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ABSTRACT

icro and nano hydrogels developed from natural and synthetic polymers have garnered great deal of attention in sci-
I\/I entific and industrial realms due to their higher surface area, degree of swelling and active material loading capacity,
softness and flexibility, as well as their similarity to natural tissues. Particularly, biocompatible, non-toxic, and biodegradab-
le micro/nano vehicles with tailor made design and functionalization facilitates their use with excellent feasibility for a vari-
ety of biomedical applications such as tissue engineering, bioimaging and drug delivery. However, these platforms require
rational design and functionalization strategies to cope with barriers of in vivo environment to pass into clinical use. Firstly,
an ideal carrier should be biocompatible, and capable of evasion from immune elimination, specifically target at desired
sites and sustainably release the therapeutic cargo in response to microenvironment conditions. Despite the few setbacks
in micro/nano vehicle design and several successful formulations translated to clinical use and majority of the carries are
yet to achieve complete success for all biological criteria. In this review, design and functionalization strategies of micro and
nanogels have been summarized. Also, the recent progress in biomedical applications of microgels and nanogels have been
outlined with a primary focus placed on drug and biomolecule delivery applications.
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0z

ogal ve sentetik polimerlerden gelistirilen mikro ve nano hidrojeller, yiksek ytzey alani, yiksek derecede sisme, yiksek
D aktif madde yukleme kapasiteleri, yumusaklik esneklik ve dogal dokulara benzerlikleri nedeniyle bilimsel ve endustriyel
alanda buyik ilgi gérmustir. Ozellikle, biyouyumlu, toksik olmayan ve biyobozunur mikro/nano tasiyicilarin uygulamaya
0zgl tasarim ve fonksiyonellestirilebilme olanaklari, doku mihendisligi, biyo goriintileme ve ilag salinim uygulamalari gibi
cesitli biyomedikal uygulamalar icin mikemmel bir engelleri sunmaktadir. Bununla birlikte, bu platformlarin in vivo ortamlar-
daki biyolojik engelleri agabilmesi ve klinik uygulamalarda kullanima girebilmesi igin rasyonel tasarim ve islevsellestirme stra-
tejileri gerekmektedir. ilk olarak, ideal bir tasiyici biyo-uyumlu olmali ve bagisiklik sisteminin eliminasyonundan kacabilmeli,
ozellikle de istenen bolgeleri hedeflemeli ve ortam kosullarina duyarli olarak ilaci strdurulebilir bir sekilde salabilmelidir.
Mikro/nano malzeme tasariminda kiguk sorunlara ragmen klinik kullanima giren birkag basarili formulasyon mevcuttur. Bu
taslyicilarin gogu, tim biyolojik kriterler igin hentiz tam bir basari saglayamamislardir. Bu derlemede, mikro ve nanojellerin
tasarim ve islevsellestirme stratejileri 6zetlenerek mikro- ve nanojellerin biyomedikal uygulamalarindaki son gelismeler, ilag
ve biyomolekil salim, uygulamalarina agirlik verilerek 6zetlenmistir.
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INTRODUCTION

t has been 100 years since Hermann Staudinger pro-

voked a pioneering contribution in chemistry with “
Uber polymerization” (“on polymerization”) [1] which
had deemed as the initial spurs that paved the way
for a remarkable development in polymer science and
technology [2].
investigations in macromolecular chemistry, numer-

Based on the outcomes of his seminal

ous polymers have been developed in practically many
domains of industry ranging from food packaging to
biomedical applications [2,3]. Ever since, Staudinger’s
efforts in understanding the polymerization of high mo-
lecular weight polymers, years of accumulated research
along with discovery of new analytical techniques have
led to dramatic breakthroughs in biomaterial science
and nanotechnology. A number of natural and synthetic
structures along with various supramolecular materi-
als have emerged with promising capabilities including
natural clay based materials [4], carbonaceous materi-
als [5], inorganic nanoparticles [6], dendrimers [7], lipo-
somes [8], hydrogels, and so on for biomedical use in
a variety of applications e.g., theranostic and bioimag-
ing, antimicrobial and antifouling materials [9,10], and
in treatment of cancers and equally pervasive disorders
[11]. Beside many others, micro and nano hydrogels
also called microgels and nanogels can be accounted
as the products of the intensive research that were
grown on those sparks fueled by Staudinger leading to
the blueprints on the polymerization and also together
with Husemann on polymerization of divinyl benzene
and polystyrene [12,13]. However, the “microgel”
was used for the first time by Baker et al., in 1949 and
viewed as a new class of macromolecule in the litera-
ture [14].

term

Micro/nano size of hydrogels, microgel/nanogels are
comprised of mostly hydrophilic or amphiphilic chains
of either synthetic, and natural polymers or their com-
binations linked by chemical (covalent) or physical (non-
covalent) crosslinks into three-dimensional (3D) infinite
networks. Due to their great degree of fast swelling,
and high water retention ability while intactly maintain-
ing their structures, micro and nanogels can serve as
excellent tools for a wide range of biomedical applica-
tions such as reservoirs in transport and delivery of vari-
ous therapeutics and biologically active molecules in-
cluding vaccines, cytokines, growth factors, hormones,
proteins, and genes [15,16]. Given the soft and flexible
nature as well as mechanical and structural similarity

