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Investigating the Effect of Functional Group on
Folic Acid Conjugation and in vitro Characteristics
of Lomustine from Silica Nanoparticles

Areen M. Khattabi 1,*, Lina M. Ibraheem 2, Eman M. Migdadi 2

1 Pharmacological and Diagnostic Research Center (PDRC), Faculty of Pharmacy, Al-Ahliyya Amman University, Amman, Jordan, 19111
2 Department of Pharmaceutical Sciences and Pharmaceutics, Faculty of Pharmacy, Applied Science Private University, Amman, Jordan,
Post Code: 11937

ABSTRACT

Herein, silica nanoparticles (SNs) with different functional groups (propyl amine, propyl thiol, propyl carboxylic acid
and unmodified hydroxyl) were loaded with the anticancer agent lomustine (LMS) and conjugated with Folic Acid
(FA) to produce FA-NH2-SNs, FA-SH-SNs, FA-COOH-SNs, and FA-OH-SNs, respectively. The nanoparticles (NPs) were
characterized using Fourier Transform Infrared Spectroscopy (FTIR) and Dynamic Light Scattering (DLS). Encapsulation
Efficiency (EE) and drug release rate were measured using UV Spectrophotometer. The in vitro cytotoxicity toward HeLa
and VERO cells was assessed using MTT assay. LMS encapsulation efficiency exceeded 40% and FTIR spectra confirmed
a successful conjugation with FA. Particle size increased after LMS loading and FA conjugation, ranging from 284 to
308 nm. Zeta potential measurements showed that all NPs became more negative after FA conjugation. The largest shift
occurred in NH2-SNs, changing from about − 4 to −14 mV. One-way ANOVA showed statistically significant differences
(p < 0.05) among most formulations for drug release rates and cytotoxicity which were lower compared to free drug.
The cytotoxicity was higher against HeLa compared to VERO cells due to folate-receptor targeting. The order of cell
toxicity effect was almost related to their release rate behaviors where FA-NH2-SNs exhibited the lowest percentages
(18% and 40%, respectively). Thus, the type of surface functional group significantly influenced the efficiency of FA
conjugation, which in turn modulated the in vitro characteristics of the loaded drug where higher conjugation correlated
with reduced release rates and cytotoxicity.

Keywords: Cumulative release, Cytotoxicity, DLS analysis, FTIR, Lomustine, Silica nanoparticles, Surface functionalization

Introduction

Nanotechnology is revolutionizing drug delivery by
offering innovative solutions to some of the biggest
therapeutic challenges. This field focuses on tiny par-
ticles known as nanoparticles (NPs). NPs are solid
particles or particulate dispersions that range from
1–1000 nm, and drugs can be dissolved, entrapped,
encapsulated, or attached to their matrix.1 When de-
signed as delivery systems, NPs achieve several goals.
One main objective is to modify their surface prop-
erties to improve targeting and control drug release

during transit and at the site of action.2 This approach
also reduces off-target toxicity, enhances therapeutic
efficiency, and protects drugs from rapid degradation
or clearance.3 Different NPs have been developed
for pharmaceutical applications. They are commonly
classified by size, shape, and physicochemical charac-
teristics.4 Among these systems, silica nanoparticles
(SNs) have attracted significant attention.5,6 They are
inorganic materials with highly ordered mesoporous
structures resembling a honeycomb.7 Recent studies
show that SNs possess high surface area, large pore
volume, dual internal/external functional surfaces,
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and tunable morphology, making them superior drug
carriers, particularly for cancer therapy.7,8 Therapeu-
tic agents can be loaded inside mesopores or attached
to the outer surface, resulting in higher drug-loading
capacity. Furthermore, the exterior silanol groups can
be chemically functionalized with ligands to enhance
targeting specificity.9,10

Targeted drug delivery increases the accumula-
tion of therapeutic agents in specific cells, improving
efficacy while limiting toxicity. This is mainly ac-
complished by conjugating the delivery system with
ligands that bind selectively to receptors overex-
pressed at disease sites.10,11 Several targeting ligands
have been investigated, including folic acid (FA),
peptides, aptamers, carbohydrates, and antibodies.12

FA (vitamin B9) is of particular interest due to its
biological importance, ease of conjugation, high re-
ceptor affinity, and excellent stability.13 It plays a
key role in cell proliferation and nucleotide synthesis
and is transported via receptor-mediated endocytosis
involving folate receptors (FRs).14

