
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 5
:2

6:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Poly(N-vinylcapr
aPolymer Science and Engineering Division,

Homi Bhabha Road, Pune – 411008, India.
bAcademy of Scientic and Innovative Resea

† Electronic supplementary infor
https://doi.org/10.1039/d2ra02845j

Cite this: RSC Adv., 2022, 12, 17621

Received 5th May 2022
Accepted 7th June 2022

DOI: 10.1039/d2ra02845j

rsc.li/rsc-advances

© 2022 The Author(s). Published by
olactam) containing solid lipid
polymer hybrid nanoparticles for controlled
delivery of a hydrophilic drug gemcitabine
hydrochloride†

Sai Geetika Surapaneniab and Ashootosh V. Ambade *ab

Folic acid tagged and hydrophilic polymer containing solid lipid nanoparticles (SLNs) were formulated for

the controlled and targeted delivery of gemcitabine, a hydrophilic drug. Drug loaded SLNs were

prepared by double emulsion method and optimized by 32 level factorial design. Then, a hydrophilic

polymer, namely, poly(N-vinylcaprolactam) (PVCL) was incorporated in the optimized SLN batch in the

first aqueous phase (W1) to obtain solid lipid polymer hybrid nanoparticles (SLPHNs) that were further

decorated with folic acid (F-SLPHNs). TEM analysis of SLNs and SLPHNs revealed the spherical shape

with no aggregation while SLPHNs showed higher % EE. SLPHNs exhibited limited burst release of

gemcitabine compared to SLNs as well as lower overall % release. All the formulations showed good

cytocompatibility against MDA-MB-231 cell lines and folic acid-tagged hybrid particles (F-SLPHNs)

showed remarkably higher cellular uptake.
Introduction

Cancer is one of the leading causes of death globally. Surgery,
radiation therapy, chemotherapy, immune therapy, and
hormonal therapy are a few of the treatment strategies currently
available.1 Chemotherapy is the preferred method for post
surgical supportive treatment however, upon intravenous (i.v.)
administration, many routinely used chemotherapeutic agents
do not accumulate well in tumors while their levels in certain
healthy organs and tissues can be quite high due to their non
specicity that leads to a disadvantageous balance between the
efficacy and toxicity of systemic therapeutic interventions. To
address this issue, nanocarriers that can selectively deliver the
drug to cancer tissue have been extensively explored.

Gemcitabine (Gem; 20-deoxy-20,20-diuorocytidine) is
a nucleoside pyrimidine analogue used to treat various solid
tumors such as breast cancer, pancreatic cancer, ovarian
cancer and lung cancer usually in combination with other
drugs.2–5 Initially, it was developed as an antiviral drug and
later investigated for cancer treatment.6 The major drawbacks
of the gemcitabine use are its short half life due to rapid
deamination into an inactive metabolite, 20,20-diuorodeox-
yuridine (dFdU) and development of drug resistance over
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a period of time.7–9 These limitations hamper its usage as an
effective treatment strategy and the development of novel and
more efficient drug delivery systems for gemcitabine is
necessary. In this direction, a variety of nanocarriers have been
prepared to improve the pharmacokinetic prole of gemcita-
bine, among them solid lipid nanoparticles of gemcitabine
have gained interest.10–12

Solid lipid nanoparticles (SLNs) are versatile drug delivery
nanocarriers used in biomedical eld for encapsulation of both
hydrophilic and hydrophobic drugs.13,14 Among the other
colloidal systems, SLNs have gained wide attention in the past
decade owing to their superior properties such as longer
circulation time, stability and easy scale up.15–17 SLNs are also
amenable to easy surface functionalization thereby augmenting
the pharmacokinetic prole of the therapeutic moieties.18,19 On
the other hand, SLNs also exhibit burst release that leads to
critical side effects and failure of treatment.20,21 Particularly,
hydrophilic drugs like gemcitabine are more prone to leach out
into the outer aqueous milieu during the manufacturing
process that causes excessive burst release.

Recently, lipid polymer hybrid nanoparticles (LPHNs) have
emerged as new generation of lipid carriers combining the
advantages of liposomes and polymeric nanoparticles together
for the delivery of gemcitabine.22–24 Though LPHNs possess
prominent advantages, few drawbacks such as wide particle size
distribution, tedious procedures and low yield are yet to be
overcome. In case of hydrophilic drug gemcitabine, easy
encapsulation and controlled delivery still remains a challenge.
To address the above mentioned limitations of SLNs and
RSC Adv., 2022, 12, 17621–17628 | 17621
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LPHNs, we present here solid lipid polymer hybrid nano-
particles (SLPHNs) of gemcitabine.