of these platforms to natural tissues and the extracellular
matrix (ECM) of cells, micro and nanogel particles with
high biomimetic characters attain remarkable feasibility
in scaffolding, attachment, and culturing of cells whereby,
achieve great potential in tissue engineering, cartilage
repair, bone replacement, and wound dressing applica-
tions [17,18]. Moreover, what makes micro and nanogels
particularly promising interfaces for biomedicine comes
from their ease of manipulation and tailor-made adapt-
ability of their characteristics by variation of their surface
chemistry upon pre- or post-synthetic chemical modifica-
tions to induce adjustable hydrophobicity, surface charge
and functional groups combined with precisely control-
lable particle size, porosity and degradability of the poly-
mer matrix. All these in turn collectively endows unprec-
edented suitability and efficiency for encapsulating wide
variety of molecules with distinct biological characters.
Micro and nanogels help solubilization and homogenous
dispersion of drugs in the polymer matrix, protects them
from biological transformation and oxidizing microenvi-
ronment of the intra cellular milieu, mask cytotoxicity of
the drugs and potential side effects that may be aroused
thereof and hence provide enhanced bioavailability and
treatment efficiency [15]. Besides, micro and nanogels
coupled with specific ligands can achieve sustainable and
stimuli-directed drug release at target sites and tissues,
therefore prevent nonspecific cell toxicity and provide
better therapeutic efficacy at lower doses [19]. Biomedical
applications of micro and nanogels are briefly illustrated
in Figure 1. Nanogels maybe discriminated from micro-
gels with larger specific surface area and inner compart-
ments rendering higher encapsulation efficiency of drugs
with prolonged circulation and facile extravasation ability
through cell membranes. Various strategies have been
emerged to achieve sustainable and slow drug release as
well as to prolong residence time of the particles in blood
stream. Specifically, coating or conjugation of hydrophilic
polymers to micro and nanogels surface such as hydroxy
ethyl starch (HES), and polyethylene glycol (PEG) may
provide steric hindrance to protein adsorption, addition-
ally, entrapment of microgels and nanogels in biological
membranes as camouflaging were employed to impart
stealth characteristics as well as for sustained and more
controlled release kinetics [20].

Despite the continuous investigations on development of
micro nano architectures, it is still far from ideal transla-
tion into clinical practice as most of the particle formula-
tions suffer from several important shortcomings that
need to be circumvented such as lack of standardization



on manufacturing due to batch variations, as well as tox-
icity, immunity, aggregation, unspecific spatial distribu-
tion in the host and rapid elimination from the systemic
circulation [21]. Regarding the extraordinary potential of
these systems in nanobiotechnology, pharmaceutical and
biomedical fields as diagnostic and therapeutic agents
either stand-alone or in combination with other micro/
nanomaterials in the form of multifunctional composites,
the urgent need aroused the development of personalized
medicines with customizable and precisely manageable
characteristics that necessitated new strategies to devel-
oped and/or optimize the surfaced issues in the light of
systematic approaches and multidisciplinary science and
technology. In this review, we provide a general outlook
to the key considerations in rational design and implemen-
tation of micro and nanogels and an update on emerging
studies and techniques to fabricate and functionalize mi-
cro nano hydrogel particles focusing primarily on the most
recent advancements in drug delivery applications.

Figure 1. Biomedical applications of microgels and nanogels.
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Methods in building up micro and nanogel networks
Basically, micro and nanogels can be constructed by
following two main strategies which rely on chemical
crosslinking of precursors with stable covalent bonds
and with the formation of physically crosslinked and/or
reversible self-assembled or interpenetrated structures
by non-covalent associations such as hydrophobic and
electrostatic interactions, Van der Waals forces, hydro-
gen bonding and host-guest interactions between of
micro and nanogel precursor components [19].

Physically crosslinked microgels and nanogels

In a general point of view, self-assembly mediated par-
ticle formation is a hierarchical process that polymeric
components in the reaction microenvironment effort
to ensure thermodynamically favorable equilibrium
state which lead to simultaneous arrangement of the
polymer chains and generate micro/nano particles. For-
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mation of these physically crosslinked supramolecular
networks is mainly driven by non-covalent weak inter-
molecular forces (IMFs), and the size of the resultant
particles are majorly dependent on the pH, tempera-
ture, ionic strength as well as concentration and chemi-
cal composition of the substrates used in particle prepa-
ration [15,16]. Self-assembly process of micro and nano-
gel was depicted in Figure 2a. Self-assembled nanogels
were firstly introduced by Akiyoshi and colleagues,
where hydrophilic pullulan polysaccharides were con-
jugated with hydrophobic cholesterol units and sonica-
tion of these amphiphilic polysaccharide derivatives in
water yielded intramolecularly self-aggregated mono-
disperse particles with 25+5 nm sizes [22]. Moreover
numerous microgels and nanogels have been reported
by self-assembly process including synthetic and natu-
ral polymeric substrates such as poly(N-isopropylacryl-
amide) (PNIPAM) [23], poly(hydroxyethyl methacrylate)
(p(HEMA)) [24], polysaccharides [25], pullulan [26], chi-
tosan (CHI) [27-32], alginic acid [24], dextran [33,34],

hyaluronic acid (HA) [35-39], starch derivatives [40],
and polyphenols [41-44], proteins [45], polypeptides
[46,47], various amino acids [48], and DNA [30,49,50]
all of which were intended for biomedical applications
in delivery of various therapeutic agents including small
molecules, proteins, drugs, and genes and siRNAs.

