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A B S T R A C T   

Polymeric microspheres (MSs) and nanospheres (NSs) composed of synthetic and natural polymers can encap-
sulate anticancer drugs, among other therapeutics, acting as drug carriers to release them at controlled rates over 
long periods of time. These carriers present several potential advantages including simple preparation methods, 
suitable control over the sustained release of medications or stem cells, triggered release resulting from stimulus- 
responsive delivery, improved physical properties such as porosity and stable scaffolds for tissue engineering, 
and possible applications as microreactors and nanoreactors compared to conventional drug delivery systems. 
Moreover, many of these factors can impact drug release rates by polymeric MSs and NSs. Herein, drug delivery 
systems based on polymeric MSs and NSs are described and compared according to recent advances and chal-
lenges, and poignant thoughts on what the field needs to progress are presented.   

1. Introduction 

Drug delivery systems can affect efficiency and commercialization 
potential as much as the drug itself and can overcome many obstacles 
such as low solubility, unsuitable stability, bioavailability, and the low 
therapeutic potency of many of today’s drugs.1 These disadvantages 
cannot be solved unless more effective-smarter strategies for novel drug 
carrier formulations are introduced. In fact, drug delivery systems are 
designed to improve the bioavailability of a therapeutic agent in a 
required amount and at a suitable time to a specific site in the body, in as 
efficient of a way as possible that reduces side effects.2 

There are many drawbacks associated with conventional techniques 
of drug administration that may be decreased or removed completely by 
controlled and sustained release drug delivery systems. For instance, 
polymer-based disks, rods, pellets, liposomes, lipid NPs, cubosomes, 
metal NPs (MNPs) and metal oxide NPs (MONPs) can be employed to 
encapsulate and load drugs, releasing them at controlled rates over a 
relatively long half-life (~24 h).3–12 These systems have several poten-
tial advantageous properties in comparison with conventional methods 
of drug administration, including: 1) drug release rates that can be uti-
lized for a specific application, for example, providing a constant rate of 
delivery or pulsatile release; 2) carriers that provide protection of drugs, 
especially proteins, that are otherwise rapidly destroyed by the body 

during delivery; 3) infrequent doses (once per month or less) of drugs (e. 
g., daily) compared to frequent doses in controlled release systems; 4) 
simple preparation methods; 5) triggered release resulting from 
stimulus-responsive delivery; 6) improved physical properties such as 
porosity and stabile scaffolds for tissue engineering; 7) possible appli-
cations as microreactors and nanoreactors; and 8) the most common 
types are biodegradable, biocompatible, and bioavailable polymeric 
MSs and NSs, which have several advantages compared to other 
controlled release drug delivery strategies.13–15 For example, natural 
polymers (such as chitosan and cellulose) can be used to improve the 
biocompatibility and biodegradability of MS and NS formulations.16–18 

Many types of drugs include small molecules, proteins, and nucleic acids 
and can be encapsulated feasibly by MSs and NSs.19 The biocompati-
bility of this system can provide high bioavailability, and result in sus-
tained release in the reticuloendothelial system (RES or the 
mononuclear phagocyte system which plays a vital role in the clearance 
of immune complexes in blood circulation and tissues). However, poor 
control of drug release rates, inactivation of drugs during fabrication, 
and difficulties in large-scale manufacturing are recognized as three 
disadvantages for MSs and NSs; such disadvantages are emphasized and 
compared in the sections below. 
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2. Critical factors in drug release rates 

In order to obtain a suitable therapeutic result, sustained and 
controlled drug release should be considered for designing efficient drug 
delivery systems such as MSs and NSs. There are two main kinetics of 
zero-order (the drug release rate is constant over a period of time and is 
independent of the drug concentration) and first-order (drug release rate 
depends on the drug concentration) for drug release, which can result 
from five major drug release mechanisms including diffusion through 
the polymer, water-filled pores, osmotic pumping, and surface and bulk 
erosion of polymer structures (Fig. 1) (Fredenberg, Wahlgren, Reslow, & 
Axelsson, 2011). 

Several factors can impact the drug release rate by MSs and NSs 
(Fig. 2). Among these factors, the MS and NS fabrication method is a 
prominent factor which may be influenced by the type of polymer used 
in the MS fabrication and the way in which the polymer is degraded. All 
of these factors are further described in the sections that follow. 
Dependent on the preparation method, there are several advantages and 
disadvantages for using either MSs and NSs (Table 1). 