There are few reports on the development of SLPHNs
wherein SLN is taken as the core and coated with a polymer as
outer shell to improve their properties and stability.25–27

However, we hypothesized that by integrating a hydrophilic
polymer with the SLNs in the core can lead to improved
encapsulation efficiency and controlled release of gemcitabine
due to enhanced hydrophilic interaction with the drug.

In the present study, we have incorporated poly(N-vinyl-
caprolactam) (PVCL), a hydrophilic polymer along with the drug
during the preparation of SLNs for stronger interaction with the
drug. The thus obtained solid lipid polymer hybrid nano-
particles (SLPHNs) have been investigated for their controlled
release prole. PVCL contains a cyclic amide group wherein the
nitrogen of the amide group is attached to a hydrophobic
polymer backbone owing to which, it does not produce toxic
small molecules upon hydrolysis making it attractive candidate
for biomedical applications.28 Although biopolymers are known
to be superior to synthetic polymers in terms of biocompati-
bility and biodegradability, their production, isolation and
purication involves highly complex and costly processes.29 On
the other hand, synthetic polymers such as PVCL can be
synthesized and scaled-up easily. Moreover, PVCL is known as
thermoresponsive polymer that can be further explored to
prepare formulations with temperature-dependent drug
release. Furthermore, growing interest in biomedical applica-
tions of PVCL indicates its great potential for FDA approval.30

Folate receptors are over expressed in wide varieties of
tumors. Folic acid tagged nanoparticles are trusted to overcome
the multidrug resistance and improve the cellular internaliza-
tion,31,32 hence we have employed folic acid conjugated F-127 as
a stabilizer to obtain folic acid decorated SLPHNs for targeted
delivery. In general, small molecule ligands are considered to
have weak interactions with their targets, however among these
folic acid possesses higher affinity (Kd ¼ 10�7 mM) for its
receptors and simplicity of chemistry involved in conjugation
with surfactants makes it attractive for targeting strategy.33–35

Folic acid also has several advantages over macromolecular
ligands, for example, non-immunogenicity, ease of handling,
stability and low cost have been reported extensively.35

Experimental
Materials and methods

Glycerol monostearate (GMS), soy lecithin, pluronic® F-127,
1,10-carbonyldiimidazole (CDI), 2-aminoethanethiol, calcein
and folic acid were purchased from TCI Chemicals (India). N-
vinylcaprolactam (NVCL) and azobisisobutyronitrile (AIBN)
were procured from Sigma Aldrich and recrystallized from n-
hexane and methanol, respectively. Gemcitabine (Gem) was
obtained as a gi sample. DMEMmedia, FBS, DAPI and trypsin
EDTA were purchased from Invitrogen. MDA-MB-231 breast
cancer cells were obtained from National Center for Cell Science
(NCCS), Pune. 1,4-Dioxane, methanol, N,N-dimethylformamide
(DMF), dichloromethane (DCM), diethyl ether were of analytical
grade.
17622 | RSC Adv., 2022, 12, 17621–17628
NMR spectra were recorded on Bruker AV200 and AV400
MHz spectrometers using CDCl3 and DMSO-d6 as the solvents,
respectively; TMS was used as a reference. Gel permeation
chromatography (GPC) was carried out on a Viscotek PL-GPC-
220 with chloroform as an eluent at 1 mL min�1

ow rate.
Drug concentration measurements were performed on a Spe-
cord 210 plus Analytikjena spectrophotometer. Agilent UV-vis
spectrophotometer equipped with Agilent 89090A Peltier cool-
ing system was used to determine cloud point (CP) of the
polymer. FT-IR spectrum of polymer was recorded on Perki-
nElmer FTIR spectrometer on ATR mode. Differential scanning
calorimetric (DSC) analysis was carried out on a TA Q10 differ-
ential scanning calorimeter. Mean diameter, polydispersity
index (PDI), and zeta potential were determined by using Zeta-
sizer Nano ZS, Malvern Instrument Ltd, UK at 25 �C. The SLN
dispersion was diluted 10 times with DI water before
measurement. Transmission electron microscopy (TEM) anal-
ysis was performed on FEI Technai F20 instrument. SLNs
dispersion was diluted 10 times and drop cast on carbon coated
copper grid and analyzed without any staining.