Chemically crosslinked microgels and nanogels

Chemical crosslinking is based on incorporation of
permanent covalent crosslinks between monomeric
or polymeric subunits of micro nanogel networks as
shown in Figure 2b. Various polymerization methods
have been employed in chemical crosslinking of micro
and nanogels such as micromolding, ring opening po-
lymerization, and click chemistry in addition to heter-
ogenous controlled/living radical polymerization tech-
niques (CRP) e.g., stable free radical polymerization, re-
versible addition-fragmentation chain transfer (RAFT)
polymerization, atom transfer radical polymerization
(ATRP) have been widely employed in micro and nano-

Figure 2. Schematic illustration of (a) physical, and (b) chemical crosslinking processes of micro and nanogel preparation.



gel preparations as they provide a remarkable control
over the molecular weight and the molecular weight
distribution of generated polymer networks [51]. Alter-
natively, uncontrolled heterogenous free radical polym-
erization techniques are also widely used in synthesis of
microgels and nanogels due to their ease of operation
such as precipitation polymerization, dispersion polym-
erization, miniemulsion and microemulsion polymeriza-
tion, microfluidics based polymerization, and irradia-
tion-induced polymerization which was first introduced
by Staudinger et al. in 1935 to produce submicron gels
of styrene with divinyl benzene [12,19,51,52]. Numer-
ous micro and nanogels have since been formulated
by irradiation technique [53-55]. Among the heterog-
enous polymerization methods, inverse microemul-
sion polymerization is one of the most commonly used
chemical crosslinking technique where water-in-oil
(w/0) emulsion is prepared simply by mixing continuous
oil phase and aqueous phase containing water soluble
substrates in the presence of oil soluble emulsifying
agents at above their critical micelle concentration
(CMC). Consequently, thermodynamically stable mi-
croemulsion droplets are formed to serve as reactors
for micro and nano sized particle formation [56]. The
pH, surfactant concentration, and feed ratio of the
crosslinkers and used substrates in particles prepara-
tion are the most important parameters that have ma-
jor effects on the particle size and distribution [57,58].
Diverse microgel and nanogel formulations have been
reported by inverse microemulsion polymerization in-
cluding synthetic polymers such as polyacrylamide [58],
polyvinyl pyrrolidone [59,60], polyethyleneimine (PEl)
[61], p(NIPAM) [62], and natural biomacromolecules
such as simple disaccharides: sucrose [63], lactose [64],
polysaccharides: CHI [65], inulin [66], dextran [67], HA
[68,69], carboxymethyl cellulose [70,71], guar gum [72],
and polyphenols; tannic acid [73], naringin [74], quer-
cetin [75], and rutin [76].

Drug Loading of micro and nanogels

Micro and nanogels are capable of loading broad spec-
trum of therapeutic agents with distinct physicochemi-
cal characters such as cationic and anionic drugs, pro-
teins, peptides, genes, siRNAs and so on. Various tech-
niques were used in the loading of therapeutic cargos.
Efficiency of loading and kinetics of drug release are
predominantly determined by the selected method as
well as composition of the carrier vehicle [77,78]. Gen-
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erally, three types of drug loading techniques are com-
monly employed for microgels and nanogel and sche-
matically illustrated in Figure 3:

ePhysical adsorption of drugs from solutions in suit-
able solvents,

eChemical conjugation of drugs into polymer back-
bone (mostly by using spacer molecules)

eEntrapment or encapsulation of drug within the
chains of microgel and nanogel matrix

Drug loading by physical adsorption

As depicted in Figure 3a physical adsorption of thera-
peutics onto micro and nanogel surface is driven by
noncovalent IMFs. This technique is simply operated
with some major limitations and considerations [19].
For example, the solvent used in adsorption process
should be suitable for both drugs and micro/nano vehi-
cles in such a way that it should provide adequate solu-
bility to drug for desired concentration range and in the
meanwhile should thoroughly homogenize the vehicles
as good solvent effecting the efficiency of drug load-
ing. Moreover, as the drug loading efficiency is directly
proportional with strength of physical interactions
between drug and carrier, the functional groups on
the vehicle is another key factor that takes significant
part in drug loading efficiency. For this reason, surface
charge, area, porosity, as well as size and shape of the
carriers should be well-characterized when considering
using this drug loading method. Microgels and nano-
gels are mostly hydrophilic particles typically bearing-
OH, -COOH, -SH, -S0,, and -NH, functional groups that
can also be steadily derivatized to required functional
groups upon chemical processing or by addition of de-
sired functionalities by means of chemical modification.
Carrageenan microgels reported by Sahiner et al. (2017)
clearly illustrates the influence of functional groups on
vehicles where rosmarinic acid (RA) was used as model
therapeutic, loaded by physical adsorption onto car-
rageenan microgels [79]. The particles achieved 0.18
mg/g RA loading efficiency. On the other hand, upon
modification of carrageenan microgels with cationic
diethylenetriamine molecules, the loading efficiency
of the particles were drastically increased to about 240
fold, 43.7 mg/g RA adsorption which was anticipated to
the increased binding affinity of drug for amine modi-
fied microgels. The modified carrageenan microgels
exhibited 20 h of sustained drug release and effectively
showed enhancement of loading efficiency after proper
functionalization [79].
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Figure 3. Schematic depiction of drug loading process to micro and nanogels via (a) physical adsorption, (b) chemical conjugation, and

(c) entrapment/encapsulation techniques.

Drug loading by chemical conjugation

In the chemical conjugation method as illustrated in Fig-
ure 3b, drug molecules are covalently attached to pen-
dent functional groups on microgels or nanogels by us-
ing specific linker molecules (e.g. carbodiimide coupling)
through hydrolysable or biodegradable chemical bonds
in physiological conditions such as carbonate bonds, es-
ter, anhydride, urethane, and amide bonds. Chemical
conjugation mediated drug loading is perhaps the most
commonly preferred loading technique mainly due to
the benefits of high drug loading efficiency and stability
of the loaded drugs in comparison to other techniques.
Another advantages of drug conjugation are increased
water solubility of drugs in physiologic environments,

increased hydrodynamic volume, decreased renal filtra-
tion, aggregation, enzyme degradation and immunoge-
nicity [80]. In a study conducted by Choi et al. (2018)
dihydroxyflavone (DHF)-conjugated HA (HA-DHF) nano-
gels were reported with controllable particle size from
246 to 615 by changing the ratio of crosslinker 4-(4,6-di-
methoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM) which was used in both crosslinking
of HA units and DHF conjugation to nanogel backbone
[81]. The HA-DHF nanogels were proven to achieve tar-
geted delivery of DHF to Hela and HepG2 cancer cell
lines and accomplished 40% reduction in cell viability
while they were not toxic to normal NIH3T3 cells.