2.1. Size and morphology 

2.1.1. MS 
Drug release rates can be altered by MS size and morphology, which 

result from the MS fabrication method. In this case, the surface area-to- 
volume ratio of the particle increases with a decreasing size of the 
particle. Therefore, the drug flux rate out of the microsphere will be 
augmented by decreasing the particle size. Moreover, because of the 
short distance between the surface and the center of the MSs, water 
penetration into these particles can be quicker than larger particles. In 
addition, due to an increasing surface area, drug release rates will be 
quicker in smaller particles compared to larger ones. Copolymers con-
taining triblocks of D,L-lactide, δ-valerolactone, and cis-lactide displayed 
higher release rates of salicylic acid in phosphate-buffered saline (PBS) 
for larger sizes of MS with mean diameters of 11–23 µm compared to MS 
2–12 µm (Fig. 3).21 As a comparison, in vitro and in vivo studies displayed 
that small poly lactic-co-glycolic acid (PLGA) MS (3.80 µm) with a 
higher initial drug release followed the a slower long-term exenatide 
(antidiabetic drug) release rate owing to a slower degradation compared 
with a larger MS (18.15 µm) (Fig. 4).22 

In another study, gefitinib, an amphiphilic medication used for 
epidermal growth factor receptor (EGFR)-positive metastatic non-small 
cell lung cancer therapy, was encapsulated in PLGA MSs with different 
size fractions including <20, 20–50, 50–100, and >100 µm. As shown in 
Fig. 5, MSs with a size of <20 µm and 20–50 µm displayed a complete 
release (burst release) within 7 days, while larger MSs illustrated a slow 
release (a sigmoidal release profile) in one week by <20% and a <10% 
cumulative release for a fraction of the 50–100 µm and >100 µm par-
ticles, respectively.23 Similarly, the drug release for encapsulated ris-
peridone (an atypical antipsychotic for bipolar disorder and 
schizophrenia) in PLGA was dependent on the porosity of the 

synthesized formulations and the glass transition temperature of the 
polymers.24 Piroxicam-loaded poly(sebacic anhydride) (PSA) MSs with 
a size of 20 µm illustrated a longer duration of release relative to the MSs 

Fig. 1. Five major drug release mechanisms for polymeric MSs and NSs: (a) diffusion through the polymer network and (b) water-filled pores, (c) osmotic pumping, 
(d) surface erosion, and (e) bulk erosion (Fredenberg et al., 2011). Red dots indicate the drug. 

Fig. 2. Five major factors that impact the drug release rate from polymeric MSs 
and NSs. 

Table 1 
Major advantages and limitations for designing MS and NSs.20  

Carrier 
type 

Advantages Disadvantages 

MS  (1) Simple injection owing to 
small size and spherical 
shape.  

(2) Suitable bioavailability in the 
case of natural polymeric MS 
in physiological conditions.  

(3) Appropriate control of drug 
decomposition and drug 
release.  

(1) Low drug entrapment 
efficiency leading to greater 
waste of drug.  

(2) Limitation for large 
production due to difficulty in 
repeatability of MS 
manufacturing. 

NS  (1) Active targeting of NSs can be 
possible by various types of 
ligands because of high 
reactivity of the particle 
surface.  

(2) Desirable administration 
through various delivery 
routes.  

(3) Various profiles of controlled 
drug release.  

(4) Passing through the smallest 
capillary with highest 
capacity of tissue targeting.  

(5) Long half-life in the RES.  

(1) Particle aggregation can be 
caused by the large surface 
area of the NSs.  

