serves as carrier, without chemical changes in the structure caused by the presence of active substances.
In the case of chitosan-coated pectin aerogels, the characteristic peaks for curcumin are overlapping
with characteristic peaks for chitosan. Even though it is not visible in the spectrum, the presence of
curcumin was confirmed by further in-vitro release studies. In this case as well, the characteristic peaks
for chitosan are present, again proving preserved chemical structure of polysaccharide.

Behavior of unloaded aerogels was tested in SGF at pH = 1.2 and SIF at pH = 6.8. At SGF, pectin
aerogels showed to be stable. Contrary, chitosan-coated pectin aerogels started their decomposition
after 2 h and finished the decomposition after 4 h. Actually, only the coating made of chitosan
decomposed since the chitosan is soluble in acidic medium. Pectin core was, however, stable.
This means that by using chitosan coating, pectin core is protected from the decomposition. Behavior in
SIF fluids completely differs. While pectin aerogels completely decomposed after 3 h, chitosan-coated
pectin aerogels are stable in neutral fluid. Chitosan coating was able to slow down and prolong the
decomposition of pectin from 3 h up to 6 h. This behavior opens up the possibility for retaining the
drug for a longer time period inside the core and, later on, the drug’s retardation during release.

Release of curcumin from both pure pectin aerogels and chitosan-coated pectin aerogels was
tested through in-vitro studies and compared with the dissolution of curcumin powder.

Release of curcumin in SGF was retained for both aerogels. However, when transferred to SIF,
pectin aerogels show burst release within just 1 h (3 h overall). This result is in good agreement with
the swelling studies, in which pectin aerogels were completely decomposed after just 3 h spent in SIF.
During drug release studies, pectin aerogels swelled in SGF and decomposed and released curcumin
after 1 h in SIF. The dissolution and bioavailability of curcumin is tremendously improved, compared
to standard curcumin. The porous network structure of aerogels enabled the surrounding of the
molecules of curcumin by molecules of water, thus providing the possibility of faster dissolution. Even
though the dissolution of curcumin was significantly improved, the release was still a burst. In the case
of chitosan-coated pectin aerogels, release of curcumin was prolonged up to 24 h. By covering pectin
with a chitosan layer, the core and, consequently, the curcumin trapped inside are partially protected.
This formulation slowly swells, and consequently slowly releases curcumin. By protecting the highly
soluble pectin core with a chitosan layer, controlled release of curcumin was achieved. As expected,
curcumin powder showed almost no dissolution for the tested period.

4. Materials and Methods

4.1. Materials

Polysaccharides, pectin from citrus (TCI Europe), and chitosan (Sigma Aldrich, medium molecular
weight) were used for the synthesis of pectin aerogels and pectin aerogels coated with a layer of chitosan.
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Ethanol absolute, C2H5OH (Merck, Darmstadt, Germany) and carbon dioxide, CO2 (purity 99.5%,
Messer, Ruše, Slovenia) were introduced for the solvent exchange during synthesis of gels and
supercritical drying of prepared gels, respectively. Curcumin (purity ≥ 65%, Merck, Darmstadt,
Germany) was used as an active substance for prepared aerogels. Chitosan was dissolved in acetic
acid, CH3COOH (purity ≥ 98%, Fisher Scientific, Pittsburgh, PA, USA). Hydrochloric acid, HCl (purity
37%, Merck, Darmstadt, Germany), potassium phosphate monobasic, KH2PO4 (purity ≥ 98%, Merck,
Darmstadt, Germany) and sodium hydroxide, NaOH (purity ≥ 98%, Merck, Darmstadt, Germany)
were employed for the preparation of simulated gastric (SGF) and simulated intestinal fluid (SIF)
for swelling and drug release studies. SGF (HCl) with pH = 1.2 was prepared by diluting 8.3 mL of
37% HCl to 1000 mL with miliQ water. SIF (phosphate buffer solution) with pH = 6.8 was prepared by
mixing 250 mL of 0.2 M KH2PO4 and 112 mL of 0.2 M NaOH and diluted to 1000 mL with miliQ water.

4.2. Methods

4.2.1. Synthesis of Pectin Aerogels

Pectin aerogels were prepared by ethanol-induced gelation, a method designed in our
laboratory [20]. A weighed amount of pectin was dissolved in miliQ water to obtain a 4% (w/w)
solution. The solution was strengthened by addition of a known amount of ethanol (not more than
10%). The hardened solution was transferred into molds and soaked in ethanol to obtain gels. The gels
were cut into tablet form using a precise cutter with a diameter of 12.5 mm.

4.2.2. Synthesis of Chitosan-Coated Pectin Aerogels

For the preparation of pectin aerogels coated with a chitosan layer, a coating procedure was
designed. Pectin core gels were prepared as described above. Chitosan solution, 1.5% (w/w),
was prepared by dissolving a known amount of chitosan into 0.2 M CH3COOH. Pectin core gels
were soaked in a chitosan solution to bring the solution over the core. To attach the chitosan layer,
soaked pectin cores were immediately transferred into 2 M NaOH. 2 M NaOH was prepared in
ethanol. As pectin cores covered with chitosan solution were transferred into the NaOH solution, they
immediately attached, since NaOH triggers the gelation of chitosan. After 20 min, the samples were
transferred into ethanol to wash out the remaining NaOH.

4.2.3. Loading of Curcumin

The addition of curcumin was conducted using ethanol during the synthesis of pectin aerogels or
chitosan-coated pectin aerogels. Since curcumin is highly soluble in ethanol (10 mg/mL), the molecules
of the drug were easily diffusing inside the gel pore network. Once the curcumin was loaded,
the samples were subjected to supercritical drying. Supercritical drying was conducted for 6 h at
120 bar and 40 ◦C, the conditions optimized for polysaccharides drying [21]. Since curcumin is poorly
soluble in supercritical carbon dioxide (2 × 10−8 mole fraction for given drying conditions) [22], there
was no risk of washing it out during drying.

4.3. Characterization

4.3.1. Scanning Electron Microscopy

A scanning electron microscope (Sirion 400 NC, FEI, Hillsboro, OR, USA) was used for determining
the surface morphologies of the pectin aerogels and chitosan-coated pectin aerogels. The samples
were fractioned and splatter-coated with gold particles prior to the analysis and then scanned at an
accelerating voltage of 2–4 kV.
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4.3.2. Thermal Analysis

Thermal analysis (thermogravimetry and differential scanning calorimetry) were carried out
simultaneously using TGA/DSC1 apparatus (Mettler Toledo, Columbus, OH, USA). Samples were
fractioned, weighed (not less than 10 mg) and placed into 100 μL aluminum crucibles. The analyses
were performed at an air atmosphere in a temperature range from 30 to 600 ◦C, with a heating rate of
10 ◦C per minute.

4.3.3. Textural Properties

Specific surface areas (m2/g) of synthetized aerogels were determined by gas N2

adsorption-desorption analysis. The experiments were carried out at −196 ◦C using ASAP 2020MP
(Micromeritics Instrument, Norcross, GA, USA). Prior to analysis, the samples were degassed under
vacuum at 70 ◦C for 660 min until obtaining a stable 10 μm Hg pressure. BET (Brunauer–Emmett–Teller)
method was employed for determining the specific surface area. Skeletal densities of aerogels were
measured by gas pycnometer using AccuPyc II 1340 (Micromeritics Instrument, Norcross, GA, USA),
while bulk densities were determined by simply measuring sample mass (weighting) and volume
(dimensions). Finally, porosity was determined using Equation (1):

Porosity (%) = 1− ρskeletal

ρbulk
(1)

where ρskeletal is skeletal density, while ρbulk is bulk density of aerogels.

4.3.4. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy using IRAffinity-1s (Shimadzu, Kyoto, Japan) was
employed for characterization of pectin aerogels, chitosan-coated pectin aerogels, and curcumin.
The collection of the absorption bands was used to confirm the identity of polysaccharides and
curcumin and also for detection of curcumin loaded into aerogels. Aerogels were characterized by
ATR-IR method. The samples were cut into halves and placed on the ATR detector. On the other hand,
curcumin was ground into a fine powder and dispersed into a matrix made of potassium bromide
(KBr). This is the most common method for solids.

4.4. Swelling studies

Swelling studies were performed as described elsewhere [6]. Briefly, pectin aerogels and
chitosan-coated pectin aerogels (without curcumin) were weighed and immersed in 100 mL of either
SGF at pH = 1.2 or SIF at pH = 6.8, conditions mimicking the conditions of the gastrointestinal tract.
Samples were collected after selected time intervals, blot-dried with tissue paper for removing excess
solution and weighed. All experiments were performed in triplicate.

The swelling ratio was calculated using Equation (2):

SR =
MS −M0

M0
(2)

where MS is the mass of the swollen aerogel after the selected period of time and M0 is the initial mass
of the sample.

4.5. In-Vitro Dissolution Tests

In-vitro dissolution tests for pectin aerogels and chitosan-coated pectin aerogels loaded with
curcumin were performed using two dissolution media, SGF at pH = 1.2 and SIF at pH = 6.8,
as described above. Aerogel samples were firstly placed in SGF for 2 h and immediately transferred to
SIF for an additional 22 h.
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In-vitro dissolution tests were performed following USP standards [23]. The experiments were
carried out at 37 ± 0.5 ◦C on the Farmatester 3, USP II apparatus (Dema, Ilirska Bistrica, Slovenia).
The volume of the dissolution medium was 900 mL, while the speed of rotation was set at 50 rpm.
Aliquots of 2 mL for each sample were withdrawn at predetermined time periods and afterwards
2 mL of fresh dissolution medium was added to maintain a constant volume. Samples were subjected
to a curcumin assay by a Cary 50 Probe UV spectrophotometer (Agilent Technologies, Santa Clara,
CA, USA) at 429 nm. The concentration of curcumin was calculated using the calibration curves in
SGF and SIF. All tests were performed in triplicate.

5. Conclusions

Two formulations for curcumin were presented in this study, for the purpose of improving the
poor bioavailability of the substance. By attaching curcumin to water-soluble polysaccharide aerogels,
the dissolution and consequently bioavailability was tremendously improved. While pure curcumin
showed almost no dissolution after 24 h, the complete dissolution and release of curcumin from pectin
aerogels was achieved after only 3 h and from pectin aerogels coated with an outer layer of chitosan
after 24 h. A new coating procedure for pectin aerogels was developed for the purpose of optimizing
the release of curcumin (and other active substances as well).

Both formulations proved to be useful for improving the problematic bioavailability of curcumin.
On one hand, the pectin aerogels formulation showed burst release. On the other, pectin aerogels
coated with chitosan showed controlled release of curcumin over 24 h and maintained a therapeutic
dose of the substance.

Author Contributions: M.P. wrote the main manuscript text and planned and performed most of the experiments.
G.H. helped with characterization of the materials and wrote part of the manuscript. Z.N. and Ž.K. supervised the
findings of this work and helped shape the research, analysis and manuscript. All authors have read and agreed
to the published version of the manuscript.

Funding: Special thanks to the Slovenian Research Agency (ARRS) for financial support of the research programme
group P2–0046: Separation Processes and Production Design and research project L2-9199: Purification and
Formulation of Chemicals Using Supercritical Fluids.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ganesan, K.; Budtova, T.; Ratke, L.; Gurikov, P.; Baudron, V.; Preibisch, I.; Niemeyer, P.; Smirnova, I.; Milow, B.
Review on the Production of Polysaccharide Aerogel Particles. Materials 2018, 11, 2144. [CrossRef] [PubMed]

2. Veronovski, A.; Tkalec, G.; Knez, Ž.; Novak, Z. Characterisation of biodegradable pectin aerogels and their
potential use as drug carriers. Carbohydr. Polym. 2014, 113, 272–278. [CrossRef]

3. De Cicco, F.; Russo, P.; Reverchon, E.; García-González, C.A.; Aquino, R.P.; Del Gaudio, P. Prilling and
supercritical drying: A successful duo to produce core-shell polysaccharide aerogel beads for wound healing.
Carbohydr. Polym. 2016, 147, 482–489. [CrossRef] [PubMed]

4. García-González, C.A.; Carenza, E.; Zeng, M.; Smirnova, I.; Roig, A. Design of biocompatible magnetic pectin
aerogel monoliths and microspheres. RSC Adv. 2012, 2, 9816–9823. [CrossRef]

5. Tkalec, G.; Knez, Ž.; Novak, Z. Fast production of high-methoxyl pectin aerogels for enhancing the
bioavailability of low-soluble drugs. J. Supercrit. Fluids 2015, 106, 16–22. [CrossRef]
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Abstract: Recently, tissue engineering and regenerative medicine studies have evaluated smart
biomaterials as implantable scaffolds and their interaction with cells for biomedical applications.
Porous materials have been used in tissue engineering as synthetic extracellular matrices,
promoting the attachment and migration of host cells to induce the in vitro regeneration of
different tissues. Biomimetic 3D scaffold systems allow control over biophysical and biochemical cues,
modulating the extracellular environment through mechanical, electrical, and biochemical stimulation
of cells, driving their molecular reprogramming. In this review, first we outline the main advantages
of using polysaccharides as raw materials for porous scaffolds, as well as the most common processing
pathways to obtain the adequate textural properties, allowing the integration and attachment of cells.
The second approach focuses on the tunable characteristics of the synthetic matrix, emphasizing
the effect of their mechanical properties and the modification with conducting polymers in the
cell response. The use and influence of polysaccharide-based porous materials as drug delivery
systems for biochemical stimulation of cells is also described. Overall, engineered biomaterials are
proposed as an effective strategy to improve in vitro tissue regeneration and future research directions
of modified polysaccharide-based materials in the biomedical field are suggested.

Keywords: biomaterials; porous materials; biomimetic; multi-stimulation; tissue engineering;
conductive polymers

1. Introduction

The number of publications related to the tissue engineering field has increased dramatically in
recent years, referring to the potential regenerative methods and strategies for almost every tissue and
organ of the human body. Progress has been reached by the integration of interdisciplinary research
from cell biology, biomaterial sciences, and medical fields [1]. Specifically, tissue engineering involves
the design and synthesis of three-dimensional (3D) matrices from biomaterials to provide a structural
framework and to facilitate the attachment and migration of host cells, inducing a successful in vitro
andin vivo regeneration of tissues [2–4]. Biomimetic 3D scaffolds may allow the control and application
of a multi-stimulus to cells, including mechanical, electrical, and biochemical stimulations, in order to
trigger specific responses, such as cell differentiation and tissue repair [5–8].

Molecules 2020, 25, 5286; doi:10.3390/molecules25225286 www.mdpi.com/journal/molecules129



Molecules 2020, 25, 5286

Tissue regeneration is naturally mediated by molecular processes, which direct gene expression
to control renewal, restoration, and cell proliferation [9]. Nevertheless, normal regeneration is affected
by aging, diseases, or accidents [10,11]. Thus, the increasing incidence of skin, muscle, and bone disorders,
suffered by many people around the world, has prompted a critical need to develop engineered
strategies to improve the replacement and regeneration of biological materials [11–13]. While many
repair techniques have been proposed over recent decades, most of the surgical interventions have
been directed toward the treatment of clinical symptoms but none have successfully repaired damaged
tissues [14]. Consequently, in recent years, tissue engineering and regenerative medicine studies
are focused on using the regenerative abilities of cells, in combination with engineered biomaterials,
to create implantable scaffolds for tissue regeneration and reparation [1,10].

Porous materials from polysaccharides have been used as extracellular matrices (ECM) in tissue
engineering in order to generate diverse types of cell lineages, promoting regeneration [15,16],
for instance, in stem cells [17], osteoblasts [18], skeletal muscle cells [19], and endothelial
cells [20]. In the biomedical field, aerogels from different sources have found applications as
implantable devices, dressings for wound healing, synthetic bone grafts, carriers for different drugs,
biosensing, and biomedical imaging [6,21].