FRs are overexpressed in many cancers, including
ovarian, breast, lung, brain, colon, and renal tumors,
while showing limited expression in normal tissues,
making FA an effective targeting ligand.15 Its small
size, chemical stability, and compatibility with di-
verse solvents further support its use in drug-delivery
systems.16 FA has been conjugated to many nanocar-
riers such as liposomes, polymers, dendrimers, carbon
nanotubes, and SNs.17

In this study, FA was conjugated to four different
surface-functionalized SNs: propyl amine (NH2-SNs),
propyl thiol (SH-SNs), propyl carboxylic acid (COOH-
SNs), and unmodified silica (OH-SNs). The goal was
to evaluate how the surface functional group influ-
ences FA conjugation and, consequently, the in vitro
behavior of the loaded drug. Lomustine (LMS) was
selected as the model drug, which has previously
been loaded into superparamagnetic iron oxide NPs
(SPIONs), PLGA NPs, and chitosan systems.18,19 How-
ever, limited work has examined FA-conjugated SNs
loaded with LMS, and no study has compared these
four functional groups regarding FA conjugation effi-
ciency, drug-release behavior, and cytotoxicity.

LMS (CCNU; 1-(2-chloroethyl)-3-cyclohexyl-1-
nitrosourea) is an alkylating nitrosourea used
to treat brain tumors, lung cancer, melanoma,
lymphomas, and other solid tumors.19 It induces
apoptosis by sensitizing tumor cells and promoting
TRC8-mediated degradation of heme oxygenase-1.20

Despite its effectiveness, LMS suffers from dose-
related toxicities. Its hydrophobicity also complicates
intravenous administration, leading to severe side
effects such as respiratory failure and vascular
embolism. Therefore, developing safer and more

effective delivery systems is essential to improve its
therapeutic profile.

Materials and methods

Materials

Propyl amine silica NPs (particle size 200 nm, pore
diameter 4 nm) were purchased from Nanoshell com-
pany UK. Unmodified silica NPs (particle size 200 nm,
pore diameter 4 nm), propyl thiol silica NPs (particle
size 200 nm, pore diameter 4 nm), propyl carboxylic
acid silica NPs (particle size 200 nm, pore diameter
4 nm), phosphate buffer saline (BPS), FA, ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC), N-
Hydroxysuccinimide (NHS) and DCC (dicyclohexyl
carbodiimide) were obtained from Sigma Aldrich.
LMS (purity ≥ 97%) was purchased from a genet-
ics company. Cell culture components were obtained
from Caisson Laboratories. Penicillin-Streptomycin
and gentamicin sulfate were purchased from Euro-
Clone Italy, while Trypsin – EDTA and fetal calf serum
were provided by Biowest.

Methods

Preparation of LMS stock solution and LMS loaded
SNs

LMS stock solution of 1 mg/mL concentration
was first prepared in methanol. The stock solution
was then diluted with methanol to get the standard
solutions used for the calibration curve at the con-
centrations of 0.5, 1, 5, 10, 20, and 50 ug/mL.20

For the loading process, a precise amount (0.01 g)
of four different samples of SNs (NH2-SNs), (SH-SNs),
(COOH-SNs), and (OH-SNs), (shown in Fig. 1), were
mixed separately with 4 mL of LMS stock solution
(1 mg/mL) and stirred for 24 hours. The collected
NPs were then centrifuged for about 25 minutes at
14000 rpm. The supernatant from each sample was
used directly to measure encapsulation efficiency,
while the resulting NPs were washed thoroughly with
deionized water and dried.

Evaluation of the encapsulation efficiency of the SNs

The absorbance of the supernatants collected from
each sample was eventually measured by a UV spec-
trophotometer at 230 nm (LMS λ̄ max).21 The EE
of each sample was calculated using the following
equation:

EE% = (weight of initially added drug – weight of
free drug in supernatant)/weight of initially added
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Fig. 1. Four different surface functionalizations of commercially available SNs were used: propyl amine (NH2-SNs), propyl thiol (SH-SNs),
propyl carboxylic acid (COOH-SNs), and unmodified hydroxyl (OH-SNs). All SNs have a particle size of approximately 200 nm and a pore
diameter of about 4 nm.

drug × 100 %.21 The measurements were performed
in triplicate, and the mean was finally taken.