(2) Smaller size with large surface 
area to volume ratios may 
lead to burst release.  
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that were 54 and 112 µm over a period of 8 days. However, this result 
was not observed for rhodamine-loaded MSs and p-nitroaniline-loaded 
MSs, wherein this may have resulted from the differences in drug dis-
tribution in each MSs (Fig. 7).25 

2.1.2. NS 
Clearly, one of the largest differences in drug release between MSs 

and NSs relies on particle size. The control of the size and morphology of 
NS is an indispensable factor to achieve sustained drug release. For the 
core-shell structure of NS, a PEG-water complex (formation of a eutectic 
with water) in the shell section has been shown to inhibit drug release 
from the hydrophobic core. By lowering the pH, the inter-diffusion be-
tween the core and shell has a dramatic impact on the drug release rate 
via destabilization of the core section (Fig. 6). In this regard, a 30–60% 
reduction in paclitaxel and camptothecin release at a basic pH was 

observed for NS composed of PEG (hydrophilic shell by 10 nm) and 
oligomers of alternating desaminotyrosyl-tyrosine octyl (DTO) ester and 
suberic acid (SA; hydrophobic core with 10 nm) blocks.26 As a 
comparative investigation, PEGylated carboplatin-poly (butyl cyanoac-
rylate) (PBC) NPs and non-PEGylated carboplatin-PBC NPs with di-
ameters of 401.8 and 435.2 nm showed a sustained drug release rate 
within 38 h for PEG-PBC-carboplatin NPs compared to PBC-carboplatin 
NPs and the free drug. In this case, PEGylation of the formulation was 
more effective than its size, which may result from the altering surface 
morphology of the NPs.27 

Natural polymers (such as chitosan and cellulose) can be employed 
in the preparation of NS composites composed of MNPs, MONPs, 
nanocrystalline, and nanofibrillated materials to encapsulate therapeu-
tic agents.16,18 For instance, carboplatin-loaded ethyl cellulose hydro-
gels with a mean size of 213.8 nm showed a sustained release of the drug 

Fig. 3. Differences in the release rate of salicylic acid based on size of MS composed of D,L-lactide, δ-valerolactone, and cis-lactide (extracted and modified from21).  

Fig. 4. Effect of size on exenatide release and degradation of PLGA small and large MSs over 63 days (adapted and modified from22).  
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within 7 days (94.53%) which was better than the commercial coun-
terpart and free drug with a burst release for 2 h.28 Average pore 
diameter, pore volume and surface area are three major morphological 
properties affecting drug release rate in mesoporous NSs such as silica 
(Si) NSs. In this regard, Si/Fe NSs with 69 m2/g, 0.127 cm3/g and 7.4 nm 
respectively of surface area, pore volume and average diameters dis-
played a lower cumulative release of ibuprofen (the non-steroidal anti- 
inflammatory medication) relative to NSs by values of 48 m2/g, 0.084 
cm3/g and 6.8 nm over a period of 300 min. However, the cumulative 
release was surprisingly reversed under magnetic stimulation (50 kHz) 
of NSs for 30 min.29 

2.2. Polymer type 

2.2.1. MS 
Polymers can be generally classified into two types: surface eroding 

and bulk eroding based on the rate of hydrolysis of their functional 
groups.30 Surface-eroding polymers, such as poly anhydrides, are 
composed of relatively hydrophobic monomers linked by labile bonds.31 

In this way, they are able to resist the penetration of water into the bulk 
of the polymer, while degrading quickly into oligomers and monomers 
at the polymer/water interface through hydrolysis. In surface-eroding 
polymeric microsphere types, initially the drug is released at the 

Fig. 5. The significant difference of gefitinib drug release over a period of 15 days due to the size fraction of MSs (scale bars: 200 µm) (extracted and modi-
fied from23). 
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surface as the polymer breaks down around it. Usually, erosion of such 
polymers occurs at a constant velocity and most of the rate of release will 
proceed at the first time of release if the drug of interest is homoge-
neously dispersed throughout the microsphere.32 In contrast, bulk- 
eroding polymers, such as poly lactic acid, readily allow for the 
permeation of water into the polymer matrix and degrade it throughout 
the MS matrix.30,33 

The drug release profiles of rhodamine B and p-nitroaniline were 
affected by the different distribution of these drugs in PSA MSs. 
Rhodamine, the most hydrophilic compound was localized strongly to-
ward the MS surface and the piroxicam hydrophobic drug (with a 100 
µg/mL amount of solubility in water) was distributed uniformly in the 
MS (Fig. 7). Cumulative release percentages (5 mg of each MS in a 1.3 
mL solution of PBS) for rhodamine and piroxicam were ~90% and 60% 
after 1 day, sequentially. Therefore, it can be concluded that in addition 
to polymer type, the interaction of the drug with polymer should be 
considered to achieve an appropriate release profile.25 