Since they were first fabricated in 1932, aerogels have become the subject of great interest for different
application fields [22]. Most common aerogel sources are from inorganic or petrochemical-based materials,
such as those used to produce silica and graphene aerogels [23,24]. Recently, large efforts have been
dedicated to produce aerogels using polysaccharides as raw materials. Relating them with inorganic
starting materials and those derived from fossil oil, natural polysaccharides are more sustainable,
green, non-toxic [25], biodegradable [26] and they have more abundant natural sources [27].
Several examples of engineering porous materials from polysaccharides have been developed.
Starch and alginate aerogels [28,29], starch microspheres [30], and cellulose nanowhiskers [31] are
among the different examples found in the literature. From a basic science perspective, the capacity to
modulate the biomaterial properties to convey unique material characteristics allows their application
in different fields, with biomedical being the most important, from our point of view.

Numerous strategies have been reported to obtain polysaccharide-based aerogels to guide
functional restoration to the site of injury. Control of the size and porosity in the scaffold mediates
cellular infiltration [32] and facilitates the transport of nutrients [33], oxygen [34], and waste
products [35]. Porosity also regulates the vascularization by angiogenesis and cell attachment [30,36].
Mechanical properties of biomaterials, such as stiffness, structure, and topography, are also
considered during ECM synthesis, mainly because they can alter the local tissue microenvironments
through intracellular and intercellular signaling [7,9,37]. Besides, one of the most relevant
applications of polysaccharide-based aerogels is the capability of releasing drugs as controlled
delivery systems. The synthetic scaffold acts as a carrier for drug molecules, in order to release
them specifically to target cells or tissues and improve their differentiation and regeneration [6,38,39].
Specifically, the combination of polysaccharide-based porous materials with biomolecules is known as a
polymer bioconjugate and is a novel strategy used for the fixation of amino acids, nuclei acids, peptides,
and carbohydrates to different polymers, in order to improve their application as therapeutics [40].
Alternatively, conductive polymers have been proposed in combination with aerogels as a system for
electrical stimulation of cells and tissues in regenerative medicine [5,41].

Our review summarizes the current status of smart 3D scaffold systems based on polysaccharides
regarding their production, properties, and potential applications in the biomedical field. Although those
topics have been extensively reviewed in the past, our approach will focus on the potential development of
biomimetic 3D scaffold systems including the physical, mechanical, electrical, and biochemical properties
of modified polysaccharide-based aerogels and cryogels. Moreover, novel research directions of these
smart materials, including strategies for the impregnation of drugs and their subsequent release from
porous materials, and modification with conductive polymers were covered to be applied in the
biomedical field.
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2. Overview: Polysaccharide-Based Porous Materials

Aerogels are solid, lightweight, and high specific surface area materials with interconnected
networks of particles obtained from a wet gel during a process where their liquid phase is removed
and replaced with gas without the collapsing of the solid structure [6,22].

Through time, aerogels have been obtained by structuring both organic and inorganic materials.
Silica [24,42,43], silica/pre-polymerized vinyl trimethoxy silane (VTMS) composites [44], and graphene-based
aerogels [23,45] are among the most used inorganic materials reported for aerogel production.
However, despite several relevant features found for inorganic aerogels, biopolymer-based aerogels
have been the object of much research lately due to their mechanical properties [46], non-toxicity [25],
and biocompatibility [21], all desirable properties in systems to be used in biomedical field [47].

Polysaccharide-based aerogels were reported first by Kistler [22], using cellulose, nitrocellulose,
gelatin, agar, and egg albumin. More recent research has reported the obtention of aerogels from
polysaccharides such as chitosan [48], chitosan/alginate [49], cellulose [50], starch [13,30,51–53],
starch/κ-carrageenan (κC) [53], and pectin [27].

Considering that polysaccharides possess abundant natural sources from which they can be
obtained [27], along with renewability and non-toxicity, they are excellent raw material candidates
for aerogel processing regarding circular economy principles, relying on renewable raw material or
energy sources [25,54].

2.1. Processing Strategies for Polysaccharide-Based Aerogels

Diverse strategies have been used to obtain polysaccharide-based aerogels. The sol-gel method is
commonly reported as an initial step in the processing pathways for organic or inorganic materials [28].
In the sol-gel process, a hydrogel formation is induced by crosslinking of the base material. Once the
hydrogel is formed, it is necessary to select the drying method to be used; materials obtained from
supercritical drying are commonly known as aerogels, whereas materials dried by freeze drying
(lyophilization) are known as cryogels [21]. Figure 1 illustrates the scheme for supercritical drying and
freeze drying, the most widely used methods in processing porous materials [21].

Figure 1. Pathway for porous materials produced by supercritical drying as well as freeze drying.
Modified from [55] under Creative Commons attribution license.

2.1.1. Processing Using Supercritical Fluid Technology

The usage of supercritical fluid technology allows the material design with different composition,
morphology, porosity, and linear architecture [56]. In addition, processing with supercritical fluids
(SCFs) leads to a solvent-free end-product with high purity. This environmentally friendly feature
has been noted by other studies. In fact, SCFs have been regarded as “the green solvents for
the future” since they compress different ecological benefits, an emphasis is made on their low energy
consumption [21,57].

Carbon dioxide (CO2) is the most widely used supercritical fluid, in part due to the mild
operating conditions, 7.38 MPa and 304 K [56]. Supercritical drying (SCD) avoids the formation of the
vapor–liquid interface that occurs upon solvent evaporation. When evaporation of the solvent occurs,
the capillary pressure gradient on the pore walls may reach up to 100–200 MPa [28]. Aerogels processed
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by means of SCD tend to show a mesoporous structure (pores of a 2–50 nm diameter) and thus require
a templating technique for inducing the formation of macropores [56]. Finally, SCF technology has
been applied not only to obtain porous materials but also as a strategy for the sterilization of polymeric
scaffolds from aerogels [13].

2.1.2. Cryogels Obtained by Freeze Drying

Freeze drying (FD), or lyophilization, is a drying process in which the solvent or the medium of
suspension is crystallized at low temperatures and is thereafter sublimated from the solid state directly
into the vapor state [58]. It is reported as a simple, environmentally friendly and economic technique
for producing highly porous cryogels with reduced shrinkage [21].

Significant advantages of using FD during cryogel synthesis are that the whole conversion of raw
materials and the recycling of water without pollution or volatile organic compounds problems are
achieved [59]. High safety derived from its straightforward operation is an important feature that has
been remarked in the literature [27]. Nevertheless, one important drawback reported for freeze drying
is that the process takes several hours to be completed [23]. In addition, freeze-dried materials tend to
have larger macroporosity (pores >50 nm diameter) than SCD-processed materials [21].

Freeze drying requires freezing the hydrogels, transforming all the liquid that fills the
interconnected 3D structure, to solid. Then, at low pressures, the sublimation of the solid solvent
is promoted, avoiding the formation of the vapor–liquid interface [51,59]. The morphology of the
porous structure is determined by the nucleation and ice crystal growth process of the gel solution [27],
producing cryogel pores due to sublimation of the ice crystals [60]. Large ice crystals are obtained
with low nucleation rates; this is reached by using small subcooling temperatures, as close to the
equilibrium state as possible, between solution and ice crystals (0 ◦C) [58].

Two important steps are found for the crystallization process: nucleation and ice crystal growth [27].
Since pores are formed due to the sublimation of the ice crystals [60], the crystal morphology has a
direct effect on the final pore morphology of the cryogel. The crystal morphology can be related to
the freezing or and pre-freezing conditions (temperature and rate), additives, suspended solids [60],
or the initial material concentration [27]. In addition, increasing the pressure at the freezing phase can
shorten the cooling time and form small regular ice crystals [27].

Direct comparison between the porous materials obtained by SCD or by FD results in an important
specific surface area decrement for the freeze-dried cryogels [51]. However, cryogels have shown
porosity values equal to or higher than SCD aerogels, with an important macropore fraction that
may be suitable for different applications where macroporosity is required. See detailed information
in Table 1.
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Table 1. Properties reported in different research studies for porous materials from biopolymers.

Raw Material Fabrication Method Specific Surface Area (m2/g) Porosity (%) Reference

Corn starch

scCO2 130–183 80–89 [13]
scCO2 102–274 N.R. [61]
scCO2 221–234 85–90 [62]
scCO2 79–87 N.R. [52]
scCO2 183–197 61–73 [51]

FD 0.6–7.7 >80 [51]
scCO2 223–247 87 [53]
scCO2 313–362 N.R. [63]
scCO2 254 N.R. [64]
scCO2 370 N.R. [65]

Wheat starch
scCO2 52.6–57.9 N.R. [66]
scCO2 34.7–60.9 91–93 [66]

Pea starch
scCO2 204–230 84–92 [62]
scCO2 221 N.R. [64]

Potato starch
scCO2 42–70 N.R. [67]
scCO2 85–88 N.R. [64]

Starch/κ-carrageenan scCO2 194–231 78–85 [53]

κ-carrageenan scCO2 ≈ 230 N.R. [68]

Chitosan scCO2 >250 >96 [48]

Cellulose
scCO2 287–303 92–96 [50]

FD 297 96.4 [50]
scCO2 20–246 91–99 [69]

Alginate/chitosan scCO2 127.4–192.3 N.R. [49]

Alginate composites scCO2 200–800 N.R. [70]

Whey protein isolate scCO2 14–447 N.R. [71]
FD <5 N.R. [71]

Poly (ε-caprolactone) scCO2 N.R. 54–58.8 [72]

N.R.: Not reported; scCO2: Supercritical CO2; FD: Freeze Drying.

3. Polysaccharide-Based Porous Materials for Tissue Engineering

In recent years, tissue engineering and regenerative medicine studies have been based on the
combination of specific types of cells and 3D porous scaffolds to induce a successful in vitro regeneration
of diverse tissues [2–4].

The main efforts on engineered ECM in the biomedical field have been focused on the use and
stimulation of pluripotent stem cells, which are special cells that have the ability to perpetuate themselves
through a mechanism of self-renewal and to generate diverse types of cells through differentiation
processes [15–17]. Nevertheless, osteoblasts [18], skeletal muscle cells [18], and endothelial cells [20]
have been also studied.

3.1. Polysaccharide-Based Porous Materials as Extracellular Matrices

An extracellular matrix is an organized network composed by a mixture of cellular and
non-cellular components. It plays an important role in tissue and organ morphogenesis, cell function,
and structure maintenance. The biochemical and mechanical stimulus that cells receive from the matrix
influences their growth, migration, differentiation, survival, and homeostasis [73].

Aerogels, as porous 3D matrices, possess a nanostructure that is able to mimic the extracellular
matrix of the natural tissue, providing a favorable environment for the regeneration of tissues and
organs [6,74]. Coupled with high porosity, low densities, and high inner surface areas, porous materials
can provide appropriate morphology engineering, opening the possibility for their application as
synthetic scaffolds for tissue engineering [52].

A scaffold acts as a template for new tissue formation [75] and its 3D structure guides the
proliferation and colonization of cells, promoting tissue growth [56]. An ideal synthetic ECM should
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exhibit a highly open and uniform porosity, over 80%, with micro- and mesopores that enable cell
attachment and macropores for proper vascularization [56]. The configuration of the scaffold topology
is critical in controlling cellular function, it should match the endogenous topology of the cell membrane
in order to enhance signaling and function [36].

Nowadays, regenerative medicine is focused on the evaluation of novel skeletal muscle
regeneration strategies, which involve the prefabrication of muscle tissues in vitro by differentiation
and maturing of muscle precursor cells on a scaffold, providing the required environment for myogenic
differentiation of the cultured cells [76]. Researchers are studying the incorporation of products
obtained from cellular metabolism in synthetic ECMs. These materials are mainly constituted of
glycosaminoglycans, a group of polysaccharides that can modulate cell activity by mimicking aspects
of the in vivo extracellular environment, providing important roles in cell signaling, proliferation,
and differentiation through their ability to interact with ECM proteins and growth factors [77–81].
Hyaluronic acid, heparan sulfate, and heparin are the most used glycosaminoglycans in synthetic ECMs,
mainly to direct the differentiation on mesenchymal stem cells (MSC) [82,83].

The synthesis of alginate hydrogels for platelet-rich plasma encapsulation as a coating for
polylactic acid porous devices is another strategy used to improve cellular responses on synthetic ECM,
the hydrogel system allows for better cellular integration and influences the vascularization into
the membrane after skin implantation of the device, and the access to nutrients and growth factors
was also improved with the engineered hydrogel. Platelet-rich plasma hydrogels could also support
oxygenation of cells, avoiding hypoxia immediately post-transplantation [84,85]. In a similar study,
calcium peroxide (CPO) was used during the synthesis of a gelatin methacryloyl bioprinted scaffold to
achieve improved cellular oxygenation and increase fibroblast viability under hypoxia conditions [86].

The spatial arrangement, porosity, biocompatibility, and proper scale of the ECM are some of the
most important features that must be adjusted for use in nervous tissue, skin, bone, and muscle [76].
Nevertheless, several other factors, such as mechanical properties and chemical modification
of scaffolds, significantly influence cellular behavior [5,87]. For example, recent studies have shown
that the cell nucleus works as a fast mechanical respondent in cell contractility events because
of the three-dimensional extracellular matrix restriction environment, inducing deformation and
the movement of cells through the activation of cytosolic phospholipase A2 and arachidonic acid,
which regulate myosin activity [88,89] (Figure 2).

 

Figure 2. Schematic representation of nuclear deformation and stretching of the nuclear envelope after
cell compression (1), which cause calcium release, phospholipase A2 activation, and arachidonic acid
production (2), for the regulation of actomyosin (3) and the increasing of cell migratory capacity through
the 3D matrix (4). Reproduced from [89] under Science Copyright Clearance Center (CCC) license.
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3.2. Influence of the Mechanical Properties of the Scaffold in Cells and Tissues Behavior

The main goal of tissue engineering and regenerative medicine is to create strategies for replacing
defective tissue. The use of polymeric scaffolds as extracellular matrices tries to mimic the in vivo host
conditions to restore or improve the regeneration of damaged tissues. An extracellular matrix requires
not only pore size control to induce cell adhesion and the ingress of nutrients and oxygen but also
the incorporation of signal molecules, such as growth and differentiation factors, as well as a proper
matrix architecture and mechanical properties to keep the implanted cells alive [46,90–94].

The mechanical characteristics of a scaffold for in vitro or in vivo cell studies may ultimately
impact how the hosted tissue responds to the scaffold [87]. In this regard, the architecture,
chemistry, topography, and physical properties of the employed scaffold as an ECM influence the
structure and function of the surrounding tissue. Cells are constantly subjected to physical forces
from their microenvironment. Mechanical properties of the porous materials are indispensable to
determine the viability of a tissue and play a crucial role in cellular phenotype and homeostasis [95].
There are several types of cells that respond to a mechanical stimulus. The mechanoresponsive cells
include chondrocytes [88], cardiomyocytes [94], osteoblasts [96], muscle cells [97], endothelial cells [98],
stem cells [7], and other tissue connective cells.

Atomic force microscopy (AFM) analysis, magnetic resonance elastography (MRE), shear rheometry,
micropipette aspiration, and microindentation are some techniques commonly used to determine
systematic cell responses, induced by mechanical properties of scaffold [95]. These methods cause
the compression, bending, twisting, and stretching of the scaffold [99–101], inducing specific
cellular responses.

Cells may sense physical cues, such as osmotic pressure, shear force, and compression loading, as
well as architecture, rigidity, and other several properties of the ECM, through a process known as
mechanotransduction [95]. Thus, mechanotransduction corresponds to the cell capacity to transform a
mechanical stimulus into biochemical signals. There are surface proteins in cell membranes which
detect a force differential and then amplify and propagate this mechanical signal to elicit a change in
cell behavior [37,95].