Drug loading by encapsulation/entrapment

Loading of drugs into micro and nanogels can be ac-
complished by encapsulation/entrapment of drug mol-
ecules during particle formation as shown in Figure
3c. For the chemically crosslinked particles, the drugs
are entrapped within the microgel and nanogel matrix
in the course of crosslinking reaction whereas for the
physically crosslinked particles noncovalent interac-
tions dominates for instantaneous arrangement and
encapsulation of drugs within the polymer chains of
microgel and nanogel particles as mentioned in the par-
ticle preparation methods. Hydrophilic/hydrophobic
character of the drug as well as the constituents of the
particles would be decisive for strength and stability of
polymer-drug interactions. Therefore, the same assem-
bly techniques can be applied for simultaneous encap-
sulation/entrapment of drugs into self-assembled su-
pramolecular microgels and nanogels such as extrusion,
emulsification coacervation, layer by layer assembly,
spray drying and so on. In the study by Nam et al.(2013),
transferrin receptor (TfR) targeted carboxymethyl chi-
tosan (CmCHI) micellar nanogels were prepared from
140-649 nm by grafting lauric acid onto CmCHI back-
bone using NHS EDC coupling and paclitaxel (PTX) was
encapsulated in the nanomiccelles by hydrophobic in-
teractions, while PEGylated transferrin was inserted to
confer targeting ability for TfR receptors [82]. In vitro
drug release from CmCHI micellar particles was investi-
gated at three different pH environments, 5.2, 6.4, 7.4.
PTX was revealed to follow faster kinetics at pH 5.2 than
other pH conditions. The PTX loaded targeted CmCHI
micelles were shown to be effectively uptaken by vari-
ous cancer cell lines (DLD-1, CoLo255,HCT 119, and SK-
BR3) via receptor mediated endocytosis and localized
in the nuclei of cells demonstrating the efficiency of
these biopolymer nanogels for cancer cell targeting.

Stimuli responsive micro/nanogels and targeted drug
delivery

Micro and nanogels are excellent nominees to conven-
tional dosage forms of drugs as they are one such class
of resourceful materials with convenient suitability for
biomedical applications primarily because of their soft-
ness, high water content, high surface area, and payload
capacity, tunable size, biocompatibility and other advan-
tages. Despite these superiorities, micro and nanogels
still face some issues and pitfalls complicating their ideal
implementation into clinical utilization such as inadequacy
of efficient and stable drug encapsulation without leakage
in compelling microenvironment of tissues over extended
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time periods and consequent toxicity issues leading to de-
crease in treatment efficiency [83]. Beside premature drug
release, due to high surface energy of microgels and nano-
gels, they adsorb proteins in the serum and can be steadily
opsonized and eliminated by mononuclear phagocyte
system (depending on the particle size, charge, and shape)
without achieving aimed drug release. Hence, these plat-
forms require rational design strategies to surpass these
restraints.

Surface properties of micro and nanogels play pivotal
roles in their interactions with the surrounding cells and
biomolecules, thus, proper manipulation of the particle
surface is required and crucial to achieve better in vitro
and in vivo performances [84]. Attachment of hydrophilic
polymers such as polyethylene glycol (PEG), polyvinyl pyr-
rolidone, polyvinyl alcohol, and polyaminoacids are used
to decrease/retard protein adsorption [85]. Alternatively,
biopolymers and derivatives such as hydroxyethyl starch,
dextran, HA, and CHI have also been reported to give par-
ticles stealth properties [85-87]. Inclusion of these mol-
ecules creates a steric hindrance against plasma proteins,
decrease adsorption and subsequent phagocytosis. In re-
cent years, a new strategy has been emerged as another
approach employed for micro/nanomaterials to increase
circulation times which is coating of the particles with bio-
mimetic molecules e.g., lipoprotein mimicking molecules,
membrane proteins, peptides, and intact cell membranes
[20,88,89]. Variety of cell membranes have been used
for coating of micro/nano vehicles such as membranes of
red blood cells, white blood cells, leukocytes, stem cells,
cancer cells, and platelets [90-93]. In addition to coating
with hydrophilic polymers and cell membranes, micro/
nano vehicles were functionalized with various ligands
such as small molecules e.g., folic acid, biotin, estradiol),
cell-penetrating peptides (HIV-1- derived TAT peptide),
cell-targeting peptides (e.g., RGD peptide), proteins (e.g.,
transferrin), antibodies (e.g., prostate-specific membrane
antigen, CD20 antigen,) or antibody fragments, and ap-
tamer DNAs (e.g., sgc8 aptamer) specific to target cells and
tissues stand out as a promising approach to impart target
specificity as well as longer circulation half-lives [84,94-97].
Tremendous research efforts and approaches have been
focused on to develop smart and on-demand customiz-
able micro and nano hydrogels to enhance their efficiency
and drug release profiles for in vivo applications [98,99].
The stimulus that microgels and nanogels are able to re-
spond can be classified in two groups as shown in Figure 1,
the first one comprises triggers present in biological bar-
riers including variations in temperature, and pH, or pres-
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ence of enzymes capable of breaking down specific func-

tional groups present in the matrix of micro and nanogel
network, (e.g., redox responsive disulfide bonds), while
the second group of stimuli is for external manipulation of
particles such as response to magnetic field, electric field,
ultrasound, and irradiation [100,101].