Synthesis procedures

Synthesis of poly(N-vinylcaprolactam) (PVCL). In a typical
procedure, N-vinylcaprolactam (5 g, 36 mmol), AIBN (0.090 g,
0.55 mmol), aminoethane thiol (0.0426 g, 0.55 mmol) and 1,4-
dioxane (30 mL) were added into a Schlenk tube. The reaction
mixture was deoxygenated by nitrogen purging for 120 minutes
before being maintained at 70 �C for 16 h under stirring. The
product was precipitated in diethyl ether and further puried by
repeated precipitations in diethyl ether from dichloromethane
to obtain the nal polymer that was dried under vacuum at
room temperature for 6 h. 1H NMR (CDCl3, 200 MHz): d ppm ¼
4.39 (br s, 1H), 3.22 (br s, 2H), 2.50 (br s, 2H), 1.76 ppm (br s,
8H).

Synthesis of folic acid-F127 conjugate. Folic acid-F127
conjugate was prepared by following the reported method.36

Briey, folic acid (FA) was dissolved in dry DMF followed by
addition of CDI and was stirred for 24 h in dark. Then, F-127
was added to the reaction mixture and stirred for another
24 h at room temperature in dark. The reaction mixture was
dialyzed against DI water for 3 days to remove unreacted folic
acid. Puried compound was freeze dried and stored at �20 �C.
1H NMR (D2O, 400 MHz): d (ppm): 1.01 (m, –CH3 of PPO), 3.35–
3.75 (m, –CH2–CHO– of PPO and –CH2–CH2O– of PEO), 6.68
(aromatic protons of FA), 7.32 (aromatic protons of FA), 7.55
(aromatic protons of FA), 8.53 (pteridine ring-H of FA).

Preparation of solid lipid nanoparticles (Gem-SLNs)

Gem loaded solid lipid nanoparticles were prepared by double
emulsion solvent evaporation method. Gem was dissolved in DI
water (W1) while soy lecithin and GMS were dissolved in
dichloromethane (O). Aqueous phase (W1) was added to
organic phase (O) slowly and emulsied with probe sonication
for 1 minute (30% amplitude, 25 �C and 5 s lapse time) to form
W1/O primary emulsion. This primary emulsion was further
added slowly to the aqueous phase containing F-127 (W2) and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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re-emulsied using probe sonication for 3 minutes (30%
amplitude, 25 �C and 5 s lapse time) to form W1/O/W2
secondary emulsion. Aerwards, organic solvent was removed
under reduced pressure on rotary evaporator. The obtained
SLNs were isolated by centrifugation at 18 000 rpm for 30
minutes at 4 �C and unentrapped drug was removed by repeated
washings with DI water. The SLN pellet was suspended in DI
water under sonication and nal volume was adjusted to 10 mL.
Preparation of solid lipid polymer hybrid nanoparticles (Gem-
SLPHNs)

Gem-SLPHNs were prepared by same procedure as that of Gem-
SLNs with minor modications. Typically, gemcitabine (10 mg)
and PVCL (100 mg) were dissolved in DI water (W1). Soy lecithin
(100 mg) and GMS (150 mg) were dissolved in DCM (O).
Aqueous phase (W1) was added slowly to the organic phase (O)
and sonicated on probe sonicator for 1 minute at 30% ampli-
tude and 25 �C with 5 s laps time. Obtained W1/O primary
emulsion was added slowly to the aqueous phase containing F-
127 (W2) and probe sonicated for 3 minutes at 30% amplitude
and 25 �C with 5 s lapse time to obtain W1/O/W2 double
emulsion. DCM was evaporated under reduced pressure on
rotary evaporator and SLNs were separated by centrifugation at
18 000 rpm for 30 minutes at 4 �C. SLN pellet was suspended in
DI water under bath sonication and volume was adjusted to
10 mL.