Compression and shear stress, caused by the synthetic ECM in a cell culture, transfer mechanical
stimulation to the cells and enhance their biochemical signaling. The upregulation of gene
expression and the changes in cellular metabolism during mechanical stimulation are regulated
by mechanically sensitive surface receptors on cell membranes. There are several proteins related with
the mechanotransduction to biochemical events, integrins, specifically β1 and α5β1 integrins, are the
best proteins studied so far [37].

Scaffold stiffness has been shown to have a significant impact on numerous cells and their fate, such
as cell adhesion, cytoskeleton rearrangement, cell migration, stem cell differentiation, and muscle cell
contractility [87]. The stiffness of an ECM in 2D cell cultures may influence the differentiation pattern of
a same cell type; it has been reported that a soft matrix (0.1–1 kPa) promotes neurogenic differentiation,
matrices with a medium stiffness (8–17 kPa) promote myogenic differentiation, and matrices with
high stiffness (25–40 kPa) promote the osteogenic differentiation of mesenchymal stem cells [9].
Several authors have reported that the stiffness of a synthetic ECM induces mechanical stimulation of
cells and the subsequent expression of cellular differentiation markers [93], tissue organization [97],
causes the synthesis of extracellular matrix components [93], changes cell morphology, and improves
their adhesion to synthetic scaffolds [93,98]. Additionally, the positive inotropic and chronotropic
responses to both ion concentration (i.e., calcium, Ca2+) and temperature after mechanical stimulation
of cardiomyocytes are also reported [94].

Complexity of the mechanotransduction induced by integrins is multifaceted as the proteins
can form 24 possible functional distinct dimers and each dimer forms diverse complexes with
multiple intracellular adaptor proteins to dictate the interplay between biochemical and cytoskeletal
elements to determine their contribution to cellular mechanoresponses [37,93]. Nevertheless, it is
well known that efficient force transfer and associated cytoskeleton changes are correlated with
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focal adhesion formation, as defined by the recruitment of talin, vinculin, and α-actinin to the
stimulated integrin; these focal adhesion proteins form the molecular bridge that physically interlinks
integrins with actin microfilaments [9,92,102].

Cytoskeletal changes caused by mechanical stimulation of cells are influenced by several
biochemical pathways. It has been reported that maturation of focal adhesions causes activation
of focal adhesion kinase (FAK); the scaffold protein, associated with adhesion plaque, triggered the
Rho-associated protein kinase cascade (ROCK), which enhanced cellular tension through engagement
of actomyosin contractility [95,103]. ROCK protein involves several downstream signals,
including extracellular signal-regulated kinases (ERKs) and the hippo pathway, which is related
with yes-associated protein 1 (YAP1); both biochemical pathways translocate some activated proteins
to the nucleus and associated with transcriptional factors to regulate cell proliferation, tissue growth,
and differentiation, as well as cell migration [89,104,105]. The chronical cellular tension reinforces these
downstream signaling pathways to potentiate the production of ECM and ECM remodeling proteins
that stiffen the local microenvironment and reinforce mechanosignaling [95].

Experiments related with the mechanical stimulation of cells have been carried out since 1938,
when Glücksmann studied endosteal cells from embryonic chick tibiae [106]. Cells were grown on
substrates of explanted intercostal muscle, to which pairs of neighboring ribs were left attached [106].
After several days, cells were compressed when the ribs were drawn near toward one another as the
muscle tissue degenerated. Table 2 summarizes the main strategies to induce mechanical stimulation
of synthetic ECM and their effect in cultured cells.

The study of mechanical properties of extracellular matrices is important to ensure resistance
of cultivated cells to in vivo stress were the matrix is used to replace damaged tissue [110,111].
Cellular responses depend on the magnitude and duration of the stimulus and high pressures may
cause damage to the cell membrane and nucleus, followed by inflammatory reactions due to tissue
breakdown in vivo [101]. Additionally, stiffness, roughness, and viscoelasticity are important in
directing the immune response of cells. There are several T cell receptors that act as mechanical sensors,
enabling the T cells to discriminate between a wide range of stiffness found in the body and respond
accordingly [9]. Thus, hydrogels with higher stiffness stimulate the production of both pro- and
anti-inflammatory cytokines, in contrast with low stiffness hydrogels, where the inflammatory response
is suppressed and results in an overall lower foreign-body reaction in vivo [9]. The effect of the
substrate mechanical properties on the in vitro response of macrophages has been also studied
using poly(ethylene glycol) hydrogels (PEG) [87]. Results showed that stiffness did not impact the
macrophage attachment; nevertheless, it elicited differences in their morphology.

The mechanical characteristics of scaffolds can be adjusted using adequate dynamic biomaterials
in order to create matrices with an appropriate stiffness to direct specific cellular responses.
Mechanical properties of synthetic scaffolds are also used to design stimulation protocols to induce the
controlled release of responsive drugs potentially used for tissue regeneration.

3.3. Polysaccharide-Based Porous Materials as Scaffolds for Electrical Stimulation of Cells

Another research field of interest is focused on the preparation of electrical systems to induce
specific cellular responses. Diverse tissues (e.g., nerve, muscle, and glandular) make use of endogenous
electric fields (EF) to transmit electrical signals. The endogenously-generated EF exists in both
the cytoplasm and extracellular space [112]. Ionic currents and EFs in living cells play critical
roles in important biological processes as they generate electromotive force, maintain a required
electric potential, and allow some cellular functions [113,114]. These bioelectric signals are generated
by gap junctional connections and ion channels or pumps moving ions, mainly potassium (K+) and
chloride (Cl−), across the membrane [113,115], and the regulation in cellular physiology is induced by
pH gradients, specific ion flows, and changes in transmembrane potential [116].
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Table 2. Used methods to induce mechanical stimulation of cells in synthetic extracellular matrices (ECM).

Raw Material Mechanical Test Result Reference

Gelatin/nanohydro-
xiapatite cryogels

Compressive mechanical
stimulation of cryogels for 14

days in a bioreactor containing
150 mL of cultured medium at

30% compression strain.

Mesenchymal stem cells were
attached to the scaffold and a higher
extent of osteogenic differentiation
was obtained after compression.

[7]

Self-assembled peptide
hydrogel (arginine, leucine,
aspartic acid, and alanine)

The hydrogel containing cells
was placed into a hand-control

stretch device for 120 h.

Smooth muscle cells resulting in a
tight adhesion in the porous structure

and a lineal cell proliferation rate
were reported.

[46]

Poly(lactic-co-glycolic acid)
fiber coated with

polypyrrole

The electrical stimulation of the
matrix induced their volume

modification, causing changes in
the mechanical strain.

The direct dual electrical and
mechanical stimulation of the

pluripotent stem cells cultured in the
scaffold caused a faster expression of
cardiomyocytes genes, important for

myocardial regeneration.

[107]

Collagen matrix reinforced
with rings of electrospun silk

fi-broin mat

Dynamic stimulation with
pulsatile or laminar flow.

Pulsatile flow was induced with
a gear pump which supply a
steady flow (75 mL/min) in

series with a pulsatile manifold.
Laminar flow was carried out of

steady flow of 75 mL/min.

Chondrogenic differentiation of MSCs
was observed in the presence of

chondrogenic supplements in laminar
flow cultures. Pulsatile flow resulted

in preferential cellular orientation,
as dictated by dynamic

circumferential strain, and induced
MSC contractile

phenotype expression.

[108]

Silicon tubes with inner
surfaces modified with

collagen type I solutions

Cells cultured on
collagen-coated silicon tubes

were exposed for 24 hours to the
shear stress created when

culture medium passes through
the tube.

Mechanical stimulation caused by
shear stress on adipose-derived

mesenchymal stem cells depicted
significantly higher gene expression

of osteoblasts and adipogenic lineages.
Moreover, mechanical stimulus

induced endothelial differentiation
after the addition of VEGF on

cultured medium.

[98]

Microcracked
hydroxyapatite substrates

Bending the top surface of the
cracked substrate in a

piezoelectric actuator using a
force of 50 N at 5 Hz for 150 s.

Flexoelectricity caused by mechanical
stimulation on a hydroxyapatite

substrate induced apoptotic responses
on osteoblasts and osteocytes.
Apoptosis was followed by

proliferation of the cells adjacent to
the crack, better attachment on the

substrate, and an increased expression
of osteocytes markers.

[109]

Currently, exogenous electrical stimulation of cells is a widely used method to improve their
biological functions. Many authors have reported the use of nerve [117], bone [118], muscle [119],
and neural stem cells [120], because their extensively recognized piezoelectric characteristics make
them attractive for research on the role of exogenous electrical stimulation.

Coupling of an electromagnetic field with a live cell can occur via field interaction with charged
molecules and proteins in the cell membrane [114]. The application of an electrical stimulus to induce
cellular responses depends mainly on the level and nature of the electric potential or current applied,
the frequency of the stimulus, and the type of cell studied [113]. It is reported that the application of the
EF in a culture medium affects the migration [121], orientation [122], proliferation, and differentiation
of cells [123,124]. Nevertheless, in most cases, it is used specifically to revive damaged or disabled
tissues in the neuromuscular system as well as to accelerate the healing of injured musculoskeletal
tissues, such as bone, ligament, and articular cartilage [112].

In this regard, biomaterials may receive considerable attention for their influence on cellular behaviors,
ability to mimic biological functions, and, more recently, as electronic conductive systems with a potential
use as tissue engineering scaffolds [5,125].

Some electroactive materials, such as conductive polymers (CPs) (e.g., poly(3,4-ethylenedioxythiophene)
(PEDOT)), which are a special class of polymeric materials that present electric and ionic conductivity,
are currently being studied in combination with aerogels or cryogels as a promising field in regenerative
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medicine (Figure 3). Nevertheless, in the past, research studies have extensively used this kind of
polymer to create organic conductive interfaces, neuroprosthetic devices, neural probes, and controlled
drug-delivery systems [5,41,126].

 

Figure 3. Porous material microtomography (micro-CT) image (a) and aerogel images before
(b) and after conductive polymer (i.e., poly(3,4-ethylenedioxythiophene) (PEDOT)) modification
(c). Reproduced from [52,53] under Elsevier Copyright Clearance Center (CCC) licenses.

Conductive polymers can be structured with porous systems using different techniques [127–129].
Starch and starch/κ-carrageenan aerogels have been used as templates for the obtention of nanoporous
conductive materials [52,53]. In the biomedical field, conductive nanoporous materials have been
applied not only as physical support but also as a medium to provide electrical stimulation of a
cell culture. Electrical stimulation in neural cells has shown great potential for function restoring and
wound healing [130].

On the other hand, the incorporation of anionic drugs and κ-carrageenan on the structure of starch
porous materials is particularly interesting since both compounds may act as dopant agents for the
conductive matrix, as it was shown recently [39,53,131]. Dexamethasone, a well-known glucocorticoid
anionic drug, has recently been the object of research from an electrochemical point of view, regarding
its doping properties on conductive matrices [132] and for its ability to be released by electrochemical
stimulation from a PEDOT/κ-carrageenan film [39]. The above opens the possibility to create scaffolds
from conductive porous materials and the incorporation of specific drugs in their structure to be
applied as stimulation systems in tissue engineering.

3.4. Polysaccharide-Based Porous Materials as Drug-Delivery Systems

One of the main approaches and most relevant applications of biopolymer-based aerogels is their
use as drug-delivery systems [6,38]. The application of these materials as controlled drug-release
matrices has gained interest in the last years due to aerogel properties, such as its high surface area,
high porosity, and biocompatibility [38]. Aerogels can act as a carrier for bioactive compounds,
showing high loading capacity, enhanced stability upon storage, and accelerated drug release,
if required [48]. Along with the high loading capacity, biopolymer-based aerogels also show an
improved dissolution rate of poorly water-soluble drugs [6].

The biocompatibility of natural polymers along with the outstanding performance of aerogels
as carriers for active compounds, such as drugs, have promoted the systems as scaffolds in body
implants to accelerate tissue formation by providing a suitable porous structure that promotes cell
colonization [62,133]. Diverse authors have also studied the incorporation of drugs and growth
factors to promote the attachment, proliferation, and differentiation of cells, in order to provide both
substitutes for damaged tissues and therapeutic schemes that reduce post-implantation inflammation
and infections [12,133–135].

Controllable drug-release systems may be categorized as mechanical methods, which are
mainly in vivo implantable pump delivery systems built from biocompatible nanomaterials [136,137],
and as polymeric drug delivery systems. The last one makes use of biopolymers, in which the
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delivery of drugs is mainly dominated via diffusion and recently by electrochemical methods [137].
Hence, the incorporation of drugs within these kinds of porous scaffolds has been studied previously
for osteogenic differentiation, bone repair activity, and the stimulation of neural tissues [126,133].

3.4.1. Diffusive Phenomena on the Controlled Release of Drugs on Polysaccharide-Based Aerogels

Different methods for drug impregnation or loading can be found in literature regarding porous
materials from polysaccharides. Supercritical technology employing scCO2 has been defined as
the most innovative technique for producing polymer/drug composite systems for pharmaceutical
applications [138]. By means of supercritical fluid technology, the impregnation of aerogel particles
with drugs such as ketoprofen was achieved [62]. This process consists of placing aerogel particles and
ketoprofen in a closed autoclave under agitation; the ketoprofen was dissolved in scCO2 and adsorbed
in the aerogel matrix [62]. The same procedure was reproduced for obtaining poly(ε-Caprolactone)
(PCL) scaffolds loaded with ketoprofen [72] and for alginate-based aerogel microparticles for mucosal
drug-delivery [38]. In addition, maize starch aerogels and calcium alginate aerogels were impregnated
with different non-steroidal anti-inflammatory drugs, such as nimesulide, ketoprofen, and diclefenac
sodium [138].

Supercritical CO2 was also applied in the impregnation of starch and sodium alginate aerogels
with five different active compounds, namely loratadine, ibuprofen, rifabutin, dihydroquercetin,
and artemisinin, showing enhanced releasing times as well as double bioavailability in some
drug–aerogel systems [139]. In addition, this research concludes that the affinity between the
aerogel and the active substance must be high so that the active compound loading will be high enough
to provide an increase in the dissolution rate and bioavailability [139].

Another method for loading aerogel particles was reported by mixing the active compound
(Vancomycin) with a chitosan solution in different weight ratios, thus obtaining vancomycin-loaded
chitosan aerogel particles, which are proposed as a system for fast local administration of the antibiotic
for wound dressings [48]. A similar procedure was performed by [67], where mesoporous starch
aerogels were loaded with celecoxib by adsorption during the solvent exchange steps.

Three steps are considered for the diffusion model: first, the film diffusion; the second step is
the slowest, thus controlling the kinetics of the phenomenon, and it is called intraparticle diffusion;
finally, the last step is the adsorbate release on adsorbent active sites [140]. Several works have been
published regarding the release of drugs by means of diffusion phenomena [38,48,62,71,72,139,141].
The first mechanism when a drug-loaded polymeric material meets an aqueous solution is the filling
of the pores near the surface; then, drug diffusion is initiated by the dissolution of the solute in the
water-filled pores and the continuous diffusion in water [142]. Through time, the polymeric network
starts swelling, inducing several structural changes that are affected by the cross-linking density and
the degree of crystallinity of the 3D network. From the swelling of the polymer, a new diffusion starts
through the swelled polymer structure [142]. By analyzing the release profile of drugs, conclusions can
be obtained on whether the kinetics follow a Fickian or non-Fickian diffusion profile [143,144].

Innovative drug delivery systems are not only studied to improve cellular responses in different
tissues but as a strategy that develops platforms and nano-scale devices for selective delivery
of therapeutic small drug molecules to the cells or tissues of interest, for the maintenance of
appropriate doses, and to improve individual therapy. To meet this demand, many drugs have
been reformulated in new drug delivery systems to provide enhanced efficiency and more beneficial
therapies [136,137].