Development of stimuli responsive and targeted hydro-
gel micro/nano particles have elicited new paradigms
for the scope of their biomedical utilization particularly

for targeted, stimulus-directed well-controlled gene,
biomolecule, and drug delivery, as well as imaging and
theranostic applications for cancer therapy and other
diseases [102,103]. Additionally, specific ligand deco-
rated stimuli responsive microgels and nanogels have
found applications in biosensor, biomolecule separa-
tion, as well as cell maturation, and storage in tissue
engineering [104]. Some of the selected stimuli respon-
sive/targeted micro and nanogel formulations were
listed in Table 1.

Table 1. Stimuli responsive/targeted microgels and nanogels used in drug delivery applications.

Microgel/Nanogels

HA based nanogels

HA-peptide based nanogels

DNA-biotin-streptavidin based
nanogels

p(L-Aspartic acid) based
nanogels

Chitosan-p(N-vinyl
caprolactam) based nanogel

Carboxymethyl chitosan lauric
acid based nanogels

K-Carrageenan based nanogels

HA based nanogels

HA based microgels

Heparin-Chitosan based
nanogels

Concanavalin A- Glycogen
coated p(NIPAM) nanogels

Poly(2-(pyridin-2-yldisulfanyl)
ethyl acrylate) based nanogels

p(NIPAM)-p(acrylic acid) based
nanogels

Chitosan-p(acrylic acid) based

Chitosan-p(HEMA) based
nanogels

p(NIPAM)-sulfobetaine
methacrylate- methylallyl
amine based

PEO-b-poly(disulfide-alt-
nitrobenzene)-b-PEO based
nanogels
Poly(2-(dimethylamino)ethyl
methacrylate) based nanogel

Responsive/targeted modality

pH responsive - CD44 receptor
targeted

pH responsive - CD-44
receptor targeted

pH responsive - PTK-7 receptor
targeted

pH responsive

Thermoresponsive

Transferrin receptor targeted

Thermoresponsive

Thermoresponsive -
Macrophage targeted

Thermoresponsive, magnetic
field responsive — CD44
targeted

Magnetic field responsive
Temperature-pH-glucose

responsive — Transferrin
receptor targeted

Redox-pH responsive - avB5
integrin targeted

Redox-pH responsive
Redox-pH responsive

Redox-pH responsive

Temperature-redox responsive

Redox-irradiation responsive

Temperature-pH-redox-
irradiation responsive

Payload References
Doxorubicin [109]
Cytochrome C, SAP protein [110]
Doxorubicin [11]
Doxorubicin [112]
5-Fluorouracil [121]
Paclitaxel [82]
Methylene blue dye [122]
di-stryl benzene derivative (125]
hydrophobic fluorescent dye
Sulfamethoxazole [126]
Bone Morphogenic Protein-2 [139]
Doxorubicin [140]
Doxorubicin [142]
Doxorubicin [143]
Doxorubicin [144]
Doxorubicin [145]
Indocyanine green -
Doxorubicin [146]
Nile Red dye [147]
Coumarin - Rhodamine B [148]



Microgels and nanogels capable of pH responsivity
are widely used in cancer drug delivery systems. It is a
well-known fact that the rate of glycolysis is higher in
the hypoxic tumors than normal cells [105]. Due to in-
creased energy demands, they convert pyruvate to lac-
tate in order to replenish nicotinamide adenine (NAD*)
reservoirs for the maintenance of glycolysis which in
turn give rise to action of several enzymes and eventu-
ally result in a progressive decrease in the extracellular
pH of the tumor microenvironment to approximately
pH ~6.5. Additionally, taking into account the low pH of
endosomal and lysosomal compartments ~pH 4.5-6.5,
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micro and nanovehicles able to change their volume or
degrade in these pH ranges would have great potential
for effective drug delivery to cancers cells. In this con-
text, a variety of pH responsive particles are reported
for drug delivery applications [106-108]. An exemplary
study involves preparation of HA based pH responsive
nanogels where methacrylated HA was crosslinked
with an acid labile crosslinker 2,2-dimethacroyloxy-
1-ethoxypropane (DMAEP) and with a pH insensitive
crosslinker as a control. Doxorubicin (DOX) was used a
model drug in targeted delivery to Hep2G and MCF-7
cells. DOX-loaded HA nanogels were exhibited an ef-

Figure 4.(a) Synthesis and (b) TEM images of coiled-coil peptide crosslinked HA-cNG particles, c) in vitro cytochrome C release from
HA-cNGs, and d-e) cytotoxicity of HA-cNG-SAP and blank nanogels to MCF-7 cells. Reproduced with the permission from ref [110],

Copyright © 2017 American Chemical Society.
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ficient cellular uptake and degradation in comparison
to pH insensitive HA nanogels. The in vivo study was
performed on H22 tumor xenograft bearing mice and
it is supportively found that pH sensitive HA nanogels
could achieve better growth inhibition compared to pH
insensitive HA nanogels and free DOX [109]. In another
study performed by Ding et al. (2018), HA polysaccha-
rides, were conjugated with GY(EIAALEK),GC (E3) and
GY(KIAALKE),GC (K3) peptides to prepare pH sensitive
coiled-coil peptide crosslinked HA nanogels (HA-cNGs )
by nanoprecipitation method as illustrated in Figure 4a)
[110]. HA-cNGs shown in Figure 4b with 176 nm mean
hydrodynamic sizes were loaded with cytochrome C
(HA-cNG-CC) and in vitro protein release were studied
at different pH environments. As seen from Figure 4c
HA-cNG-CC nanogels showed 85% and 91% protein re-
lease at pH 5.0 in 12 and 24 h, respectively, whereas
at pH 6.0 and 7.4, gradually decreased protein release
was observed as 76.8% and 18.4%, respectively dem-
onstrating their potential as low premature-release
protein delivery systems. Cellular internalization of HA-
cNG-CCs were investigated on MCF-7 human breast
cancer cell lines and time dependent CD44-mediated
internalization was confirmed.