Folic acid decorated SLPHNs (Gem-F-SLPHNs) were
prepared by following the same procedure as that for Gem-
SLPHNs and F-127 was replaced by FA-F127.
In vitro release studies

The amount of gemcitabine released from different formula-
tions was determined by dialysis method at 37 �C and 25 �C.
Solid lipid nanoparticles equivalent to 1 mg of gemcitabine
were packed in dialysis bag (M.W. cut off ¼ 2 KD) and
submerged in a phosphate buffer (pH 7.4, 10 mM). Aliquots (1
mL) were collected at regular intervals (1, 2, 4, 6, 8, 10, 12, 24 h)
and the same amount was replaced by fresh media to maintain
the sink conditions. Collected aliquots were diluted suitably
and analyzed using UV-visible spectrophotometer. In-house
developed calibration curve was used to calculate the concen-
tration of drug in the sample (Fig. S1†).
Scheme 1 Synthesis of PVCL.
Cellular uptake studies

Cellular uptake studies were conducted by following earlier re-
ported procedure with minor modications.37 Briey, 50 000
MDA-MB-231 cells per well in DMEM containing 10% FBS were
seeded in a 24 well plate. Cells were allowed to adhere at 37 �C
with 5% CO2 for 24 h. Aer 24 h incubation the media was
replaced with samples. Dye (calcein) loaded SLNs, SLPHNs and
F-SLPHNs samples were prepared in plain DMEM media
without FBS. The cells were allowed to uptake the samples for
3 h at 37 �C with 5% CO2. Aer incubation, the cells were
washed with PBS three times and cell xation was done using
4% paraformaldehyde. The nucleus staining was done using
© 2022 The Author(s). Published by the Royal Society of Chemistry
DAPI. Images were acquired using an epiuorescence micro-
scope from Carl Zeiss (Axio Observer Z1).

Results and discussion
Synthesis of PVCL and FA-F-127 conjugate

PVCL, selected as the hydrophilic polymer, was synthesized by
free radical polymerization using AIBN as initiator (Scheme 1).
This polymerization method is used for polymer synthesis on
commercial scale. Aminoethanethiol was used as a chain
transfer agent to control the molecular weight. 1H NMR spec-
trum of the polymer showed absence of the peaks at 7.2, 4.8 and
4.2 ppm corresponding to vinyl protons of the monomer
(Fig. S2†). GPC analysis gave Mn of 25 000 g mol�1 with dis-
persity of 1.9 (Fig. S3†). PVCL in this molecular weight range has
been used in block copolymer nanocarriers designed for
controlled drug delivery.38,39 The polymer was also characterized
by FTIR spectroscopy (Fig. S4†). Characteristic bands for C]C,
]CH and ]CH2 at 1654 cm�1, 3102 cm�1 and 962 cm�1,
respectively, in the monomer spectrum were found to be absent
in the polymer. As PVCL tends to absorb moisture, a broad peak
corresponding to O–H stretching was observed at 3473 cm�1.40

PVCL is known to possess temperature-responsive property
hence cloud point of the synthesized PVCL was determined by
measuring the change in transmittance with temperature and
was obtained as 34 �C (Fig. S5†). The conjugation of folic acid to
F-127 was carried out as per the reported method (Fig. S6†).36

Carboxylic group of folic acid was activated by 1,10-carbon-
yldiimidazole (CDI) and the activated ester was reacted with F-
127. Formation of the conjugate was conrmed by 1H NMR
spectroscopy analysis in D2O (Fig. S7†). Presence of the char-
acteristic pteridine ring proton at 8.53 ppm and appearance of
peaks corresponding to aromatic protons at 6.68 ppm and
7.32 ppm indicated the successful conjugation of folic acid with
F-127.

Incompatibility studies

It is imperative to study the incompatibility between the chosen
excipients and drug as interactions between them may hamper
the therapeutic efficacy of active ingredient.41 Drug-excipients
compatibility was studied using differential scanning calorim-
etry (DSC) analysis. Any appearance of extra peaks in the DSC
curves indicates the possible drug-excipient interaction leading
to drug-excipient incompatibility. The endotherm for gemcita-
bine was retained in DSC curves of all the drug-excipient
mixtures indicating the absence of incompatibility (Fig. S8†).
Sharp endothermic melting peak was observed for pure gem-
citabine at 274 �C. High intensity endothermic peaks at 56.8 �C
and 74 �C correspond to F-127 and GMS, respectively,
RSC Adv., 2022, 12, 17621–17628 | 17623
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demonstrating their crystalline nature. PVCL exhibited broad
endothermic peak at 62 �C indicating the irregular arrangement
of the polymeric chains. Soy lecithin shows melting point at
236 �C, however in the physical mixture of soy lecithin and
gemcitabine the endothermic peak of soy lecithin was found to
have shied to 185 �C that signies the interactions between soy
lecithin and gemcitabine. Physical mixture of gemcitabine and
F-127 as well as FA-F127 did not show any signicant change in
the drug peak shape or position indicating the absence of
interaction of the drug with the stabilizers. Broadening and
shiing of the peak of drug was observed in the physical
mixtures of the drug with GMS, PVCL and soy lecithin. However,
additional peaks corresponding to interactions between drug
and excipients were not observed suggesting probable molec-
ular rearrangements in the physical mixtures rather than
formation of new chemical bonds.
Preparation and optimization of formulation