2.2.2. NS 
NSs with smaller sizes in the nanometer scale have unique proper-

ties, such as large surface area with higher reactivity, which can be 
particularly more suitable for treating cancer. Compared to MSs, NSs are 
affected majorly by the difference of their components including poly-
mer type and other precursors. For example, a lower concentration of 
surfactant and a higher amount of polymer can result in larger particle 
sizes followed by alternating drug release behavior because of increasing 
viscosity of the solution.34 

Moreover, the large surface area particularly in mesoporous NSs, 
provide for more porous surface area, and thus, exposure of the polymer 
type than MS. This makes the selection of polymer type more important 
for the preparation of NSs compared to MSs.20 In this regard, the in-
fluence of the enhanced permeability and retention (EPR) effect for 
cancer tumor treatment for NSs is much different than that of MSs. The 
EPR effect of cancer is caused by the simple accumulation of certain 
particle sizes (100–150 nm) in tumors due to the increased vasculari-
zation of tumors. Typically, nanoparticles (NPs) can accumulate in 

tumors due to the EPR effect owing to a larger pore size (500 nm − 1 µm) 
in the tissue compared to normal vessels with pore cut-of sizes of 6–12 
nm.35–37 As a comparative study, the incorporation of PLGA NS in PVA/ 
Aloe vera nanofibers demonstrated water absorption up to 465% and a 
sustained and slow release of bovine serum albumin (BSA) over a period 
of one week.38 

2.3. Polymer molecular weight 

2.3.1. MS 
Drug release rates and polymer degradation can be affected by 

polymer molecular weight. There is a reverse relationship between 
molecular weight and drug release rate. A major mechanism for drug 
release is diffusion through water-filled pores, formed as the polymer 
degradation produces soluble monomers and oligomers that can diffuse 
out of particles. In this regard, MSs composed from PLGA with a 7 and 
25 kDa molecular weight displayed different drug release behavior. The 
25 kDa PLGA showed minimal water uptake followed by drug release 
with substantial water uptake compared to a 7 kD PLGA with simulta-
neous water uptake and drug release. Additionally, water uptake into 
MSs was matched to dexamethasone release profiles for both types of MS 
as well as there was internal pore formation and swelling before the 
second drug release phase for the 25 kD MSs.39 The release rate of 
bovine lysozyme and serum albumin accelerated insignificantly in the 
case of the lower molecular weight of poly (lactic-co-glycolic acid)- 
methoxypoly(ethyleneglycol) (PLGA-mPEG) owing to its quick degra-
dation. However, the release behavior of the vancomycin antibiotic was 
not affected by changing the PLGA-mPEG molecular weight.40 This may 
result from the initial diffusion release of antibiotics followed by 
degradation/erosion release at latter stages. In fact, vancomycin as a 
small drug exhibited the fastest release rate based on diffusion-control 
during the whole release time. 

2.3.2. NS 
Due to changes in particle size, polymer molecular weight has a 

much larger influence on drug release for NSs than for MSs. Generally, 
the drug release rate from high-molecular-weight polymeric NSs is 
slower than from those prepared by low-molecular-weight polymers. 
MNPs or MONPs, such as hollow gold NPs (50 nm up to 66.5 nm), may 
be modified by polyethylenimine (PEI) with two molecular weights (2 
and 25 kDa) to deliver a carboxyfluorescein (FAM) labeled plasmid 
encoding the tumor suppressor TP53 (pDNA) for anticancer effects on 
MCF-7 cells under near infrared irradiation. In this regard, DNA escaped 
from endolysosomes and detached from NSs under NIR laser irradiation 
(~808 nm, 1.5 W for 10 min and ~808 nm, 2 W for 2 min). Moreover, 
less cytotoxicity was observed for NSs containing PEI2k compared to 
those having PEI25k.41 In this regard, membrane disruption and mito-
chondrial dysfunction resulted from the cationic polymers with higher 
molecular weights (i.e., a more positive charge).42 In addition, Mn- 
porphyrin/PLGA NSs were prepared using PLGA with 5000, 10,000, 
and 200,000 molecular weights via a water-in-oil (W/O) emulsion 
method. Drug release rates for lower molecular weights (Mw = 5000) 
showed a two phase release as 40% (the release of the drug located 
around the NS surface) and 75% (the gradual release of the drug from 
the interior of the NSs) of the drug released after 3 h and 6–10 h, 
respectively.43 