Moreover, HA nanogels were further loaded with sapo-
rin, a membrane impermeable toxin. The obtained
nanogels (HA-cNG-SAP) were tested for their internal-
ization and growth inhibition efficacy on MCF-7 cells. As
seen from Figure 4(d), the MTT assays of MCF-7 cells
proved that HA-cNG-SAP nanogels had low half maxi-
mal inhibitory concentration (IC,) of 12 nM. Pretreat-
ment of the cells with free HA caused decrease in cell
internalization of the particles hence less toxicity was
attained, while free saporin showed the least cytotoxic-
ity most likely due to impermeability to cell membrane.
The flow cytometry analyses of HA-cNG-SAP nanogels
revealed that they induced 19.2% apoptosis to MCF-
7 cells while blank nanogels did not show toxicity as
seen in Figure 4e. Recently, pH responsive biopolymer-
based DNA nanogels were fabricated by host-guest
interactions guided self-assembly of biotin conjugated
branched DNAs (X-DNAs) and streptavidin for targeted
delivery of DOX [111]. The DNA-protein hybrid (B-DNA)
nanogels were further decorated with sgc8 aptamer
DNAs to ensure targeting of tyrosine-protein kinase
(PTK7) receptors overexpressed on Hela and CRF-CEM
cells. The prepared B-DNA nanogels in the range of 68
to 255 nm were achieved 93% DOX encapsulation ef-
ficiency, selectively uptaken by Hela and CRF-CEM can-

cer cell lines and showed pH dependent drug release.
In another study, biodegradable p(L-aspartic acid) nano-
gels were fabricated with pH responsive ability. The
p(L-aspartic acid) based nanogels were synthesized by
o/w emulsion crosslinking of poly[L-aspartic acid-g-(3-
diethylaminopropyl)]-b-PEG-maleimide [(p(L-Asp-g-
DEAP)-b-PEG-Mal)] and poly(L-Asp-g-ethyl thiol)-b-PEG
[(p(L-Asp-SH)-b-PEG))] block polymers [112]. The nano-
gels attained average particle size of about 125 nm and
undergone to significant volume expansion when the
pH was decreased from 7.4 to 5.0 by which the nano-
gels were envisaged to possess convenient utilization
potential for lysosome targeted cancer therapy. P(L-
Asp) based drug-free nanogels showed more than 55%
toxicity against ovarian carcinoma SKOV3 cells most
likely due to protonation of DEAP groups in the acidic
cell microenvironment and low lysosomal pH whereas,
once the lysosomes of the cells were neutralized, the
blank nanogels did not induce toxicity. /n vivo study of
the DOX loaded nanogels on SKOV3 xenograft tumor-
bearing mice showed approximately two-fold treat-
ment efficiency compared to free DOX and confirmed
their potential as cancer drug delivery vehicles. Overall,
these studies clearly indicate the efficiency of targeted
and pH responsive natural biopolymers in cancer drug
delivery.

Thermosensitive micro and nanogels are another type
of versatile particles widely employed in stimuli respon-
sive drug release applications [113-116]. Temperature
sensitivity can be steadily imparted through micro and
nanogels with various temperature responsive poly-
mers that are included during particle synthesis are
p(NIPAM) and poly(N-vinyl caprolactam) (p(NVCL)) as
the most commonly used thermosensitive polymers
[116,117]. For example, lower critical solution tempera-
ture (LCST) of p(NIPAM) lies approximately at 32°C, be-
low this temperature p(NIPAM) polymers are well hy-
drated in water via hydrogen bonding due to increased
hydrophilicity of polymers whereas above LCST, the
hydrophobicity of the polymer increases further where
the polymer undergoes a volume phase transition and
shrinks because of the decreased polymer-solvent
interactions (i.e. hydrogen bonding) and increased
polymer-polymer interactions which are mostly hy-
drophobic [118,119]. Drug release behaviors of ther-
mosensitive microgels and nanogels can be controlled
by locally increasing the temperature of the target site
e.g., for tumors hyperthermia can be induced to trig-
ger release of the therapeutic cargo [120]. Rejinold et