3.4.2. Controlled Drug Release by Electrical Stimulation Employing Conductive Porous Materials

In order to prevent the negative effects resulting from exposure to high dosages of drugs,
local electronically-controlled release of pharmaceutical compounds from implantable devices appears
as a promising option [145]. Drugs anchored inside the conductive materials have been reported using
supercritical technology and electropolymerization [126,146].
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Electrochemical methods involve the use of conductive polymers, which are electrochemically
oxidized during the polymerization processes, generating charge carriers, and, thus, allowing ionic drugs’
impregnation based on electrostatic interactions [147]. There are two main electrochemical methods to
induce the immobilization of drugs. In the first one, an ionic drug (preferably anionic) acts as a doping
agent and its anchoring proceeds simultaneously with the process of matrix formation, commonly named
one-step immobilization or in situ immobilization [146,148,149]. Drug fixation is the result of the
ion-exchange processes during polymer oxidation. Ionic drugs can serve as counter-ions for the positively
charged centers in the growing polymer chain [149]. Anti-cancer drugs, anti-inflammatory compounds,
and hormones have been fixed on conductive materials using one-step immobilization, mainly for the
development of neural devices [150–152].

The second method corresponds to the two-step or ex situ immobilization. The incorporation of
the drug is carried out after the synthesis of the matrix, through ion exchange processes taking place at
their surface. First, the polymer film is synthesized from a solution consisting of the monomer and
a small ionic molecule as doping agent, without the drug. The obtained film is later reduced and
oxidized by an electrical stimulus [148,149]. Reduction induces the removal of the dopant from the film;
meanwhile, the drug, which acts as the second doping agent, is incorporated during the process of
matrix oxidation [149]. This approach allows to prevent the interference of drugs during the growth of
polymer matrix and their subsequent release does not have much impact on their physicochemical
properties [148,149].

Related with the above, some strategies of drug fixation on conductive polymers using two
different doping agents have been reported [39,149,153]. The anti-inflammatory drugs dexamethasone
and κ-carrageenan were anchored simultaneously during PEDOT film formation, using in situ
immobilization. After film oxidation, κC was maintained on the matrix, granting the film greater
stability and integrity even after drug release [39].

Drug delivery is caused by electrochemical stimulation of the conductive matrix, which induces the
oxidation and/or reduction of the film. By applying a negative potential, the polymeric matrix is reduced
and the cationic charge of the polymer backbone is neutralized, causing the release of the anionic
drug by electrostatic mechanisms [148]. In a similar procedure, applying negative and positive cyclic
potentials induces the reduction and oxidation of the polymeric film, respectively; meanwhile, the matrix
experiments expansion and contraction, which force the release of the drug. Although cyclic stimulation
allows a greater amount of drug release in comparison with other methods, some authors have reported
that the application of the stimulus may cause delamination, cracks, and breakdowns of the matrix,
mainly in one-step immobilization systems [126,154,155].

The controlled release of drugs using electrical stimulation from conductive polymer
films [39,126,151] opens the door for a different approach regarding the application of polysaccharide
aerogels on drug delivery. Since these materials can be coated with an electrically conductive material
while incorporating active compounds, those composites may be used in the controlled release of
bioactive molecules by electrical stimulation [156,157]. These biochemical release systems are the
main focus of several research groups and further investigations should follow this path in order to
promote smart scaffolds that merge mechanical, electrical, and biochemical stimulation processes,
mimicking the in vivo ECM conditions, in order to promote specific cell behavior, as shown in Figure 4.
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Figure 4. (1) Flexoelectricity induced by mechanical stimulation (A) plays an important role
in bone repair and remodeling by inducing osteoblasts migration (B) and mineralization (C).
Reproduced from [109] under Creative Commons Attribution License. (2) Electrical communication and
redox-triggered interaction between neurons and (PEDOT) matrices functionalized with hydroquinone
electroswitches and phosphorylcholine zwitterions. (3) Schematic representation of the active
drug-delivery triggered by an electrical stimulus (A) and passive drug-release induced by diffusion
processes from a conductive polymeric matrix (B). Reproduced from [151,158] under Elsevier Copyright
Clearance Center (CCC) licenses.

4. Conclusions

The current status of biomimetic scaffold systems based on polysaccharides has been reviewed
regarding multi-stimulation, mechanical, electrical, and biochemical, in order to trigger specific
responses in cells during growth and differentiation, specifically in the biomedical field. Some details of
their production and properties have been summarized, including modification with conductive
polymers and strategies for controlled drug release from porous materials, such as aerogels.
Therefore, future studies of modified polysaccharide-based aerogels for tissue engineering could
consider promoting physical, mechanical, electrical, and biochemical multi-stimulation with the aim to
mimic in vivo conditions.
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Abstract: Smart conductive materials are developed in regenerative medicine to promote a controlled
release profile of charged bioactive agents in the vicinity of implants. The incorporation and the active
electrochemical release of the charged compounds into the organic conductive coating is achieved
due to its intrinsic electrical properties. The anti-inflammatory drug dexamethasone was added
during the polymerization, and its subsequent release at therapeutic doses was reached by electrical
stimulation. In this work, a Poly (3,4-ethylenedioxythiophene): κ-carrageenan: dexamethasone
film was prepared, and κ-carrageenan was incorporated to keep the electrochemical and physical
stability of the electroactive matrix. The presence of κ-carrageenan and dexamethasone in the
conductive film was confirmed by μ-Raman spectroscopy and their effect in the topographic was
studied using profilometry. The dexamethasone release process was evaluated by cyclic voltammetry
and High-Resolution mass spectrometry. In conclusion, κ-carrageenan as a doping agent improves the
electrical properties of the conductive layer allowing the release of dexamethasone at therapeutic levels
by electrochemical stimulation, providing a stable system to be used in organic bioelectronics systems.

Keywords: polysaccharide; κ-carrageenan; dexamethasone; electrochemical active deliver system;
doping agent; charged molecule; conductive polymers

1. Introduction

Conductive polymers are a new generation of smart materials extensively used in organic
bioelectronics, mostly in the development of neural implants, biosensors, and active controlled release
systems [1–4]. Poly (3,4-ethylenedioxythiophene) (PEDOT) is a conductive polymer synthetized
from 3,4-ethylenedioxythiophene (EDOT), used as a coating in diverse types of sensors due to
its biocompatibility, conductivity, processing versatility, and stability [5,6]. Moreover, PEDOT is
reported as a promising material for the immobilization of enzymes and other biologically active
molecules [2,7,8]. The incorporation of charged molecules into the PEDOT backbone is described
through an electrostatic mechanism due to the formation of charge carriers and the doping process
during the electropolymerization process [9]. The subsequent release of the charged compounds was
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reported to be dependent on the polymer thickness and charge applied during the electrochemical
stimulus [10–13].

Diverse implants and scaffolds are developed in regenerative medicine to serve as extracellular
matrices for cell colonization [14–16]. Many of them are loaded with bioactive agents to improve the
therapeutic efficacy and safety of the drugs, playing important roles in treatment of several chronic
diseases, damaged tissues, and providing a potential stimulation of different types of cells [17–19].

Although diverse engineering groups established different types of implants for a broad range of
applications, those implants can elicit body responses involving inflammatory processes, which may
result in the formation of glial scars due to neural devices specifically [12,13,20,21]. One strategy to
avoid immune responses consists of releasing an anti-inflammatory biomolecule (i.e., dexamethasone)
in the vicinity of the implant [11,13,22,23]. Dexamethasone (Dx) is a synthetic glucocorticoid that
reduces inflammation in the central nervous system, acting through glucocorticoid receptors found
in most neurons and glial cells. Due to being locally delivered, the specificity and efficiency of
dexamethasone means that only small amounts of the drug are required [13,22,24–28].

κ-Carrageenan (κC) is a sulfonated polysaccharide recently used in aqueous micellar dispersions
for the polymerization of EDOT, since it provides an appropriate environment for the monomer
dispersion while acting as a doping agent in the conductive layer [29–31]. According to the previous
work, the electrochemical properties of PEDOT are retained when κC is used as a doping agent [29,30],
avoiding a potential delamination during the reduction-oxidation process needed during the active
delivering process. Biocompatibility of PEDOT:κC composite has been demonstrated in previous
studies [2,29].

In this work, we induce the loading of dexamethasone phosphate during the deposition of the
electroactive composite onto a bare gold electrode by changing the amount of drug in the dispersion prior
the polymerization. κC was incorporated to maintain the electrochemical stability and biocompatibility
of the PEDOT matrix and the subsequent drug release using electrical stimulation. The presence
of κC and Dx inside the conductive film was confirmed by μ-Raman spectroscopy and their effect
in the topography was studied using profilometry. Dexamethasone release was evaluated by cyclic
voltammetry and High-Resolution (HR) mass spectrometry. Therapeutic doses of dexamethasone
were achieved during the electrical stimulation of the bioelectronic device.

2. Results and Discussion

2.1. Evaluation of the Stability and Size of the Dispersion Systems

The dispersions used to electrodeposit the monomer and the Dx on the electrode were evaluated
by their ζ-potential values and particle size distribution in order to determine its stability in aqueous
medium. ζ-potential data was obtained for the six prepared dispersions, and they are shown in Table 1.
It is possible to observe that EDOT:κC:Dx has an appropriate stability (−48.70 mV), which is dominated
for the κC micellar system (−43.30 mV). Values of ζ-potential over −30 mV are considered stable
assuming that an electrostatic charge is the main stabilization mechanism and the colloidal system is
in the range of hundreds [32,33]. The anionic nature of the κC and Dx avoids aggregation due to the
negative values obtained in the ζ-potential analysis, which are comparable with previously reported
results for these molecules [30,34,35]. A stable dispersion prevents aggregation or deposition of the
particles that carried the monomer during the electrochemical deposition. Additionally, the stable
system may allow a homogeneous dispersion of κC and dexamethasone in the electrodeposited film as
seen by Raman spectroscopy.
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Table 1. ζ-potential values of dispersions used in the fixation of the drug on the electrode.

System ζ-potential (mV) SD (mV)

Dx −69.40 1.14
κC −43.30 3.31

κC:Dx −42.63 1.67
EDOT:Dx −70.83 1.09
κC:EDOT −48.46 1.70

EDOT:κC:Dx −48.70 1.21

Particle size measurements of the main three dispersions were performed to determine the
dimension of their aggregates after the sonication process. Figure 1a shows the size distribution for the
κC 0.2% w/v solution, it is possible to observe a single population for the surfactant. Some authors have
reported previously that κC solutions are polydisperse (two or more populations), because it increases
the gel behavior due to its polysaccharide nature [36,37]. Nevertheless, they emphasized that the main
signal for the κC aggregates has an average size in the range of 800 to 1000 nm [37], which agrees with
our results. The intensive sonication process before the measures and the low concentration of κC
used in the analysis may explain why only one population were observed in the κC size distribution,
similar to a previous report [30].

Figure 1. Size distribution (d. nm) of (a) κC; (b) κC:Dx; and (c) EDOT:κC:Dx dispersions, measured by
dynamic light scattering (DLS) method.

On the other hand, once the Dx was added to the dispersion, a polydisperse behavior was found
in the κC:Dx system and two populations were detected (Figure 1b,c). Dexamethasone solutions are
characterized by a single population with a particle size average of 100 nm [38] and was consistent
with our results. Eventually, it is possible to observe that the stability of the system has remained
when the monomer was added (Figure 1c). The stability of the dispersions depends mainly on the
used surfactant and it has an important influence in the physical and electrochemical properties of the
electrodeposited films [39].
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2.2. Analysis of the Topography and Composition of PEDOT:κC:Dx Coating by μ-Raman Spectroscopy and
Profilometry Methods

The PEDOT:κC:Dx composite was obtained from a EDOT:κC:Dx dispersion by electrochemical
deposition under galvanostatic conditions (Figure S1), as it was established in a previous work [2,30].
Then, the topography of the PEDOT:κC:Dx coating was characterized before (Sa: 0.270 ± 0.005 μm,
surface area: 1361 mm2, negative volume 0.1562 mm3, and volume 1.695 mm3) and after (Sa: 0.250 ±
0.005 μm, surface area: 1337 mm2, negative volume 0.1707 mm3, and volume 1.690 mm3) releasing
the Dx from the conductive coating. The roughness data of both surfaces did not show significant
differences between them (see Figure 2a,b). The volume ratio between peaks and valleys describes
the symmetry in the surface topography. A negative value is indicative of more distinct valleys
and positive of more distinct peaks about the average plane. Our samples were dominated by
peaks and low negative volume (around ten times) and those values are consistent with a previous
report for PEDOT:κC coatings [30]. It is suggested that rough surfaces in comparison with smooth
surfaces improve cell attachment due to the formation of specific surface-cell contacts by increasing
the expression of different integrins subunits [40,41]. Although, diverse authors have reported that
surface roughness values higher than 0.5 μm are desirable to ensure the maximum attachment and
proliferation of cells, large rough surfaces also stimulate more anti-inflammatory responses because
the activation of M2 macrophages and the subsequent release of anti-inflammatory cytokines [42].
The PEDOT:κC:Dx surface roughness value and the lack of their significative variation during the
delivery of dexamethasone may indicate the reliability of electroactive composite for cell culture
studies, since no additional mechanism may be seemed due to the topography changes.

Figure 2. Profilometry images obtained for PEDOT:κC:Dx films (a) before and (b) after 160 cycles of
cyclic voltammetry in a 0.10 M ammonium acetate solution.

The qualitative composition of the conductive film was determined using confocal μ-Raman
spectroscopy before (Figure 3a,c) and after (Figure 3b,d) 160 sweeps of electrical stimulation in a 4 μm2

area and 5 μm depth inside the composite. The analysis was performed in order to determine the
presence of PEDOT, dexamethasone, and κ-carrageenan inside the electroactive composite. The signal
was obtained and plotted in a 2D image that allows the association of the signal (counts) to the presence
of the corresponding functional groups for each component.
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Figure 3. 2D confocal Raman map of the 1430 cm−1 band (a) before release process and (b) after
160 release cycles. Raman mapping of the 1625 cm−1 band intensity (c) before release process and (d)
after 160 release cycles at 0.5 μm depth inside the conductive layer. The yellow areas are related to the
presence of PEDOT and κC/Dx, respectively.

PEDOT shows a strong signal in the spectral range of 1421–1442 cm−1, associated to the thiophene
symmetric Cα = Cβ stretching [2,30,43] and its oxidation state. The corresponding signal was obtained
from the composite before and after 160 cycles of electrical stimulation (Figure S2) and it was mapped
at 1430 ± 25 cm−1 (Figure 3a,b), where bright yellow dots corresponded to presence of PEDOT.
A homogeneous distribution of the conductive polymer was detected in both samples.

Additionally, a relative intense band at 1625 ± 30 cm−1 was detected, corroborating the qualitative
existence of Dx and κC in the conductive film (Figure 3c,d). This signal, in the 2D, is distributed
through the conductive matrix. The result is similar to previous studies [13,26], which reported the
characteristic spectral signals of dexamethasone in the ranges of 3200–3500 cm−1, 2850–3000 cm−1,
and near to 1650 cm−1, as is verified in Figure S3, corresponding to hydroxyl, methyl, and carbonyl
groups, respectively. Dexamethasone and κC act as doping agents, so there is a consistent association
of the respective signal for both molecules and the PEDOT band. The identification of the band at
1625 cm−1 overlapping with PEDOT signal, confirmed the presence of the doping agent before and
even after electrochemical stimulation, as is shown in Figure S2a,b, respectively. Adding κC in the
formulation provides a proper doping agent during the release of the Dx, reducing the degradation by
overoxidation and eventually delamination as is shown in Figure S4 [30].