2.4. The copolymer composition 

2.4.1. MS 
In many copolymers, the co-monomer ratio plays a critical role in 

drug release rates. In most cases, by increasing the content of the more 
rapidly degrading monomer, drug release rates increase. In addition, 
drug release rates increase by a higher amount of the smaller soluble 
monomer when release is influenced by polymer erosion, although dif-
ferences in the polymer phase properties of the encapsulated drug can 

Fig. 6. Inter-diffusion of drugs between core and corona sections of PEG-DTO- 
SA polymeric NS.26 

Fig. 7. (A) rhodamine-loaded MSs and (B) piroxicam-loaded MSs. Scale bar =
50 µm (adapted and modified from25). 
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have an effect on the copolymer composition. The influence of different 
formulations of the triblock copolymers based on lactone showed 
different salicylic acid loading and release kinetics. In this way, the level 
of biodegradability of the polymer components plays a critical role in 
drug release profiles. Salicylic acid release via diffusion coefficient 
mechanisms increased by increasing D,L-lactide content in triblock co-
polymers of D,L-lactide /δ-valerolactone/ D,L-lactide, cis-lactide/δ-valer-
olactone/cis-lactide, D,L-lactide/ε-caprolactone/D,L-lactide, and cis- 
lactide/ε-caprolactone/cis-lactide.21 A free radical suspension technique 
was employed to copolymerize divinylbenzene (DVB) and methyl 
acrylate (MA) in the presence of a porogen to prepare mesoporous 
polymeric MS loaded chlorambucil (a drug for the treatment of Hodgkin 
lymphoma, non-Hodgkin lymphoma, and chronic lymphocytic leuke-
mia). As concentration-dependent, the 3% MA formulation showed a 
sustained oral drug release based on a zero-order model as well as ≈10% 
of drug hydrolysis over 36 h.44 Polycaprolactone (PCL) is a biodegrad-
able polymer with a glass transition temperature of around − 60 ◦C and a 
melting point of about 60 ◦C. The hydrophobicity of this polymer leads 
to slow drug release and degradation rates as well as drug degeneration 
with an unsuitable tri-phasic release profile. MSs with a combination of 
hydrophilic PLGA-PEG-PLGA and PCL exhibited quicker drug release 
rates compared to pure PCL MSs.45 

2.4.2. NS 
As compared to MSs, lipid-polymer NSs are smart formulations for 

suitable therapeutic effects of hydrophobic or hydrophilic drugs. For 
example, PLGA was combined with lipids including 1,2-dioleoyl-3-tri-
methylammonium-propane (chloride salt) (DOTAP), 1,2-dioleoylsn- 
glycero-3-phosphocholine (DOPC), and 1,2-distearoyl-snglycero-3-phos-
phoethanolamine-N-[methoxy-(polyethyleneglycol)-2000] (ammonium 
salt) (DSPE-PEG) to encapsulate sirolimus and propolis compounds. 
Drug release profiles from five formulations involving bare PLGA, 
DOPC-PLGA, DOTAP-PLGA, DOPC:DOTAP-PLGA, and DOPC:DOTAP: 
DSPE-PEG-PLGA NSs were determined over 12 days. A slower and 
faster cumulative drug release was observed for DOPC:DOTAP:DSPE- 
PEG-PLGA NSs and bare PLGA formulations, respectively. This investi-
gation showed slower degradability of DOPC:DOTAP:DSPE-PEG layers 
compared to the other copolymers.46 In comparison with the NS for-
mulations, the biodegradable thermo-sensitive PCL hydrogels contain-
ing oxaliplatin (an anticancer drug) and tannic acid (a natural herbal 
compound) exhibited sustained release profiles of both agents over a 
period of 30 days resulting from the acidic pH.47 As a comparative 
investigation, PEGylated polyamidoamine (PAMAM) dendrimers had no 
burst oxaliplatin (anticancer drug) release within the first hours and a 
slower release at pH = 5.4 in comparison with the non-PEGylated ones 
after 24 h.48 