al. (2011) reported preparation of p(NVCL) grafted CHI
(CHI-p(NVCL)) particles by ionic crosslinking technique
[121]. LCST of the polymer was proven to be tunable
depending on the feed concentrations of precursors
and determined to be 38°C at 1:9 CHI:p(NVCL) ratio.
The cancer drug 5-Fluorouracil (5-FU) was encapsulat-
ed within the particles in the course of particle forma-
tion. In vitro drug release experiments were performed
at above and below the LCST of the particles. In three
days, only 5% 5-FU release was observed at below LCST
whereas 40% 5-FU release was achieved from the par-
ticles above the LCST. 5-FU loaded CHI-p(NVCL) showed
concentration dependent cytotoxicity to PC3, MCF-7
and KB cells while blank CHI-p(NVCL) particles showed
negligible toxicity. As shown in the study, tunability of
the LCST of the particles could provide remarkable po-
tential for hypothermia induced drug delivery. Another
study demonstrates synthesis of k-Carrageenan nano-
gels by reverse micelle microemulsion polymerization
combined with temperature incited gelation process
[122]. Potassium ions from KCl were used as crosslinker
for nanogel formation and the size of the nanogels were
shown to be easily tunable by changing the biopolymer
concentration while the surfactant ratio was kept con-
stant. Ultimately nanogels with less than 100 nm sizes
were obtained. k-Carrageenan nanogels were shown to
exhibit gel-to sol transition from 20 to 45°C and intend-
ed for their application potentials as drug delivery de-
vices. Methylene blue was a chosen as a model cationic
payload, loaded to k-carrageenan nanogels by post syn-
thesis impregnation method. Nanogels were observed
to exhibit temperature dependent drug release at 25,
37, and 45°C showing their potential as temperature
sensitive carriers for cationic drugs. Biopolymers such
as CHI, HA, dextran, caboxymethylcellulose and so on
can be coupled with thermoresponsive moieties for
natural and safe thermo-triggered drug delivery ap-
plications [113,116,123,124]. Stefanello et al. (2014)
reported synthesis of thermoresponsive HA nanogels
for macrophage drug delivery [125]. In their study, HA
molecules were conjugated with oligo(ethylene glycol)-
based thermoresponsive polymers via thiol-ene chem-
istry, consequently, self-assembled thermoresponsive
HA nanogels ranged from 150 to 214 nm were success-
fully demonstrated the delivery of a hydrophobic dye
to RAW264.7 macrophages in vitro, and also in vivo
through mice by intravenous injection. Thermorespon-
sive HA nanogels were shown to be phagocytized by cir-
culating macrophages of mice in 13 minutes. In another
study conducted by Sahiner et al. (2011), divinyl sulfone
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crosslinked HA microgels were synthesized using w/o
reverse microemulsion polymerization and are coupled
with cysteamine molecules upon periodate treatment
[126]. Thiol functionalized HA microgels were conju-
gated with p(NIPAM) to introduce temperature sensi-
tivity. Temperature sensitive HA microgels were tested
for in vitro release of sulfamethoxazole as a model drug
and showed enhanced drug release in comparison to
unmodified HA microgels at 37°C. The HA microgels
were also prepared as magnetic field responsive upon
encapsulation of magnetic Fe,O, nanoparticles during
particle synthesis. Beside drug delivery, thermo respon-
sive microgels and nanogels can also used in separation
[127], biosensor [128], and tissue engineering applica-
tions [129].

Magnetic field responsive materials attain particular at-
tention and utilization for site directed vectoring and
delivery of therapeutic agents especially as cell order-
ing, tissue assembly, and scaffolding materials in tissue
engineering applications as well as delivery of growth
factors imaging and drug delivery to solid tumors in
cancer treatment [130-134]. Biopolymers owing to their
biodegradable biocompatible and safe characteristics
have gained widespread utilization in tissue engineer-
ing applications [135-138]. Fan et al. (2014) reported
preparation of a biopolymer based magnetic nanogels
of 109.4 nm by coupling heparin and CHI with adenine
and thymine nucleobases and subsequent encapsula-
tion of Fe,0, magnetic nanoparticles in self-assembled
nanogels [139]. In vitro release of bone morphogenetic
protein 2 (BMP-2) as growth factor in physiological con-
ditions and their cytotoxicity to MG-63 bone osteosar-
coma cells were investigated. Innate ability of heparinin
the nanogel composition promoted high protein load-
ing efficiency and promoted proliferation of MG-63 cell
along with magnetic field controlled sustained release.

Beside single targeting and stimulus directed control
over the release behaviors of micro nanogels, devel-
opment of particles with combined multiple target-
ing and stimuli responsivity gave rise to emergence
of multifunctional captivating materials that provide
more stable and controlled delivery to target sites
of interest and achieve elongated systemic circula-
tion half-lives. A recent example of multiresponsive
and targeted nanogel preparation based on biopoly-
mer coating was reported by Zhang et al. (2017), and
scheme of the nanogels synthesis was shown in Figure
5a [140]. In their study, glycosyl functionalized nanogels
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Figure 5. (a) Schematic illustration of synthesis of NG-CGT-DOX nanogels, and TEM images of (b) NG and (c) NG-CGT nanogels, and “in
vitro drug release profiles of free Dox (d) triggered at different pHs (1: pH 7.4; 2: pH 6; 3: pH 5; 4: pH 4), (e) triggered by various glucose
concentrations (1:400 ppm, 2:700 ppm, 3:1000 ppm, 4:1300 ppm) at pH 7.4, and (f) triggered by different temperatures (1: pH 7.4 at
25°C; 2: pH 7.4 at 37°C; 3: pH 4 at 25°C; 4: pH 4 at 37°C; 5: pH 4 at 45°C), and (g) the change in NG-CGT particle diameters as a function
of temperature by DLS measurements”. Reproduced with the permission from ref [140], Copyright © 2018 American Chemical Soci-

ety.