2.3. Dexamethasone Release Experiments from the PEDOT:κC:Dx Coating

Drug loading into the conducting polymers films is based on the fact that these kinds of polymers
are electrically oxidized during the polymerization processes, generating charge carriers [9,44,45].
The doping agent (e.g., Dx and κC) is incorporated to the oxidized polymer [46] to maintain charge
neutrality. In this work, dexamethasone 21 phosphate and κC are used as doping agents, the presence of
sulfate and phosphate groups imparts negative charges in the polysaccharide and the drug, respectively.

The electrochemical controlled release studies from PEDOT:κC:Dx coating were performed within
a potential range of −600 to 1000 mV to evaluate intrinsic redox processes of the film [13,35,45].
Figure 4 shows the characteristic oxidation and reduction potential signal ranges at 0 to 500 mV
and −100 to −400 mV, respectively, after a different number of voltammetry scans. According
to some authors, the voltammetric behavior of dexamethasone shows a reduction signal at the
potential of −350 mV [13,45], which indicates the release of the drug from a stimulated electrode. The
corresponding CV signals are shown in Figure 4, this signal gradually decreased according to the sweep

155



Molecules 2020, 25, 2139

number, disappearing completely after 160 cycles of electrical stimulation. Electrochemical reduction
of a conducting polymer results in the migration of small doping molecules from the conducting
composite to maintain the electro neutrality of the matrix [44,46]. Thus, the application of alternating
positive and negative potentials during cyclic voltammetry analysis caused the release of the Dx from
the PEDOT coating.

Figure 4. Cyclic voltammograms for the PEDOT:κC:Dx recorded at 25 mV·s−1 after 10, 60, and
160 cycles of electrical stimulation in ammonium acetate 0.10 M.

Spontaneous release of the dopant from the PEDOT structure is an instant process, but the Dx
release is slow, since it is driven by diffusion from the inner film to the surface. κC is a large molecule,
this type of dopant is more attached into the polymer coating and it is not leached out during the
electrical stimulation, granting to the polymer greater electrochemical stability [13,46,47], as confirmed
by Raman spectroscopy.

The release profile of the Dx was investigated under passive conditions (unstimulated) and
active electrically stimulation using an ammonium acetate 0.10 M solution as supporting electrolyte.
The surface area of the electrode is associated with promoting larger amounts of passive drug release
according to the second Fick’s law of diffusion [48,49], yet, in our case, the electrode surface and total
area are maintained virtually constant. The quantification of Dx from the PEDOT:κC:Dx modified
electrodes was achieved using HR-mass spectrometry (Figure 5).

The active release profile was performed with a total of 76 CV sweeps in five release events,
taking around 300 min to be completed. Accordingly, the passive release profile from unstimulated
electrodes were evaluated over the same period of 300 min.

Figure 5a shows the passive release profile of Dx as a function of square root of time according to
the Higuchi model for the drug release from a polymer film [27,50], where pure Fickian diffusion is the
dominant phenomena [48]. The low diffusion value, in the beginning of the process, may depend on
the slow penetration of supportive electrolyte into the polymeric film [49]. The pattern changed after
80 min and a higher diffusion value reflects the diffusivity of the passive Dx release process. The three
systems (1 mM, 5 mM, and 10 mM) showed analogous Fickian diffusion behavior.
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Figure 5. (a) The passive release profile of Dx as a function of square root of time, over 300 min from
unstimulated electrodes. The active electrically controlled delivery process by stimulation events
(columns) compared to the passive release profile (line) using: (b) 1 mM, (c) 5 mM, and (d) 10 mM of
Dx in the initial formulation.

On the other hand, Figure 5b–d showed a remarkable dependency of the released Dx concentration
during the electrical stimulated events (bars) compared to a passive unstimulated electrode (line).
Some authors have studied controlled drug release systems using conductive polymers such as
polypyrrole and PEDOT, where the anionic molecule is used as doping agent and their subsequent
release is mainly determined via diffusion [11,13,44,45,51]. Nevertheless, for a controllable release
system, it is desirable to have a high active release and low diffusion relationship [11,12], as shown
by our system (see Figure 5). For instance, the initial concentration of 10 mM released in the passive
process ca. 2% of the delivered Dx in stimulated process. This is probably associated with the use of
κC as second doping in the matrix, which grants the film stability and integrity during stimulation
cycles [30,46].

The therapeutic dosages of Dx in mesenchymal stem cell cultures are effective at levels
of 100–1000 nM to promote their differentiation to osteoblast or in order to be used during
anti-inflammatory treatment [52–54]. In this work, the accumulative concentration of the released
Dx using 1 mM and 5 mM initial formulations (Figure 5b,c) were 300 nM (0.66 μg·cm−2) and 600 nM
(1.60 μg·cm−2), respectively. Even though, these values are at therapeutically relevant levels, they are
in part determined by the Dx amount release via diffusion.

Instead, when 10 mM of the drug was poured in the initial formulation, a total of 3700 nM
(8.89 μg·cm−2) of cumulative Dx was detected. This concentration range far in excess of the quantity of
dexamethasone released from similar systems using an identical initial concentration of the drug for the
coating preparation, for which values are even lower than 5.03 μg·cm−2 [11,12,51]. Such concentrations
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surpass the amount of the drug needed in cell cultures and it is not recommended to apply in biological
systems. Nonetheless, using a specific electrochemical stimulation profile may be allowed to provide
an adequate quantity of the drug for different biological applications.

3. Materials and Methods

3.1. Materials

Monomer 3,4-ethylenedioxythiophene (EDOT, 97.0% purity), κ-carrageenan (κC, ACS reagent),
potassium chloride (KCl, >99.0% purity), dexamethasone 21-phosphate disodium salt (Dx,
98.0% purity), ammonium acetate (NH4CH3CO2, 98.0% purity), ultrapure water MS quality, and MS
methanol were purchased from Sigma Aldrich (San José, Costa Rica). All chemical reagents were used
without further purification.

3.2. Synthesis and Preparation of the Modified PEDOT:κC:Dx Electrode

Electrodes (20.49 ± 0.02 mm2) were fabricated by the deposition of gold on a polyimide substrate
(see Figure S4) and they were passivated using a shadow mask to leave a specific exposed area to the
electrode [55]. Prior to the polymer deposition, all electrodes were electrochemically cleaned applying
cyclic voltammetry (CV) sweeps from a range of −600 to 900 mV with 100 mV·s−1 scan rate, in KCl
0.2 M [56], using an Autolab Potentiostat supplied by Metrohm (PGSTAT-302N, AUTOLAB, Utrecht,
The Netherlands).

The surfactant dispersion was prepared according to a previous work [30], briefly: κC (0.2% w/v)
and KCl (0.2 M) were added to deionized water previously heated at 50 ◦C. The samples were sonicated
using 140 Joules in a Sonifier QSonica (Q700, Ultrasonic Corporation, Danbury, CT, USA), before and
after adding the monomer EDOT (10 mM) and Dx at three different concentrations: 1 mM, 5 mM, and
10 mM.

The solution was electropolymerized on the electrode surface using galvanostatic conditions in
the Autolab Potentiostat. The gold electrode (see Figure S4) is used as working electrode, platinum as
counter electrode, and Ag|AgCl (KCl 3.0 M) works as reference electrode. The electrical polymerization
was carried out with a constant current of 102.45 microamperes (current density: 0.5 mA·cm−2)
using a potential limit of 1400 mV during 360 s (ca. 180 mC·cm−2 of charge density). Following the
PEDOT:κC:Dx deposition, the electrodes were intensively rinsed with deionized water and stored at
4 ◦C before their use.

3.3. Evaluation of the Stability and Size of the Dispersion Systems

The characterization of the particle size and ζ-potential was performed using six dispersions,
prepared in deionized water, namely: (1) κC 0.2% w/v; (2) Dx 10 mM; (3) EDOT 10 mM:κC 0.2%
w/v; (4) EDOT 10 mM:Dx 10 mM; (5) κC 0.2% w/v:Dx 10 mM; and (6) EDOT 10 mM:κC 0.2% w/v:Dx
10 mM. Measurements were performed in a Zetasizer instrument (Nano ZS, Malvern Panalytical
Ltd., Worcestershire, UK) at 25 ◦C and 173◦ angle. All the measurements were done by triplicate.
Finally, dispersions were sonicated using a high-power ultrasonic bath (Bransonic®, Merck corporation,
San José, Costa Rica) for 6 min to promote their homogenization. Two more formulations of EDOT:κC:Dx
were prepared to reach lower dexamethasone concentrations into the conductive layer.

3.4. Analysis of the Topography and Composition of PEDOT:κC:Dx Coating by Profilometry and μ-Raman
Spectroscopy Methods

The electrode topography was studied by profilometry analysis (Bruker, model: Dektak TX
Advance, AZ, USA) and the arithmetical mean roughness of the surface (Sa) was calculated to describe
the topography of the materials by using a 2 μm tip radius and a force of 1 mg in a 300 × 300 μm2 and
a scan area rate of 2.5 μm·s−1.
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Raman spectroscopy analysis was carried out using a confocal μ-Raman microscope (Alpha300
R WITec, GmbH, Ulm, Germany) with a 532nm excitation laser, exposure time of 0.5 s,
and 105 accumulations. The Raman stack scan was obtained using an integration time of 4 s in 4 μm2

of area, 200 measurements per line were recorded for a total of 20 lines in each stack. Oversampling
was used to improve the image quality, which was done in case of the cross-sectional scan. The scan
depth was fixed at 5 μm and a total of 10 stack scans were achieved. The intensity of the relative
wavenumber at 1435 cm−1 and 1625 cm−1 were extracted from each acquired spectrum, corresponding
to PEDOT [2] and Dx/κC [44,57], respectively and plotted as 2D image. The intensity counts are related
to the presence of the functional group and it is presented as bright yellow areas.

3.5. Dexamethasone Release Experiments from the PEDOT:κC:Dx Film

The Dx release from the modified electrode was carried out in a continuous flow cell using cyclic
voltammetry (CV) sweeps with a three electrodes system (PEDOT:κC:Dx, Ag|AgCl and a gold film as
working, reference, and counter electrodes, respectively). The active release of the drug was performed
in 1 mL of fresh ammonium acetate solution (0.10 M) pH 7.2 [58], by scanning of CV from −600 to
1000 mV with a 25 mV·s−1 scan rate, over a period of 300 min (5 samples total) at room temperature.

The second release event, without electrical stimulation, was performed in order to analyze and
to quantify the passive drug release process. For the experiment, 1.0 mL of 0.10 M ammonium acetate
was injected through the cell containing the electrodes, a total of five samples were collected during
300 min of analysis.

Dexamethasone phosphate concentration, in the samples for the active and passive release events,
was determined using a Xevo G2-XS quadrupole time of flight (Q-tof) mass spectrometer (Waters
Corporation, Wilmslow, UK) coupled with an Acquity UPLC H-Class. For the analysis, a 10-μL
injection of the sample was separated with an Acquity UPLC® C18 column (2.1 mm × 50.0 mm).
The mobile phase consisted of a solution of water:formic acid 0.05% v/v and methanol:formic acid
0.05% v/v and they were supplied under not isocratic conditions with a constant flow of 0.3 mL·min−1

(Table S1).
The mass spectrometer was configured according to the parameters in a previous work [59],

with the modifications shown in supplementary information S1. Quantification was carried out using
Multiple Reaction Monitoring (MRM) acquisition method with the optimized transition of 471.1584 m/z
for the precursor ion and 78.9585 m/z for the product ion, with a collision energy of 35 eV. Concentration
in each sample was calculated using the Software MassLynx™ (V4.1, Waters Corporation, Wilmslow,
UK) and an external calibration curve between 0.5 ppb to 5000 ppb of dexamethasone phosphate
(R2 = 0.9965).

4. Conclusions

We have successfully delivered therapeutic doses of dexamethasone by an electroactive
controlled system, adjusting the initial formulation and the electrical stimulated events.
Moreover, using κ-carrageenan as dispersant during the polymerization and as a doping agent in the
composite, we avoided delamination and changes in the film roughness. The chemical composition
inside the conductive film was confirmed by 2D Raman and electrochemical signal in the cyclic
voltammetry analysis. Concentrations of dexamethasone in the range of 100 to 1000 nM were
obtained using a lower amount of dexamethasone in the initial formulation. Those concentrations
are recommended to induce differentiation in mesenchymal cell cultures and in anti-inflammatory
responses. Therefore, an adequate formulation along with a proper active electrochemical stimulation
profile allowed the delivery of therapeutic doses of charged molecules without significant changes in
our film roughness. Our approach may be useful in the development of diverse strategies and implant
systems in the regenerative medicine field.
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Supplementary Materials: The following is available online, Figure S1: Galvanostatic curve of the
electro-polymerization process from an EDOT:κC:Dx dispersion onto a bare gold electrode. Figure S2. Raman
spectra of the PEDOT:κC:Dx coating (a.) before dexamethasone release process (Inset: PEDOT:κC:Dx electrode
surface) and (b.) after 160 release cycles (Inset: PEDOT:κC:Dx electrode surface). Figure S3. μ-Raman spectral
measurement of the dexamethasone 21-phosphate disodium salt. Figure S4. Deposited PEDOT:κC:Dx electrode
after 160 cycles of electrical stimulation (left) and gold electrode without passivation as reference (right). Table S1:
Gradient elution method for the mobile phase using during dexamethasone analysis. Solvents were water: 0.05%
formic acid (A) and methanol: 0.05% formic acid (B). and S1: Configuration of the mass spectrometer during
dexamethasone quantification.
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Abstract: Biopolymer aerogels of appropriate open-porous morphology, nanotopology, surface
chemistry, and mechanical properties can be promising cell scaffolding materials. Here, we report
a facile approach towards the preparation of cellulose phosphate aerogels from two types of
cellulosic source materials. Since high degrees of phosphorylation would afford water-soluble
products inappropriate for cell scaffolding, products of low DSP (ca. 0.2) were prepared by a
heterogeneous approach. Aiming at both i) full preservation of chemical integrity of cellulose
during dissolution and ii) utilization of specific phase separation mechanisms upon coagulation of
cellulose, TBAF·H2O/DMSO was employed as a non-derivatizing solvent. Sequential dissolution of
cellulose phosphates, casting, coagulation, solvent exchange, and scCO2 drying afforded lightweight,
nano-porous aerogels. Compared to their non-derivatized counterparts, cellulose phosphate aerogels
are less sensitive towards shrinking during solvent exchange. This is presumably due to electrostatic
repulsion and translates into faster scCO2 drying. The low DSP values have no negative impact on
pore size distribution, specific surface (SBET ≤ 310 m2 g−1), porosity (Π 95.5–97 vol.%), or stiffness
(Eρ ≤ 211 MPa cm3 g−1). Considering the sterilization capabilities of scCO2, existing templating
opportunities to afford dual-porous scaffolds and the good hemocompatibility of phosphorylated
cellulose, TBAF·H2O/DMSO can be regarded a promising solvent system for the manufacture of cell
scaffolding materials.

Keywords: cellulose phosphate; cellulose phosphate aerogel; interconnected porosity; supercritical
carbon dioxide; tetrabutylammonium fluoride; TBAF/DMSO

1. Introduction

Amplifying efforts towards a more bio-based economy have recently revived the urge for novel
smart processes capable of efficiently transforming biomass or its constituents into functional materials.
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Among the broad variety of biopolymers, cellulose is probably the most valuable renewable resource,
since it is an abundant unique source of energy, chemicals, and materials. It is easy to access in high
purity [1], biocompatible [2,3], and is not a food competitor.