2.5. Properties of other precursors 

2.5.1. MS 
The application of a variety of excipients due to stabilization of the 

drug during generation is a common way to improve drug release in 
physiological conditions. For instance, pullulan (C6H10O5)n, a hydro-
philic polysaccharide polymer containing maltotriose units, was utilized 
in the interpenetrating polymer networks (IPN) of poly vinyl alcohol 
(PVA) MSs to control the drug release of pirfenidone (a drug employed 
for the therapy of idiopathic pulmonary fibrosis).49 Similarly, the 
controlled release of PVA formulations of pirfenidone was achieved by 
acrylamide grafted pullulan in IPN MSs via a crosslinking method of 
glutaraldehyde assisted water-in-oil emulsion.50 Chitosan, a positive 
natural polymer with high levels of biocompatibility, biodegradability, 
and bioavailability properties is another option to improve the formu-
lation of polymeric MSs.51 In this way, the long-term delivery with zero- 
order release behavior of levonorgestrel (a medication applied in hor-
mone therapy and contraception) was obtained by drug-loaded chitosan 
MSs embedded in a PVA hydrogel.52 

2.5.2. NS 
There are various NS preparation methods based on polymerization 

and emulsification processes. Surfactants are critical components for the 
W/O and oil-in-water (O/W) emulsion formation of NSs. In this case, 
stabilization of the W/O emulsion, the efficiency of Mn-porphyrin 
loading, and drug release profiles have been shown to be influenced 
by the addition of a Sunsoft surfactant into the prepared PLGA NSs.43 

Drug content in the NS formulation is another important factor con-
trolling the release behavior. For instance, a poly (glycerol adipate) NS 
was employed to load different amounts of 35.6, 46.9, and 54.1 %w/w 
of indomethacin (anti-inflammatory drug). Drug release percentages 
after 15 days were 12.31%, 9.54% and 3.02% for 35.6, 46.9, and 54.1 % 
w/w of indomethacin, respectively.53 In a similar study, drug release 
rates of flurbiprofen, an anti-inflammatory agent, from a biocompatible 
chitosan/hydroxypropyl cellulose blended NS was dependent on the 
amount of drug, percentage of cross-linker, and chitosan/hydroxypropyl 
cellulose ratio.54 

3. Overview 

Here, we have comprehensively reviewed the recent status and 
challenges of the major determinative factors in the drug release 
behavior from polymeric MSs and NSs. Biocompatible and biodegrad-
able polymeric MSs have been widely studied as delivery carriers for 
various macromolecules, such as nucleic acids, peptides, pharmaceutical 
proteins, and hydrophobic drugs. However, prominent limitations 
remain, particularly in controlling release rates. There are many prob-
lems associated with conventional methods of administration that can 
be decreased or removed by controlled release drug delivery systems. 
Many factors can impact the release rate by MSs. Among these factors, 
the MS fabrication method is a prominent factor. Drug release rates may 
be affected by the type of polymer used in microsphere fabrication and 
the way in which the polymer is degraded. Also, the drug release rate 
can be affected by microsphere size. In this case, surface area-to-volume 
ratios of the particle increases with a decrease in particle size. Consid-
ering the physicochemical properties of polymers, additional control 
over the release properties of drug carriers can be provided from days to 
several weeks even to over a year. 

Controlling drug release is a critical issue to achieve suitable thera-
peutic results in various diseases, specifically cancers. In this regard, 
using biocompatible and biodegradable polymeric materials for the 
preparation of smart drug delivery systems, such as MSs and NSs, is 
increasing. MSs and NSs can be employed for the encapsulation of 
therapeutic agents with sustained and controlled release abilities. 
Regarding the important properties of polymer type, molecular weight 
of the polymer, copolymer composition, physicochemical properties of 
other precursors (such as surfactants), and size/morphology to formu-
late stimuli-responsive polymeric MS and NS, they are all indispensable 
to achieve the controlled and sustained release of drugs in physiological 
conditions. In this regard, focus needs to be placed on the design of MS 
and NS systems based on biocompatible and biodegradable polymers 
that impart enhanced functionality (Fig. 8). However, more studies will 
have to demonstrate the limited aspects of these properties; therefore, it 
is a necessity to perform thorough and accurate investigations in the 
future. In this regard, properties of drug carriers (particle size/ 
morphology, polymer type, molecular weight of the polymer, copolymer 
composition, and the properties of the precursors) are important regu-
lators of drug release particularly for NSs compared to MSs. 
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