(NGs) prepared by polymerization of p(NIPAM), N,N'-
methylenebis(acrylamide) (BIS), and glycosyl methacry-
late units via free radical precipitation polymerization.
The obtained glucosyl functionalized thermoresponsive
NGs were subjected to repeated cycles of sequential
coating with Concanavalin A (Con A, a well-known glu-
cose binding lectin) and the glycogen molecules exploit-
ing the sugar-lectin binging affinity. Ability of Con A to
change its conformation from tetramer to dimeric units
as well as its affinity for glucose were exploited to give
nanogels pH, and glucose responsivity. The nanogels
were further exposed to biocoating with transferrin
molecules to impart target specificity consequently, as
shown in Figure 5b nanogels of approximately 180 nm
sizes were produced. Ultimately, the obtained nanogels
(NG-CGTs) endowed with glucose, pH, and temperature
responsivity and transferrin targeting as shown in Fig-
ure 5 c were loaded with DOX (NG-CGT-DOX) and then
tested for their in vitro drug release. The in vitro DOX
release from NG-CGT-DOX nanogels were quantified in
different pH, temperature, and glucose concentrations.
Their respective drug release profiles along with tem-
perature dependent swelling capacities were shown
in Figure 5d-g. The NG-CGT-DOX nanogels released
1.8 ppm DOX in 20h at pH 7.4 which was increased to
2.1 ppm after 2 days. At pH 5.0, 6.5 ppm DOX release
was determined after 20h, on the other hand at pH 4,
the released amount of DOX was increased to 7.2 ppm
that clearly demonstrated pH-dependent release of
DOX from the nanogels. Moreover, release studies per-
formed at different glucose concentrations from 400
to 1200 ppm, and respectively 1.8 to 7.6 DOX release
was observed. The authors anticipated that glucose de-
pendent DOX release might be due to weakening of the
nanogel coat and increase in the network porosity as a
result of hydrogen bonding between Con A and glucose
in the release medium. For the temperature dependent
drug release increasing the temperature from 25°C to
37°C at pH 7.4 did not cause a significant acceleration
in DOX release however, when the same temperature
treatment combined with the pH 4.0 pH 5.0 conditions
or 1200 ppm glucose solution, a significant acceleration
was observed on the DOX release which was attributed
to partial degradation and porosity increase of the bio-
polymer coating.

TfR mediated internalization of NG-CGT-DOX nanogels
were confirmed on Hep2G cancer cell lines and the
nanogels were found to maintain their stability for two
months at -20°C. Based on these results, triple stimuli
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responsive and TfR targeted NG-CGT nanogels promi-
nently demonstrated the efficiency of biopolymer
based modification over the control of drug release
for targeted drug delivery applications in nanomaterial
based cancer therapy.

A number of combinations of multiresponsive and tar-
geted micro/nano carriers have been reported for dif-
ferent purpose [102,141]. For example, pH, and reduc-
tion sensitive and targeted micro/nano vehicles have
been prepared where they are particularly useful for
cancer drug delivery due to the fact that both intra-
cellular concentration of glutathione and pH favor the
degradation of the carriers and consequent release of
their payloads [142-145]. Likewise, temperature and re-
dox dual responsive zwitterionic nanogels loaded with
a near infrared (NIR) dye have been fabricated. In addi-
tion to their glutathione degradability, NIR light-induced
tumor accumulation, enhanced penetration, cellular
uptake, and size reduction of nanogels were reported
with prolonged circulation half-lives [146]. Alternatively,
dual stimuli responsive nanovehicles containing redox
and irradiation cleavable groups (e.g. disulfide and o-
nitrobenzyl methyl ester groups) can enable efficient
control over the rate of drug release either slowly by
intracellular reduction or burst release upon UV light
exposure [147]. Another combination of multi-stimuli
responsivity can accommodate particles selective drug
release where hydrophobic drugs were encapsulated in
lipophilic core of the nanogels via hydrophobic interac-
tions while hydrophilic drugs were linked to pH, temper-
ature, and redox responsive polymer backbone by re-
dox sensitive disulfide bonds [148]. Nanogels also con-
tained photocleavable crosslinkers in their composition.
While this is the case, hydrophobic drugs were shown to
be released in response to UV light, pH, or temperature
by causing a volume change on the nanogels that would
not affect the release of covalently bonded hydrophilic
drugs. On the other hand, release of the hydrophilic
drugs can be triggered in response to redox environ-
ment (e.g. dithiothreitol).

CONCLUSION

Microgels and nanogels hold unprecedented potentials
in biomedical applications due to their unique prop-
erties e.g., high-water content, biocompatibility, and
ease of manipulation in terms of size charge, functional
groups, and biodegradability and stimuli sensitivity.
Furthermore, microgels and nanogels can be equipped
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with responsive moieties as well as specific targeting
ligands which give them additional versatility and con-
trol over their release behaviors. Besides, addition of
hydrophilic polymers on micro/nanogel matrix can help
balance their in vivo residence times. Although PEG ac-
commodates successful avoidance from phagocytosis,
some studies have reported its inhibition/interference
on cellular uptake and endosomal escape of micro/nano
carriers which is rather known as “PEG dilemma” [84].
In this context, alternative shielding strategies such as
cleavable PEG systems, use of biopolymers or mem-
brane coating has been proposed [7,85,88,91]. Addi-
tionally, multi stimuli responsive and multiple targeting
micro- and nano-vehicles have been reported to cope
with complex and stringent barriers of in vivo environ-
ment. However, these raises laborious preparation and
batch variations along with the increased cost of the
formulations which in turn appears to be one of the crit-
ical limiting factors that can impede clinical translation
of these particle systems. Another problem for micro/
nano carriers to enter clinical use is their variable mode
of action or inadequacy of the laboratory experiments
to model in vivo 3D environment of the tumors as the
cell cultures or xenograft animal models may follow dif-
ferent modes and kinetics of progression and also in-
terindividual variability of many diseases in real human
subjects make the progress rather more challenging. As
a conclusion, development of micro/nanogels should
be conducted in more united and synchronous fashion
with in vitro, in vivo, and in silico arms of science and
industry as it is intended with a project named Digital
Human for Drug Development (DHD2) in recent years
and is under development aiming to model and pre-
dict in vivo actions of drugs in human and mice models
[84,149].
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