In context with the increasing awareness for a more responsible use of energy and materials in
all areas of life, it is easy to understand that research on lightweight, open-porous, and bio-based
materials optimized in stiffness-to-weight proportion has greatly advanced in the last decade [4].
This development has been boosted by the nowadays broader availability of supercritical carbon
dioxide technologies. The latter allow—besides chemical modification, coating, or foaming—for largely
non-destructive drying of biopolymer gels [5]. This gives access to a new family of ultra-lightweight
aerogels which would not be accessible with the same features using classical drying techniques [6–8].
Even though not having conquered industrial production yet, cellulose-derived aerogels are promising
candidates for a wide range of applications. This includes thermal super-insulation [9], specific
sorption of gases or solutes [10], carrier support in catalysis [11], morphological templating [12], energy
generation and storage [13], as well as wound dressings [14–16], transdermal drug delivery [17,18],
or tissue engineering [19–21].

Depending on the target application, cellulosic aerogels can be required to feature a broad
spectrum of specific properties. The demands are rather simple for thermal superinsulation
panels. The latter would require low apparent density, narrow mesopore distribution, sufficient
dimensional stability in humid atmosphere, resistance towards microbial degradation, and facile
processability [22]. Cell scaffolding materials, however, have to meet complex requirements [19,23,24].
Dual-porosity, i.e., interconnected micron-size pores accommodated in networks of nanoporous struts,
and biocompatibility for example are key features. While biocompatibility is inherent to cellulose,
dual-porosity can be provided, such as using temporary scaffolds of packed beds of porogens [25].
Besides dual-porous architecture, appropriate nanotopology, surface chemistry, electrical charge density,
mechanical properties, or availability of growth factors are further important prerequisites [26]. This is
complemented by purity and preservation of chemical integrity of cellulose throughout processing
into the desired cell scaffolding materials.

Solution casting and subsequent coagulation of cellulose by an antisolvent is one of the most
facile and efficient approaches towards shaped open-porous materials [27,28]. However, the choice of
solvents able to solubilize cellulose is rather limited [7]. The complex requirements of cell scaffolding
materials in terms of purity, morphology, or surface properties further narrow the range of potentially
applicable solvents. Reasons include potential derivatization as demonstrated for common ionic
liquids [29], hydrolytic cleavage [30], and formation of undesired by-products [31].

Recently we reported about the impact of different cellulose solvents and antisolvents on
nanomorphological and -topological features (e.g., crystallinity, size and shape of pores, dimension,
organization, and surface roughness of network building nanoparticles) of cellulose II aerogels [32].
Both nanomorphology and nanotopography play a crucial role in tissue engineering. This has
been recently demonstrated for neurite extension by neuronal PC12 cells grown on collagen-coated
mesoporous silica aerogels [33,34] and on electrically conductive carbon aerogels [35]. Based on the
finding that the non-derivatizing solvent system tetrabutylammonium fluoride / dimethylsulfoxide
(TBAF/DMSO) affords the formation of particularly small particles, and hence, finely substructured
cellulose II networks [32], we extended the exploration of this solvent for processing different types
of pulp into cellulose aerogels [36]. Simultaneously we were aiming to improve the dissolution
performance of TBAF·xH2O/DMSO. Optimization of the water-to-fluoride ratio was one target, since
the latter is a sensitive parameter governing dissolution kinetics. It turned out that the optimum of
cellulose dissolution is reached at water-to-fluoride molar ratios of (0.8 ≤ χwf ≤ 2). Water contents
outside this range impede cellulose dissolution either by E2-type Hofmann decomposition of TBAF
into but-1-ene, tributylamine and thermodynamically stable HF2

- ions (χwf ≤ 0.8) [37] or simply by
insufficient rearrangement capabilities for the hydrogen bonding network in cellulose (χwf ≥ 2) [38].
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This study investigates the utilization of TBAF·xH2O/DMSO for the preparation of cellulose
phosphate aerogels since the latter have shown promise as cell scaffolding materials. Recently,
cross-linked aerogels obtained from cellulose nanocrystals carrying a low count of phosphate halfester
groups on their surface were reported to fulfil many requirements of viable bone tissue scaffolds [21].
This complements the results of earlier attempts aiming at the preparation of cellulose II phosphate
aerogels via shaping and coagulation of cellulose phosphates from Lyocell dopes, i.e., using the solvent
system N-methylmorpholine-N-oxide (NMMO)/water. Already at low degrees of phosphorylation
(DSP ca. 0.2), biomineralization and good hemocompatibility in terms of hemostasis and inflammatory
response were observed [39]. However, some shortcomings of NMMO related to its elevated melting
point, its proneness towards autocatalytic degradation (in the presence of acidic phosphate groups)
and the specific solidification behavior of cooling dopes were reasons enough to look for alternatives.

This study investigates the preparation of cellulose phosphate aerogels using TBAF·xH2O/DMSO
as a non-derivatizing solvent for the preparation of cellulose phosphate aerogels of low degree of
phosphorylation. It has been tested with the example of two representative cellulosic source materials.
The exploratory work was expected to provide data for developing a cellulose phosphate 3D printing
approach for cell scaffolding materials.

2. Results and Discussion

2.1. Phosphorylation

Phosphorylation of the two selected cellulosic source materials of this study—cotton linters (CL)
and eucalyptus prehydrolysis kraft pulp (hwPHK)—was accomplished using concentrated phosphoric
acid. Triethyl phosphate was used as solvent and phosphorus pentoxide served as a reactive binder
for water released during esterification. Microwave-assisted pressure digestion in HNO3/H2O2 and
subsequent ICP-OES analyses confirmed that the desired low degrees of phosphorylation were obtained.
While the degree of substitution by phosphate moieties (DSP) was 0.18 for the cotton linters sample
(corresponding to a phosphorous content of 33.4 g kg−1; Table 1), it was 0.24 for hwPHK (49.1 g kg−1).
At this low degree of phosphorylation, the cellulose derivatives were proven not to be water-soluble
yet. This is a prerequisite for cellulose coagulation from solution state, such as in NMMO/H2O or
TBAF/DMSO, triggered by the addition of the anti-solvent water. Dissolution in aqueous media is also
not desired for any use as cell scaffolding material. 31P NMR as exemplarily conducted for the hwPHK
sample confirmed the expected selective substitution of the primary alcohol groups in C6 position of
the anhydroglucose units (data not shown).

Table 1. Phosphorous contents, DSP values (degree of phosphorylation), and selected properties of
3% cellulose phosphate lyogels and aerogels compared to the non-derivatized starting materials. The
range of variation represents the 95% confidence interval.

Sample P Content
[wt.%]

DSP

Shrinking (−) / Swelling (+)

Regeneration (EtOH,
before Drying) [%]

After scCO2

Drying [%]
Apparent Density

[mg cm−3]

hwPHK - - −16.2 ± 4.9 −39.1 ± 5.5 58.1 ± 3.5
hwPHK-P 4.91 0.24 +4.0 ± 2.5 −28.3 ± 6.8 47.0 ± 5.8

CL - - −17.8 ± 4.5 −45.7 ± 6.8 71.2 ± 5.0
CL-P 3.34 0.18 −2.4 ± 2.8 −31.4 ± 6.7 50.0 ± 4.0

Previously, we have shown that a wide range of cellulosic source materials can be dissolved up to
3 wt.% cellulose content within comparatively short dissolution time [36]. Optically clear solutions
of sufficiently low viscosity, and hence, good workability, were obtained. Targeting solution casting,
a solid content of 3 wt.% was envisaged for the cellulose phosphates of this study, too.
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Like their non-derivatized counterparts, the two types of cellulose phosphates could be easily
dissolved at the target concentration of 3 wt.% in DMSO that contained 16.6 wt.% TBAF and 0.95 wt.%
H2O. Visually and microscopically clear solutions were obtained within 4 h of dissolution at 60 ◦C.
Solution casting of the comparatively low-viscous solutions and subsequent submersion of the molds
in water afforded self-standing transparent hydrogels. According to common practice, the hydrogels
were subjected to a series of solvent exchange steps aiming to incrementally increase the ethanol
content up to 100% to prepare the gels for supercritical carbon dioxide (scCO2) drying. Since
dimensional stability is a key property for many applications, and particularly challenging to achieve
for ultra-lightweight biopolymer-derived polysaccharide materials, possible swelling and shrinking
throughout all steps of the aerogel preparation procedure were assessed. It was shown that coagulation
and hydrogel formation, respectively, occurred across the entire cast solution as evident from the shape
and dimensions of the free-standing hydrogels obtained. However, slight shrinkage by syneresis was
observed when the gels were left in the PTFE molds, such as for 72 h. Interestingly, this was not the
case when cardboard molds were used [40]. Immersion of the CL and hwPHK hydrogel samples in
water of incrementally increasing ethanol content (50%, 75%, 96%, and 100%) caused the gels to shrink
by up to 18 vol.% (Figure 1, Table 1). This is in agreement with previous work [36] and has been
observed for other cellulose II gels too. Examples include gels formed by water-induced coagulation of
cellulose from solvent systems like NMMO·H2O, [EMIm][OAc]/DMSO, or Ca(SCN)2·8H2O/LiCl [32].

Figure 1. Change in volume of the gels during regeneration in ethanol followed by supercritical
carbon dioxide (scCO2) drying (-P indicates phosphorylated samples). Error bars indicate the 95%
confidence interval.

Interestingly, both types of hydrogels prepared from the respective phosphorylated cellulosic
materials suffered from less shrinkage during the solvent exchange sequence than their P-free
counterparts (Figure 1). This is presumably due to the presence of negatively charged phosphate
groups on the surface of cellulose II nanoparticles that form and aggregate spontaneously during
coagulation to afford three-dimensional networks [7]. Repulsive forces and possibly steric hindrance
can partially impede supramolecular arrangement of cellulose chains. This could explain why virtually
no shrinkage—in case of hwPHK-P even minimal swelling—was observed after completing the
solvent exchange (Table 1). Significant shrinkage of all gels, however, was caused by the final scCO2

drying step. In sum of the entire solvent exchange and scCO2 drying process, the volume loss for
the resulting aerogels was about 39–46% for the non-derivatized cellulosic materials and 28–31% for

168



Molecules 2020, 25, 1695

their phosphorylated counterparts. A similar extent of shrinkage (29 vol.%)—occurring mostly during
the final scCO2 drying step—has been recently reported for anisotropic cellulose II gels. The latter
were obtained by self-assembly of cellulose (3 wt.%) in super-cooled 1,1,3,3-tetramethylguanidinium
acetate under the impact of decelerated antisolvent infusion [28]. As discussed earlier [12], shrinkage
is governed by solvent-polymer as well as polymer-polymer interactions. They can be quantified by
cohesive energy Ecoh or cohesive energy density ecoh when Ecoh is related to unit volume. The square
root of ecoh and Hildebrand solubility parameter δH, respectively, is frequently used to predict
solvent–polymer interactions. Since Ecoh represents the sum of contributions by dispersion forces,
permanent dipol-dipol forces, and hydrogen bonding, any variation of polymer-solvent composition
potentially impacts these interactions. While the changes in composition throughout the lengthy
solvent exchange procedure are rather small, scCO2 drying causes rapid changes in composition of
the interstitial fluids. This is most pronounced in the initial stage of drying. Molecular dynamics
simulations have recently shown that the solubility parameters change significantly with enrichment
of scCO2 by co-solvents, such as ethanol. It changes in a reverse way when the volume fraction of
co-solvent is reduced [41]. For pure scCO2 (and pure co-solvent), δH decreases with temperature and
rises with pressure and density. Addition of co-solvents, such as ethanol, increases δH significantly,
boosting with the amount of added co-solvent. Considering the different stages of scCO2 drying, i.e., i)
CO2 pressurization, ii) transition from liquid to supercritical state causing considerable changes in
density, iii) formation and elution of a scCO2-expanded ethanol phase of rapidly decreasing ethanol
content, and iv) final depressurization, it is evident that this part of the aerogel preparation is the
most sensitive part with regard to shrinkage, specifically for ultra-lightweight aerogels. Beyond that
it is assumed that small quantities of structural water—which acts as a softener for the cellulose II
networks—are released towards the end of the drying procedure. This is caused by condensation of
labile hydroxyl-groups which seems to start already when the gels are transferred to absolute ethanol
since most of the gels stiffened slightly during this stage, comparable to hornification of cellulose at
elevated temperature.

According to the different extent of shrinkage throughout the solvent exchange and scCO2 drying
procedure, somewhat lower bulk densities were obtained for the cellulose phosphate aerogels. While
the values of the latter were largely similar (47 vs. 50 mg cm−3), that of their counterparts from
non-derivatized cellulose varied to a larger extent and ranged from 58 (CL) to 71 mg cm−3 (hwPHK,
Table 1).

2.2. Chemical Integrity of Cellulose Phosphates during Dissolution

In an attempt to verify whether the chemical integrity of the cellulose phosphates was preserved
throughout dissolution, both CL-P and hwPHK-P were subjected to elemental analysis prior to and
after dissolution in TBAF·H2O/DMSO (20 ◦C, 16 h). The results revealed a significant loss of phosphate
groups for both of the samples. While for CL-P, the DSP value decreased from 0.18 to 0.13 (−28%)
and was more pronounced for hwPHK-P (−55%; DSP 0.209 vs. 0.095). Kinetic studies, as exemplarily
conducted for the hwPHK-P sample, showed that the losses occur mainly in the initial stage of
dissolution since the DSP values remained largely constant after two hours of dissolution time (Table 2).
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Table 2. DSP values of hwPHK-P (initial DSP = 0.209) after extraction with DMSO or a solution of 16.6
wt.% TBAF in DMSO having a water content of 0.95 wt.% (labeled TBAF/DMSO) at room temperature
and for different time periods. The range of variation indicates the 95% confidence interval (n = 3).

Extraction Medium Extraction Time [h] Final DSP [%] of Initial DSP

DMSO (control) 4 0.149 71 ±0.0

TBAF/DMSO

2 0.094 45 ±1.9
4 0.093 44 ±1.2
8 0.096 46 ±0.0

8 (60 ◦C) 0.096 46 ±0.0
16 0.093 44 ±0.5

This suggests that for hwPHK about 55% of the presumably introduced phosphates were not
covalently bonded but resisted being trapped in the phosphorylated cellulose. Even if released during
dissolution in TBAF/DMSO, it was trapped again upon water-induced coagulation, but was then
largely removed during the various solvent exchange steps. This conclusion is supported by the
fact that identical final DSP values (0.096) were obtained after 8 h of dissolution time at both room
temperature and 60 ◦C. Aiming to exclude interference of TBAF, the hwPHK-P dissolution experiment
was repeated, however, using DMSO as solvent only (4 h, room temperature). Following repeated
washings with ethanol and vacuum drying, a remaining P content of 71% was found. Altogether,
this implies that the used washing procedure after phosphorylation (n-hexanol, ethanol, water) as
proposed elsewhere [42] is not efficient enough. The results were also a motivation to re-check similar
hwPHK-P retention samples of a previous study for any possible reduction of DSP. These samples had
been used for preparation of potential cell scaffolding materials via the Lyocell route [39]. Cellulose
was here dissolved in molten N-methylmorpholine-N-oxide monohydrate (NMMO·H2O) at 100 ◦C
using propyl gallate and N-benzylmorpholine-N-oxide (NBnMO) as stabilizers. Repeating dissolution
of the hwPHK-P retention samples (DSP = 0.25) in NMMO·H2O at 110 ◦C, subsequent coagulation by
ethanol and final scCO2 drying revealed that also in this dissolution/coagulation approach the DSP

decreased; however to a lesser extent (33%, DSP = 0.17). A DSP value of 0.22 was obtained (13% loss)
when the hwPHK-P sample was extracted with ethanol only at room temperature.