Solid lipid nanoparticles (SLNs) have emerged as promising
colloidal drug delivery systems owing to their interesting
properties.42 Though SLNs have been investigated widely to
deliver different classes of drugs such as anticancer drugs,
Alzheimer's drugs, antimicrobial agents43–45 efficiently at the
target site, encapsulation of hydrophilic drugs in the SLNs still
remains challenging because of insufficient affinity between the
drug and lipid matrix.

Primarily, gemcitabine loaded SLNs were prepared by double
emulsion method, which is a two step emulsication process
that involves the use of lipids, surfactants, water and organic
solvents. It has been reported that proper blend of the surfac-
tants effectively reduces the particle size, polydispersity index
(PDI) and increases the stability than a single surfactant.46

Usually the blend comprises one surfactant with low hydro-
philic lipophilic balance (HLB) to stabilize the W1/O primary
emulsion and the other with high HLB to stabilize the O/W2
secondary emulsion. In the present study, soy lecithin was
chosen as lipophilic surfactant to stabilize W1/O emulsion and
F-127 was selected as hydrophilic surfactant to stabilize O/W2
emulsion.

Further, optimization of SLNs was done by 32 level factorial
design using Design-Expert® 13 soware. Drug to lipid ratio
Table 1 Composition, particle size, zeta potential and encapsulation effi

Formulation
code

Drug to lipid
ratio (X1)

F-127 (%
w/v) (X2)

Particle size
(nm) (Y1)

F1 1 : 5 0.5 270 � 10.7
F2 1 : 10 0.5 290 � 14.14
F3 1 : 15 0.5 323 � 11.07
F4 1 : 5 0.75 238 � 12.13
F5 1 : 10 0.75 248 � 15.31
F6 1 : 15 0.75 282 � 14.97
F7 1 : 5 0.25 250 � 11.7
F8 1 : 10 0.25 262 � 12.82
F9 1 : 15 0.25 319 � 12.47

a PDI: polydispersity index, % EE: percent encapsulation efficiency. Data

17624 | RSC Adv., 2022, 12, 17621–17628
(X1), concentration of F-127 (X2) were chosen as the indepen-
dent variables and concentration of soy lecithin was kept
constant at 1% w/v. The effect of X1 and X2 on the dependent
variables, particle size (Y1) and % encapsulation efficiency (Y2)
was studied. Nine batches of formulations were prepared with
varied amounts of chosen variables; drug to lipid ratio ranging
from 1 : 5 to 1 : 15 and F-127 concentration ranging from 0.25%
w/v to 0.75% w/v and characterized for particle size and % EE
(Table 1).

In addition, PDI was found to be <0.3 in all the formulations
and zeta potential ranging from �30 to �38 mV was observed.
The negative zeta potential can be attributed to the anionic
nature of the lipid used in the formulation and also signies the
moderate stability of the formulations. Generally, formulations
with zeta potential greater than +25 mV and lower than �25 mV
are considered stable due to electrostatic repulsion between the
particles, since lower zeta potential may cause aggregation of
the particles through van der Waal interactions.47 Particle size
in the range of 238 � 12.13 to 319 � 12.47 nm and % encap-
sulation efficiency (% EE) in the range of 28 � 4.24 to 46.5 �
6.19 were obtained in the designed nine formulations. It was
suggested by the soware that quadratic model was best tted
for all the responses studied. Drug to lipid ratio and concen-
tration of F-127 were found to have signicant effect (p < 0.05)
on % EE and particle size. Polynomial response equation(s) for
particle size and % EE are given below in which A is the drug to
lipid ratio and B is the surfactant (F-127) concentration. Positive
sign signies the concurred effect and negative sign signies
the hindered effect.

Particle size ¼ 285.22 + 27.66A � 10.5B

� 6.25A � B + 13.66A2 � 27.83B2

% EE ¼ 36.11 + 5.67A � 3.25B � 0.25A � B + 1.83A2 � 0.919B2

Drug to lipid ratio was found to have positive effect on the
particle size and % EE. The increase in particle size with
increase in lipid concentration can be attributed to the
tendency of the oil globules to coalesce at higher concentration
that leads to larger core and hence higher % EE.48 On the other
hand, surfactant showed negative effect on the particle size and
ciency of SLNsa

PDI Zeta potential (mV) % EE (Y2)

0.20 � 0.03 �32 � 0.4 32.5 � 2.12
0.22 � 0.027 �32.5 � 0.2 36 � 5.65
0.24 � 0.061 �30.9 � 2.6 43.5 � 4.06
0.16 � 0.006 �31.9 � 1.2 28 � 4.24
0.2 � 0.022 �36.1 � 0.4 32.5 � 4.94

0.18 � 0.026 �36 � 0.6 39 � 5.07
0.20 � 0.004 �38 � 0.4 34.5 � 3.53
0.25 � 0.011 �37.4 � 1.2 38 � 4.24
0.27 � 0.019 �35.9 � 1.2 46.5 � 6.19

are expressed as mean � S.D. (n ¼ 3).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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% EE. The decrease in particle size with increase in surfactant
concentration may be due to stabilization of the interface by
surfactant that prevents particle aggregation49 while the
decrease in % EE is because of increase in solubilization of the
drug with increase in the surfactant concentration.50

Three dimensional response surface plots were drawn to
study the effects of pre-determined factors on the particle size
(Fig. 1a) and % EE (Fig. 1b). Based on the highest % EE, F9 was
chosen for further studies (in the following discussion, Gem-
SLNs refers to F9 unless otherwise mentioned). TEM analysis
of Gem-SLNs (F9) revealed spherical shape with no aggregation
(Fig. 2a), however, particle size was smaller than average
Fig. 1 3D response surface plots for the (a) particle size and (b) % EE.

Fig. 2 TEM images of (a) Gem-SLNs (b) Gem-SLPHNs; (c) DLS size
distribution of Gem-SLNs, Gem-SLPHNs and Gem-F-SLPHNs (d) UV-
vis spectrum of Gem-SLNs and Gem-FSLNs.

Table 2 Composition, particle size, zeta potential and % EE of formulat

Sample Particle size (nm) PDI

Gem-SLNs 319 � 12.4 0.27
Gem-SLPHNs 344 � 13.4 0.39
Gem-F-SLPHNs 377 � 11.2 0.34

a Data are expressed as mean � S.D. (n ¼ 3).

© 2022 The Author(s). Published by the Royal Society of Chemistry
particle size measured by DLS due to drying effect in sample
preparation.51

The water contact angle of PVCL has been reported to be 25�

at 25 �C 52 suggesting that it is a hydrophilic polymer and hence
suitable for our purpose. Gem-SLPHNs were prepared by
incorporating PVCL (1% w/v) in the aqueous phase (W1) along
with the drug, the composition and process parameters were
kept constant as that of the Gem-SLNs (F9). PVCL was incor-
porated in the innermost aqueous layer (W1) along with the
drug to achieve higher encapsulation through hydrophilic
interactions. Gem-SLPHNs manifested slightly higher particle
size of 344 � 13.4 nm than the Gem-SLNs. This could be either
due to swelling of the polymer chains incorporated within the
formulation or due to formation of agglomerates.53 However,
TEM images (Fig. 2b) showed no evidence of agglomeration.
Hence, slight increase in the particle size is most probably on
account of swelling of PVCL chains. Moreover, as PVCL was not
present on the surface of particles it did not alter the zeta
potential (Table 2). Higher % EE exhibited by Gem-SLPHNs
than Gem-SLNs can be attributed to increase in the hydro-
philic interactions between the polymer and gemcitabine.

Further, folic acid conjugated F-127 (FA-F127) was used as an
emulsier in the preparation of nanoparticles to obtain the
SLPHNs functionalized with targeting ligands. The schematic
illustration of overall preparation of Gem-F-SLPHNs is shown in
Fig. 3.