2.3. TBAF Content of Cellulose Phosphate Aerogels

Even though TBAF/DMSO is considered a direct, non-derivatizing cellulose solvent, selected
aerogel samples were subjected to nitrogen and fluorine analysis by energy-dispersive X-ray
spectroscopy (EDAX). While for CL and hwPHK aerogels low nitrogen (and fluorine) contents
close to the detection limit were determined (0.05% N, data not shown), the latter were significantly
higher for their phosphorylated counterparts (Figure 2A). Independent of the cellulosic source material
and degree of phosphorylation (CL-P DSP = 0.18; hwPHK-P DSP = 0.24), respectively, significantly
higher values of 0.74% N were obtained. Considering both the nominal DSP values of the two
phosphorylated cellulosic source materials (DSP = 0.2 on rough estimate) and the real DSP ones
(DSP = 0.09 = 45% of the nominal DSP), it can be concluded that about all covalently introduced
phosphate moieties carry one ammonium counter ion. The over-proportional residual content of
fluoride ions is difficult to explain. Likely reasons could be remnants of phosphoric acid competing
with fluorine for TBA cations or partial degradation of TBAF (triggering release of tributylamine,
but-1-ene and the thermodynamically stable HF2

− ions; cf. above) and preferred removal of the
nitrogenous compounds during solvent exchange and scCO2 drying.

Covalent immobilization of both nitrogen and fluorine, however, can be ruled out since repeated
washing of the samples with deionized water (3×) afforded EDAX spectra free of any N and F signals
(Figure 2B).
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Figure 2. EDAX spectra of aerogels obtained without (A, non-derivatized CL) and after
(B, phosphorylated CL) implementing a H2O washing step prior solvent exchange and scCO2 drying.

2.4. Aerogel Morphology

Selected aerogel samples were split open by gently pulling apart the two halves of the cylindrical
specimen using a small fork with narrow teeth. Scanning electron microscopy (SEM) of the interior
of these aerogels revealed the presence of an isotropic network largely composed of interconnected
spherical particles (Figure 3). Its appearance resembles that of other cellulose gels formed by spinodal
decomposition, such as from cellulose solutions in ionic liquids (e.g., [EMIm][OAc]) or molten
NMMO·H2O) [43,44]. The isotropic networks are formed from (partially elongated) single-digit
micron-sized clusters of cellulosic spheres being a few hundred nanometers in diameter. The voids
in between the clusters are interconnected and of similar spatial shape and dimension (diameter
2–4 μm, partially elongated). A closer look revealed the coexistence of a further substructure for
all of the studied aerogels. In particular, the micrograph of Figure 3E suggests that the spherical
submicron particles are composed of finer fibrils, which is in agreement with previous studies [32,36].
Phosphorylation at the low degrees of substitution envisaged in this study had, however, virtually no
impact on microscale morphology (cf. Figure 3A vs. Figures 3C and 3E vs. Figure 3G).

SEM micrographs of the cutting edges close to the exterior surface revealed that a comparably
dense skin had formed in case of the aerogels from the non-derivatized cellulosic materials. It has an
average thickness of 10–50 μm and is deficient in micron-size pores (Figures 3B and 3F). Skin formation
is evidently less pronounced in the cellulose phosphate aerogels. In particular, the hwPHK-P sample
features a largely skin-free open-porous flaky structure (Figure 3H). Skin formation is a well-known
phenomenon occurring during cellulose processing from solution state, such as in the course of wet
spinning of Lyocell dopes. Different coagulation kinetics across the diameter of the extruded dope
strands result in significant morphological variation, typically comprising of a compact fiber core,
a porous middle zone, and a semipermeable fiber skin [45].

Although relying on different coagulation mechanisms, also membranes prepared from cellulose
solutions in mixtures of sodium hydroxide and urea exhibited morphological differences between
surface and core of the respective materials. Their extent differed with the type of antisolvent
used for cellulose coagulation and was most pronounced for ethanol [46]. Formation of a layered
structure comprising of denser outer and looser inner zones has been shown also for cellophane films
(sheet-extruded viscose rayon; [47]). Anisotropic cellulose II aerogels (Hermans orientation factor 0.46)
obtained by self-assembly of cellulose in super-cooled ionic liquid under the impact of decelerated
antisolvent infusion [28] feature skin formation too.
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Figure 3. SEM micrographs of the interior (A, C, E, G) and near-surface breaking edge (B, D, F, H) of
aerogels from non-derivatized cellulose (CL: A, B; hwPHK: E, F) and their phosphorylated counterparts
(CL-P: C, D; hwPHK-P: G, H) at different magnification.
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2.5. Compression Testing

Uniaxial compression testing and evaluation of the respective stress–strain relationships confirmed
the typical compression behavior of lightweight cellulose II aerogels as discussed elsewhere [32].
Besides ductility, low rigidity as expressed by Young’s modulus (E ≤ 14.5 MPa), and absence of
sample buckling (zero Poisson ratio), the stress-strain curves exhibit a pronounced plateau region
(10–50% strain). In this region, compression energy is dissipated by gradual collapsing of the cellular
structure. Beyond that plateau, strain hardening sets in. Recently, it has been shown for aerogels from
nanofibrillated 2,3-dicarboxyl cellulose that strain hardening can coincide with pore size harmonization
in favor of mesopores giving access towards superinsulating aerogels [9]. Interestingly, both Young’s
modulus and density-normalized specific Young’s modulus of the CL aerogel were higher than that
of comparable CL aerogels obtained using NMMO·H2O or [EMIm][OAc]/DMSO as cellulose solvent
(Table 3; [32]). Phosphorylation, at least at the envisaged low degrees of substitution, had no clear
impact on the anyway low values of Young’s modulus E, yield stress (σy) and yield strain (εy). While
Eρ and εy slightly increased with phosphorylation for the aerogels derived from cotton linters, it was
the reverse for the hwPHK samples.

Table 3. Young’s modulus (E), specific modulus (Eρ), yield strength (σy), and yield stress (εy) as
obtained from uniaxial compression testing of the prepared aerogels.

Sample E [MPa] Eρ [MPa cm3 g−1] σy [MPa] εy [%]

CL (TBAF/DMSO) 11.9 167 5.3 3.4
([EMIM][OAc]/DMSO) a 1.121 a 20 a 2.1 a n.d. b

NMMO·H2O a 4.26 a 68 a 2.9 a n.d. b

CL-P 10.8 216 3.6 5.1
hwPHK 5.9 102 5.7 7.6

hwPHK-P 3.2 68 1.9 3.4
a data taken from [15], b not determined.

Based on the apparent density (ρA) of the aerogels and assuming a skeletal cellulose density of
ρS = 1.56 g cm−3, porosity (Π) values ranging between 95.46 and 96.99% were calculated using the
following equation: Π (%) = 1 – ρA / ρS (Table 4). At a first glance, these values combined with the
information of the SEM pictures (Figure 3) could be perceived as indicative for the presence of very low
specific surfaces only in all prepared aerogels. However, nitrogen sorption experiments at 77 K provided
a different picture. Evaluation of the isotherms in the low relative pressure range (p/p0 = 0.05–0.2) of
the adsorption branches using the Brunauer–Emmett–Teller (BET) approach revealed a considerable
monolayer nitrogen adsorption. It corresponds to about 350–370 m2 g−1 which is almost as high as
reported for anisotropic mesoporous aerogels of narrow size distribution [9]. These relatively high
values are indicative of the presence of a well-developed nanoporous substructure not visible in the
micrographs of Figure 3. Somewhat lower specific surface values were calculated for both types of
phosphorylated cellulose aerogels (Table 4). However, these results require careful treatment since gas
sorption in aerogels of multiscale porosity depends on many factors. It also includes the C factor of the
BET equation. Its significance is low since the C factor—in the strict sense—is a measure of interaction
between a non-porous surface and adsorbent molecules [48]. Assuming largely similar morphology,
however, the significantly lower C values obtained for the phosphorylated samples can be interpreted
as a considerable drop in interaction due to the introduction of the polar phosphate moieties.
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Table 4. Calculated porosity, results of nitrogen sorption experiments and pore characteristics derived
from thermoporosimetry. Numbers in brackets indicate the 95% confidence interval (n = 3).

Nitrogen Sorption Experiments Thermoporosimetry

Sample
Calculated

Porosity [%]
Specific Surface

[m2 g−1]
Sorbed Volume

[cm3 g−1]
C Constant

Vp PSD

[cm3 g−1]

Rp [nm]
max PSD

CL 96.28 355 (43) 0.80 (0.20) 101 (1.0) 6.06 19.19
CL-P 96.99 311 (6.9) 0.55 (0.10) 48 (2.0) 9.27 21.23

hwPHK 95.46 366 (2.0) 0.7 (0) 104 (2.0) 7.32 19.74
hwPHK-P 96.80 270 (20) 0.5 (0) 45 (5.9) 10.60 24.49

All sorption isotherms confirmed the presence of a considerable volume fraction of mesopores as
strongly evident from their IUPAC type IV shape [49]. The latter is characterized by slow monolayer
adsorption at relatively low relative pressure (p/p0 ≤ 60 kPa), but higher ad- and desorption rates
beyond that (0.07 ≤ p/p0 ≤ 0.1 MPa).

Due to the fragility of lightweight cellulosic aerogels, pore size distributions representing the
true porosity are methodologically difficult to obtain, in particular for aerogels of multiscale pore
size distribution. While mercury intrusion is not applicable (the high specific density causes pore
collapsing), other methods are limited to a certain range of pore size. Evaluation of data points taken
from the desorption branches of the nitrogen sorption isotherms using the Barrett–Joyner–Halenda
model (BJH) suggested the presence of mesoporous domains. The latter are characterized by a
narrow pore size distribution peaking at around 9–11 nm. They seem to exist in all studied materials.
The results of the BJH calculations, however, also indicate the presence of larger pores. This is in
agreement with the transition of the two branches of the adsorption isotherms at p/p0 = 0.1 MPa and
the SEM micrographs. Thermoporosimetry studies confirmed both the presence of mesopores and
coexistence of significantly larger pores (Figure 4). All pore-size distributions have their maximum at
about 50 nm diameter. The results of the nitrogen sorption experiments, thermoporosimetry data, and
SEM micrographs suggest that phosphorylation at the studied low DSP values has only a marginal
impact on morphological features. This includes specific surface and pore-size distribution.

 

Figure 4. Normalized pore-size distributions as obtained by thermoporosimetry.

2.6. Aerogel Stability and Moisture Sorption during Storage

The abundance of hydroxyl groups renders cellulosic surfaces very sensitive towards moisture
sorption. While this feature is highly desired in some applications like wound dressings [15], it is the
opposite for lightweight cellulose aerogels. Their high volume fractions of interconnected nanopores
exceeding sometimes 99 vol.% render them very fragile, in particular in moist environments. Capillary
condensation is a phenomenon that occurs in hydrophobic materials as well, but is amplified by huge
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internal surfaces of high hydrophilicity. Water condensation in capillaries give rise to the formation
of strong inward forces alongside a capillary gradient adjacent to the water menisci formed. These
forces are caused by differences in specific energies of the involved phases. Their strength is reversely
correlated with pore radii, which renders open-nanoporous, hydrophilic and soft materials particularly
sensitive towards shrinkage. Considering both the anhydrous conditions in the last stages of solvent
exchange and scCO2 drying, as well as the hydrophilicity of the studied cellulosic materials, it was
assumed that the aerogels would gain weight immediately once exposed to air. However, this was
not the case. It turned out that the aerogels prepared from the non-derivatized source materials lost
about 5–7 wt.% instead within 60 min after scCO2 drying (Figure 5). This is surprising at a first
glance and needed a more thorough investigation since this weight loss could be explained solely by
degassing of CO2 and replacement by air. Considering a bulk density of 71.2 mg cm−3 for the CL
aerogels for example and a cellulose skeletal density of 1.56 g cm−3, the corresponding pore volume
would be about 0.95 cm−3. Assuming ideal gas behavior, standard conditions and occupation of the
entire pore volume by CO2, its quantitative replacement by dry air (80% N2 and 20% O2) would
cause a weight loss of ca. 1.22 mg. This would be equivalent to 1.7% loss related to the bulk density
calculated from weight and spatial dimensions shortly after scCO2 drying. Even if water sorption
would have caused the difference between measured bulk density (71.2 mg cm−3) and theoretical
density (55.25 mg cm−3)—calculated from the original cellulose content of the CL gel (3 wt.%) and the
volume loss throughout aerogel preparation (45.7 vol.%)—the maximum possible weight loss would be
2.21 wt.% only. Therefore, it is reasonable to conclude that small quantities of ethanol were still present
in the scCO2 dried aerogels, which is in agreement with olfactory impressions. Headspace-GC/MS
investigations confirmed this assumption. They revealed that—depending on the cellulosic material
processed into aerogels—considerable amounts of ethanol can remain after scCO2 drying. While
scCO2 extracted virtually all ethanol from the pores of bacterial cellulose aerogels of similar sample
size and shape within one hour drying time, more than the ten-fold amount of ethanol remained for
the significantly denser CL aerogels. Phosphorylation, even at low degree of substitution, seems to
disfavor ethanol sorption as evident from the slight weight losses after scCO2 drying.

 

Figure 5. Weight [%] of the materials recorded over 60 min after scCO2 drying (left). Release of
ethanol from freshly scCO2 dried cotton linters aerogels (CL) and bacterial cellulose aerogels (BC)
under headspace (80 ◦C) GC-MS conditions (right).

Long-term dimensional stability and moisture sorption of all aerogels were studied for a time
period of 84 days and controlled levels of relative humidity. Weight gain and shrinkage values revealed
that moisture uptake occurs for all studied aerogels mainly during the first 24 h (data not shown) and
is largely completed after 48 h. This was independent of cellulose type, degree of phosphorylation,
and relative humidity (Table 5) except for the highest value of 98%RH. Here, water sorption increased
by 2.2 wt.% for the CL sample from 23.6% after 2 days to 25.8% after 84 days. The amount of water
adsorbed was confirmed to depend on the air moisture content. While at 30% RH, water uptake was
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negligible for all samples, it was moderate at 65% RH (5.0–6.6%) but strong at 98% RH (23.6–24.2%).
Corresponding to the amounts of adsorbed water, all samples suffered from significant shrinkage,
specifically within the first two days of storage. Here, the extent of shrinkage increased strongly in the
order 30%RH (24–28%) < 65%RH (64–73%) < 98%RH (90–93%). Storage in anhydrous environment
as accomplished by placing the samples in a closed compartment over P4O10 is not recommended.
Removal of structural water and hornification cause the aerogels to shrink at an extent comparable to
that observed for 30% RH.

Table 5. Volume and weight changes of studied aerogels in dependence on relative humidity and
storage time (% of initial mass and volume right after scCO2 drying). Numbers in brackets indicate the
95% confidence interval (n = 4).

Sample
Conditioning

[% RH]

2 d 84 d

Volume [%] Weight [%] Volume [%] Weight [%]

CL

0 78.7 (1.3) −4.2 (0.48) 68.0 (1.6) −6.7 (0.25)
30 72.0 (4.8) −1.4 (0.06) 62.6 (5.2) −1.5 (0.29)
65 30.5 (3.0) 5.0 (1.0) 24.7 (2.9) 5.2 (0.63)
98 10.0 (3.0) 23.6 (0.53) 10.4 (5.5) 25.8 (0.05)

CL-P
0 88.6 (1,4) −1.7 (0.04) 78.9 (5.1) −3.1 (0.13)
65 27.4 (1.1) 6.6 (0.39) 19.7 (1.7) 5.8 (0.21)

hwPHK

0 85.6 (11) −4.8 (0.37) 76.9 (8.4) −4.9 (0.36)
30 76.0 (6.5) −0.3 (0.02) 68.7 (6.2) −0.7 (0.13)
65 36.3 (0.48) 5.5 (0.54) 27.2 (0.13) 5.4 (0.81)
98 7.1 (0.72) 24.2 (0.01) 6.5 (0.08) 25.0 (0.07)

hwPHK-P
0 95.6 (5.2) −0.6 (0.01) 87.6 (4.9) −1.8 (0.01)
65 30.9 (3.3) 6.1 (0.24) 21.4 (3.4) 4.8 (0.17)

As a result of water uptake and shrinkage, the bulk densities of the prepared aerogels increased
as well. While it was to a minor extent only when storing them at 0% and 30% RH, three- (65% RH) to
17-fold (98% RH) higher values were obtained for the more humid environments. Phosphorylation
rendered the aerogels somewhat more sensitive towards moisture sorption and shrinkage.