The average particle size was found to be increased (�377
nm) for Gem-F-SLPHNs prepared using FA-F127 as an emulsi-
er compared to Gem-SLPHNs probably due to the presence of
folic acid on the surface of the SLNs (Fig. 2c). Similar observa-
tion has been made in the literature.19 The presence of folic acid
on the surface was conrmed by UV-vis spectroscopy analysis,
which showed the appearance of characteristic peak of folic
acid at 365 nm (Fig. 2d). Schematic representation of the
possible structures of Gem-SLNs, Gem-SLPHNs and Gem-F-
SLPHNs is shown in Fig. S9.†
In vitro drug release studies

In vitro release of gemcitabine from the formulations was
studied in 10 mM phosphate buffer (pH 7.4) at 37 �C. All the
formulations showed biphasic drug release proles, that is,
immediate burst release for 2 h followed by sustained release.
Immoderate burst release can cause dose related toxicities and
needs to be minimized. Gem-SLNs exhibited maximum of 49.37
� 6.3% of its drug release within 2 h, whereas formulations
containing PVCL, that is, Gem-SLPHNs signicantly reduced
the release of drug in the burst phase and only 33.4 � 4.6% of
ions containing PVCLa

Zeta potential (mV) % EE

� 0.02 �35.9 � 1.2 46.5 � 6.2
� 0.01 �35.5 � 1.0 51.3 � 4.2
� 0.08 �38 � 3.25 49.6 � 5.9
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Fig. 3 Schematic illustration of preparation of Gem-F-SLPHNs.
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the drug was released (Fig. 4a). Burst release in the initial hours
can be attributed to presence of drug in the outer stratum.54

Incorporation of PVCL within the SLN is expected to allow the
drug to remain within the innermost aqueous compartment
through hydrophilic interactions with PVCL and reduce its
partitioning into the outer layer during the preparation process,
thereby successfully reducing the % release in the burst phase.
The PVCL concentration was changed from 0.5% w/v to 1.5% w/
v and better control over the drug release was observed at the
higher concentration of PVCL (Fig. S10†). Furthermore, Gem-F-
SLPHNs showed slightly lower release than Gem-SLPHNs
probably due to presence of folic acid on the surface of the
particle that offered a barrier to the drug.18 A similar pattern of
restricted release of gemcitabine from the mannose tagged
solid lipid nanoparticles was reported in the literature.10

Drug release studies were also performed at 25 �C (below CP)
to probe the thermosensitivity of the prepared formulations
(Fig. 4b). Gem-SLNs exhibited slightly lower drug release than at
37 �C. This can be attributed to the decrease in the diffusion
rate of the drug at lower temperature.55 However, similar
pattern, that is, negligible difference in drug release with
Fig. 4 In vitro release of gemcitabine in (a) Gem-SLNs, Gem-SLPHNs
andGem-F-SLPHNs at physiological temperature (37 �C) and (b) Gem-
SLNs and Gem-SLPHNs at 25 �C and at 37 �C (% CDR¼ % cumulative
drug release, data is expressed as mean � S.D. (n ¼ 3)).

17626 | RSC Adv., 2022, 12, 17621–17628
change in temperature, was also observed in the formulation
containing PVCL, which is a thermoresponsive polymer. This is
in contrast to the signicantly enhanced drug release that was
expected above CP. This could be achieved by loading PVCL
within the inner aqueous phase (W1), so that it would not show
enough thermosensitivity by being shielded from the outer
aqueous environment thereby limiting the drug release to the
same levels as at 25 �C.

Further, drug release kinetics and drug release mechanism
at 37 �C was studied by tting the drug release prole data of
SLNs, SLPHNs and F-SLPHNs in different mathematical models
viz. zero order, rst order, Higuchi and Korsmeyer–Peppas
models. Correlation coefficient values and n values are given in
Table S1.† Drug release data was best tted in the Higuchi
model with higher linearity coefficient than zero order and rst
order models. Additionally, n values in the Peppas model were
found to be lower than 0.45 for all the three formulations, which
indicates that the release of the drug from formulations follows
the Fickian diffusion.56
Hemolysis study

To investigate the biocompatibility of polymers for in vivo
applications hemolytic activity of blank SLNs, SLPHNs, F-SLNs
and F-SLPHNs was investigated. All formulations were tested
at different concentrations (1, 2, 3, 4, 5 mg mL�1). The %
hemolysis for samples at the higher concentration (5 mg mL�1)
is presented in Fig. 5a and data for other concentrations is given
in ESI (Fig. S11†). The results suggested that all samples were
safe to be used at tested concentration as they showed <5%
hemolysis.57 Triton X-100 was used as positive control that
showed strong damage to the red blood cells and PBS was used
as negative control.
Cell viability studies

Cytotoxicity of the blank (unloaded) F-SLPHNs, Gem-SLNs,
Gem-F-SLNs and Gem-F-SLPHNs was investigated by MTT
assay by using MDA-MB-231 cell line (Fig. 5b). Nearly 100% cell
viability was observed with blank F-SLPHNs that ascertained the
non-cytotoxic nature of the targeting nanoparticles developed
here. Drug loaded F-SLNs showed higher cytotoxicity than all
the other formulations. This can be explained as the result of
better internalization due to presence of folic acid as well as due
Fig. 5 (a) % Hemolysis of different formulations at concentration of
5 mg mL�1. (b) In vitro cell viability assay (MTT assay) with blank, Gem-
SLN, Gem-F-SLN and Gem-F-SLPHN.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Epifluorescence images of MDA-MB-231 cells incubated for 3 h
with calcein loaded F-SLPHN (panel A), SLPHN (panel B) and SLN
(panel C), the images from left to right show cell nuclei stained by DAPI
(blue), fluorescence of calcein (green), and overlay of the two images.
All images were taken at same exposure time for calcein and the scale
bar is 5 mm.
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to lack of PVCL that caused maximum drug release in the burst
phase. On the other hand, Gem-F-SLPHNs showed lower cyto-
toxicity than Gem-F-SLNs owing to the presence of polymer that
helps in controlling the drug release. Gem-SLNs manifested
lowest cytotoxicity among all the formulations due to poor
internalization by virtue of the absence of folic acid groups on
the surface of the particles. Taken together, these results indi-
cate that presence of folic acid and hydrophilic polymer is
essential for the efficient internalization in the cells and
controlled release of the drug, respectively. However drug
loaded in SLNs manifested higher cytotoxicity than the free
drug in dose dependent manner, probably due to the lipophilic
nature of the nanocarrier that facilitated the cellular
internalization.58
Cellular uptake

Drug uptake by cells was investigated by epiuorescence
microscopy. As gemcitabine is a non-uorescent drug, a hydro-
philic dye viz. calcein was used to investigate the drug uptake by
cells. Calcein was loaded in F-SLPHNs, SLPHNs and SLNs. Cells
were incubated with dye loaded solid lipid nanoparticles for 3 h
and uorescence intensity was determined by epiuorescence
microscopy. Cells incubated with F-SLPHNs exhibited relatively
more dye uptake compared to SLNs and SLPHNs as expected
due to the presence of folic acid on the surface (Fig. 6). These
results are in good agreement with the MTT assay results.
Average uorescence intensity of 30 cells was determined
(Fig. S12†).
Conclusions

To address the unresolved issue of burst release of hydrophilic
drugs from SLNs, a hydrophilic polymer viz. PVCL was added
during the formulation of SLNs containing hydrophilic drug viz.
© 2022 The Author(s). Published by the Royal Society of Chemistry
gemcitabine that would result in better encapsulation as well as
controlled release due to hydrophilic–hydrophilic interactions
between the polymer and drug. Addition of PVCL in the inner
most aqueous phase (W1) along with the drug led to higher %
EE. A prominent control over the burst release from 49% for
SLNs to 33% for PVCL containing nanoparticles, (SLPHNs) was
demonstrated. Further, decoration of the SLPHNs with folic
acid led to remarkable increase in the cellular uptake. In the
literature, coating of SLNs with a polymer has been used to
improve their stability and properties in general. We have
shown for the rst time that by incorporation of a hydrophilic
polymer in the core of the SLNs decrease in the burst release
and improvement in the % EE of the hydrophilic drugs can be
specically achieved. Thus, it was demonstrated that folic acid
decorated, hydrophilic polymer containing SLNs are potential
nanocarriers of hydrophilic anticancer drugs such as gemcita-
bine for controlled release and targeted delivery.
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