2.7. Thermostability

Thermogravimetric analysis (TGA) conducted in helium atmosphere revealed some interesting
differences between the different sets of samples. This applies not only to the cellulosic source
materials and the aerogels obtained thereof. It refers also to the comparison between aerogels prepared
from non-derivatized cellulose and their phosphorylated analogues (cf. Figure 6, right). The two
non-processed CL and hwPHK samples were virtually fully stable up to about 325 ◦C. Here, prominent
polymer degradation sets in, exactly as reported for cotton linters before [50]. Thermal degradation
is largely completed at 350 ◦C already when about 90% of the initial weight has been released as
volatiles. Continued pyrolysis and carbonization up to 950 ◦C caused a further 50% reduction of the
remaining mass.

Processing of the cellulosic source materials into lightweight open-porous aerogels gives rise
to a series of differences in material properties. Compared to the cellulosic fibers of the source
materials, the diameters of the aerogel network forming fibrils is much smaller [36] and the
degree of crystallinity lower [32]. This translated into much higher specific surface areas and
moisture sensitivity. Nanostructuration furthermore imparts thermal insulation properties to aerogels
presumably considerably retarding heat-transfer. These properties are assumed to increase the
sensitivity of respective aerogels towards temperature alterations and may promote kinetically less
favored side reactions. This is supported by the following observations: (i) the above-described
humidity-dependent adsorption of water is well reflected by smaller weight losses (ca. 2–4 wt.%) in
the temperature range ≤ 150 ◦C; (ii) intra- and intermolecular condensation occurring between 150 and
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240 ◦C [51] give rise to further weight loss of 1–2 wt.%; (iii) depolymerization starts at 300 ◦C already
likely due to reduced crystallinity, and (iv) the mass remaining at 350 ◦C (36–37 wt.%) and 950 ◦C
(24–25 wt.%) was much higher compared to the non-processed cellulosic source materials. The latter
might be a result of stabilization by cross-linking and hornification.

   

Figure 6. Bulk density [%] of phosphorylated and non-derivatized aerogels after two and 84 days during
conditioning at 65% RH (left). Thermogravimetric analysis of cellulose II aerogels from non-derivatized
and slightly phosphorylated cotton linters (CL, CL-P) and hardwood prehydrolysis kraft pulp (hwPHK,
hwPHK-P). TGA profiles of the unprocessed source materials were recorded for reference purposes
(right).

The TGA profiles of the CL-P and hwPHK-P aerogels differed strongly from that of their
non-derivatized analogues despite the low degrees of phosphorylation. While desorption of physically
bonded water was negligible for the CL-P and hwPHK-P samples, prominent weight reduction started
at 235 ◦C already. However, only about 36% of the initial weight was lost in this step, which is much
lower compared to the cellulosic source materials (90 wt.%). Formation of volatiles continued at
significantly lower rates until the final temperature of 950 ◦C and a residual weight of about 40% relative
to the initial weight of the samples was reached. It is assumed that acidic phosphate groups as present
in CL-P and hwPHK-P are capable to boost formation of low-molecular compounds. This includes
levoglucosan, which has been shown to be involved in re-polymerization of volatile cellulose pyrolysis
products and secondary char formation (cf. [52,53]). The latter could give rise to the formation of thin,
heat-shielding char layers efficiently preserving a reasonably large weight fraction under enhanced
pyrolytic conditions.

3. Experimental Section

Phosphoric acid (99%), phosphorus pentoxide (98.5%), triethyl phosphate (99.8%, all
Sigma-Aldrich, Schnelldorf, Germany), n-hexanol (98%, Acros Organics, Geel, Belgium),
tetra-n-butylammonium fluoride (TBAF) trihydrate (≥97%, Sigma-Aldrich, Schnelldorf, Germany),
dimethyl sulfoxide (DMSO, ≥99.9%, Merck, Darmstadt, Germany), molecular sieves 4 Å (Roth,
Karlsruhe, Germany), and ethanol (96 vol.% and absolute, Merck, Darmstadt, Germany) were of
highest available grade.

Cotton linters (CL) and total chlorine-free bleached hardwood (eucalyptus) pre-hydrolysis kraft
pulp (hwPHK) were provided by collaboration partners of the COST E41 action. Their weight
average molecular weight (MW) as well contents of carbonyl group were determined as detailed
elsewhere [36,54]:

• CL: MW 143.2 kg mol−1, 4.4 mmol g−1 C=O (fluorescence labelling of cellulose using
carbazole-9-carbonyl-oxy-amine, CCOA;

• hwPHK: MW 154.8 kg mol−1, 8.1 mmol g−1 C=O;
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Prior to dissolution or phosphorylation, the cellulosic source materials were activated by
disintegration in water (solid-to-liquid ratio 1:400, wt./wt.). The obtained slurry was freeze-dried and
stored at +4 ◦C until further processing.

3.1. Phosphorylation of Cellulose

Phosphorylation was accomplished as described elsewhere [39,42,55]. In brief, 250 g of phosphorus
pentoxide was placed under argon atmosphere protection in a 1 L 3-necked round-bottom flask equipped
with air-tight mechanical stirrer, condenser, and dropping funnel. Phosphoric acid (354 g) was added
portion-wise under external ice-cooling. Triethyl phosphate (185 mL) was added slowly within
6 h. A clear, highly viscous solution was obtained after about 48 h of continued stirring. The thus
prepared phosphorylation reagent (PR) was stored in anhydrous atmosphere at +4 ◦C until further
use. A defined amount of cellulosic source material (typically 1.0 g) was activated for phosphorylation
by repeated short-time (10 s) disintegration in a large excess of water (1:400, w/v). This was followed
by submersion in consecutive bathes of ethanol and n-hexanol (ca. 1:80, w/v; 2 times á 24 h for
each of the organic solvents). About 40 mL of the supernatant n-hexanol was then decanted by
gentle squeezing and replaced by an equal volume of PR. The flasks containing the reaction mixtures
were then mounted onto a heated horizontal shaking device and left at 50 ◦C for 72 h. After that,
phosphorylated cellulose was separated from the liquid phase and consecutively washed twice with
n-hexanol, ethanol, and eventually deionized water. The last step was repeated until the filtrates
showed a negative molybdenum blue reaction. The degree of phosphorylation (DSP) was analyzed as
suggested previously [56]. An aliquot of the sample (100 mg) was subjected to microwave-assisted
pressure digestion in HNO3/H2O2 using the following temperature program: 25→ 85 ◦C (3 ◦C min−1),
85→ 145 ◦C (ca. 1.5 ◦C min−1), 145→ 200 ◦C (ca. 1 ◦C min−1, 12 min hold), cooling to room temperature.
The phosphorous content of the obtained digestion liquor was analyzed by ICP-OES and used to
calculate the DSP according to Equation (1) [56].

DSp =
162x

3100− 84x
(1)

Finally, an aliquot of phosphorylated cellulose was subjected to solid-state 31P and 13C NMR
experiments to confirm covalent introduction of monophosphate groups.

3.2. Preparation of the Cellulose Solvent System TBAF (16.6 wt.%) / H2O (0.95 wt.%) / DMSO

TBAF trihydrate (157.55 g) was dissolved in anhydrous DMSO (342.45 g). Then, 325 g of freshly
dried molecular sieves 4 Å (600 ◦C, 3 h, argon atmosphere) was added portion-wise over a period of
96 h to bind about 50% of the crystal water. When the remaining water content as determined by Karl
Fischer titration reached about 1.5 wt.%—coinciding with the onset of a faint yellowish (λ = 420 nm)
coloration [36]—the drying agent was filtered off. The solution was stored at +4 ◦C until further use.
Immediately before cellulose dissolution, the above-prepared TBAF/DMSO solution was diluted with
anhydrous DMSO as described previously to obtain a final TBAF content of 16.6 wt.%. The final water
content was 0.95 wt.% which ensures good dissolution performance and largely avoids decomposition
of TBAF [36].

3.3. Cellulose Dissolution, Casting, Coagulation, Solvent Exchange, and scCO2 Drying

The respective non-derivatized and/or phosphorylated cellulosic materials (3 g) were dissolved
portion-wise in the pre-heated (60 ◦C) and continuously stirred solvent system (97 g) to give a 3 wt.%
solution. While the obtained cellulose solutions were visually clear after two hours already, optical
microscopy (magnification 100×) revealed that full dissolution requires 3–4 h. After four hours, the
obtained dopes were cast into molds of cylindrical geometry (Ø = 10 mm, l = 20 mm). The molds were
then immersed in 96 vol.% ethanol (EtOH) to initiate cellulose coagulation using a dope-to-ethanol
volume ratio of 1:50. After 24 h of residence time, the molds were opened to expose the cylindrical,
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free-standing lyogels. The latter were transferred into consecutive bathes of 96 vol.% ethanol (3 × 24 h)
and absolute ethanol (2 × 24 h) ensuring a gel-to-liquid ratio of 1:20 (v/v). Drying of the transparent
gels was performed using supercritical carbon dioxide equipment (scCO2). Samples were loaded in a
500 mL autoclave equipped with two separators for carbon dioxide recycling (Separex SF1, Separex,
France). After heating and pressurization to 40 ◦C and 10.5 MPa, the samples were dried at constant
CO2 flow (2.5 kg h−1) for one hour following recommendations of previous studies [57,58]. It has been
shown that increasing the pressure beyond 10 MPa slightly reduces the remaining volume [30]. This is
similar for increasing the temperature, as hornification and loss of tightly bonded surface water reduce
interfibril distances.

Once ethanol was quantitatively extracted from the voids, the system was slowly and
isothermally depressurized to prevent pore collapsing and condensation by Joule–Thomson cooling [59].
Both volume (±0.1 mm3) and weight (±1 mg) of the samples (5 replicates) were recorded after each
step of the sequential solvent exchange and after scCO2 drying.

4. Analyses

Scanning electron micrographs of both external and internal aerogel surfaces were taken in
different magnification after gold sputtering. A Philips ESEM XL30 or a Quanta 250 FEG with energy
dispersive analysis X-ray (EDAX) mapping was used, both operated at an acceleration voltage of 5 kV.
Evaluation of the surfaces with regard to remaining traces of TBAF was accomplished by detection of
nitrogen and fluorine in EDAX mode.

Nitrogen sorption experiments at 77 K were performed using a Micrometrics ASAP 2020 analyzer.
All samples were evacuated overnight at room temperature prior to the measurements. Specific surface
areas were calculated according to the Brunauer–Emmett–Teller equation using a set of data points
of the respective adsorption branches of the isotherms [60]. Average pore diameters were calculated
from data points of the desorption branches using the Barrett–Joyner–Halenda (BJH) approach [61].
Nitrogen sorption experiments were complemented by thermoporosimetry using a Mettler-Toledo DSC
823e differential scanning calorimeter (DSC) equipped with liquid nitrogen module. DSC calibration
for both temperature and enthalpy was performed using open-porous metallic standards (In, Pb,
Zn). Aerogels were measured by weighing aliquots (ca. 1–5 mg) into 160 μL aluminum pans and
submersing the samples in o-xylene. Measurements were carried out in ambient atmosphere using the
following temperature program: (i) 0.7 ◦C min−1 from +25 to −70 ◦C, (ii) 0.7 ◦C min−1 from −70 to
−30 ◦C ≤ Tx ≤ −20 ◦C, (iii) 0.7 ◦C min−1 from Tx to −70 ◦C and iv) 0.7 ◦C min−1 from −70 to +25 ◦C.
Three thermograms at least were acquired for each sample. Data processing was accomplished using
STARe software.

Moisture sensitivity of the cellulosic aerogels, water uptake at different degrees of relative humidity
(RH), and possible triggering of shrinkage of the cellulosic aerogels was studied at ambient temperature
(20 ± 2 ◦C) in RH-controlled environment for a time period of 84 days after scCO2 drying. Desiccators
used for these long-term studies were equipped with either phosphorus pentoxide (0% RH) or a
saturated aqueous solution of CaCl2 (30% RH), NH4NO3 (65% RH), and K2SO4 (98% RH) to provide
different levels of humidity after equilibration. The actual RH inside the desiccators was monitored
by digital hygrometers (Voltcraft data logger DL−120TH) and was found to be largely constant (±5%
RH). Throughout the entire experiment, weight (±1 mg) and volume (±0.1 mm3) of the aerogels were
recorded periodically.

Uniaxial compression testing in longitudinal direction of the cylindrical aerogels (Ø = 10 mm,
l = 20 mm) was performed on a Zwick/Roell Z010 equipment using a feed rate of 2.4 mm min−1. Only
samples transferred immediately in argon atmosphere after scCO2 drying were used. Evaluation of the
recorded stress strain curves was accomplished using testXpert software. Stiffness of the aerogels as
represented by Young’s modulus E was determined from the slope of the regression line through the
linear elastic region of each stress–strain curve; boundaries were adjusted individually for each curve.
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A 0.2% offset yield strength was recorded, i.e., the stress at the intersection of stress-strain curve and
regression line through the linear elastic region shifted parallel by 0.2% strain as reported earlier [30].

Thermal analysis was conducted using STA 409 CD Skimmer equipment (Netzsch GmbH,
Germany) allowing for simultaneous recording of thermogravimetric (TG) and differential scanning
calorimetry (DSC) profiles. Aliquots of the samples (approx. 8–10 mg) were weighed into Al2O3 pans
and combusted in helium atmosphere (120 mL min−1) using a constant heating rate of 10 ◦C min−1

over the entire temperature range of 30 to 900 ◦C.

5. Conclusions

Mixtures of tetra-n-butylammonium fluoride, DMSO, and small quantities of water can be used as
an efficient, non-derivatizing solvent to prepare sufficiently low viscous dopes of cellulose phosphates
(DSP ca. 0.2) for further processing into lyogels and aerogels. At moderate dissolution conditions
(60 ◦C, 4 h), this solvent system fully preserves the chemical integrity of the processed cellulosic
materials. Care should be taken during work-up of the phosphorylated materials to ensure quantitative
removal of non-reacted reagent and solvent components. Compared to aerogels from non-derivatized
cellulose, cellulose phosphate aerogels suffer considerably less from shrinkage. This is presumably
due to repulsive forces being effective throughout the entire solvent exchange procedure except for
the last scCO2 drying step. With respect to the latter, it was interesting to observe that cellulose
phosphate aerogels require shorter drying time to get rid of adhering ethanol. On the other hand,
slightly increased surface polarity of the phosphorylated aerogels gives rise to a somewhat more
pronounced sensitivity towards moisture sorption upon long-term storage. However, this drawback
would be irrelevant if the materials would be used as lyogels instead. This would bear the advantage
of circumventing that fraction of shrinkage that occurs during the scCO2 drying step. On the other
hand, this would be at the expense of the better sterilization opportunities for aerogels. It can be
summarized that phosphorylation targeting a low degree of substitution has no negative impact on
key aerogel properties. This includes bulk density, pore size distribution, specific surface, or pore
volume. Skin formation upon cellulose coagulation, on the contrary, is evidently less pronounced for
cellulose phosphate aerogels. This would be beneficial for the design of dual-porous cell scaffolding
materials, since their nanoporous struts separating interconnected large micron-size voids are supposed
to maintain rapid transport of gases, nutrients and metabolic byproducts.
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