Modification of NH2-SNs with FA

In 4 mL of ethanol, 0.005 g of NH2-SN2 was mixed
with 0.005 g of FA and 0.01 g of EDC and stirred
for 24 hours at room temperature. The NPs were
collected, rinsed with deionized water, centrifuged
for 25 minutes at 14000 rpm, and dried overnight at
T = 80 °C to obtain FA-NH2-SNs.

Modification of SH-SNs with FA

A certain amount of SH-SNs (0.005 g) was mixed
with 0.005 g of FA in 2 mL of dichloromethane for a
few minutes, then 0.01 g of DCC was added with the
other 2 mL of dichloromethane, and the reaction was
allowed to stir for 24 hours at room temperature.22

The resulting NPs were collected, washed with deion-
ized water/acetone, and centrifuged at 14000 rpm
for 25 minutes, then dried overnight at T = 80°C to
finally obtain FA-SH-SNs.

Modification of COOH-SNs with FA

A specific amount of COOH-SNs (0.005 g) was
mixed in 4 mL of ethanol with 0.005 g of FA and
0.01 g of EDC and stirred for 24 hours at room tem-
perature. The resulting NPs were collected, rinsed
with deionized water, centrifuged for 25 minutes at
14000 rpm, and then dried overnight at T = 80 °C to
obtain FA-COOH-SNs.

Modification of OH-SNs with FA

In PBS buffer solution (pH 6 and approximately
4 mL), 0.005 g of FA was activated with 0.005 g
of EDC and 0.015 g NHS. The pH of the solution
was raised to 8.5 by adding NaOH after stirring for
1–1.5 hours at room temperature. After that, a cer-
tain amount of SNs (0.005 g) was added and mixed
overnight. The NPs were collected, rinsed with deion-
ized water, centrifuged for 25 mins at 14000 rpm, and
then dried overnight at T= °C to obtain FA-OH-SNs.23

FITR analysis

The FTIR spectra of free FA, unconjugated and FA
conjugated SNs, suspended in the KBr matrix, were
obtained in the mid-IR range (500–4000 cm–1) using
a WQF - 521 Fourier Transform Infrared spectropho-
tometer. However, the absorption bands caused by
the functional groups of our added compounds ap-
peared mainly in the range of 1000–3500 cm–1.

DLS analysis

Diluted suspensions of SNs (5 × 10–4 mg/mL)
were characterized using the DLS technique (Zeta-
sizer Nano series, Malvern, U.K.) by measuring their
mean particle size, PDI, and zeta potential. The sam-
ples were vortexed and analyzed before and after LMS
loading and FA conjugation in PBS with a refractive
index of 1.326 for PBS and 1.48 for SNs and viscosity
= 1.2 Pa.s. The measurements were carried out in
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triplicate with ten runs for each, and the mean was
finally taken.

Assessment of in vitro drug release

A certain quantity of FA conjugated SNs loaded
with LMS (0.005 g) were placed in a dialysis
bag (Dialysis Tubing-MWCO-12-14000 Daltons) and
mixed with 2 mL of PBS (pH = 7.4). Then they were
transferred to a beaker containing 23 mL PBS and
shaken inside a water bath at 37 °C. At various time
intervals (1, 2, 3, 4, 6, 24, 25, 26, 28), a sample of
1 mL was drawn and replaced with fresh PBS. The
amount of LMS released was measured using a UV
spectrophotometer by measuring the absorbance at
λ̄ = 230 nm for LMS. The corresponding drug con-
centration was calculated based on the calibration
curves obtained in PBS. The cumulative percentages
of the released drug were then calculated for each
sample, and the values represent the average of three
experiments. The free drug was treated similarly.

Antiproliferative (cell viability) assay

Frozen HeLa as well as VERO cells were carefully
thawed in a water bath at 37 °C, resuspended in
cell culture media, and incubated for 24 hours. The
cells were then detached with trypsin and counted
under aseptic conditions. HeLa and VERO cells
(100 µl/well), at an optimum concentration of 1000
cells/well, were dispersed separately into 96-well tis-
sue culture flasks containing tissue culture medium
including DMEM media for HeLa and MEM media
for VERO, 10% fetal bovine serum, 1% penicillin-
streptomycin, 1% L-glutamine and 0.1% gentamicin.
The medium was withdrawn after 24 hours, and
200 µl of 0.15 mg/mL suspensions of LMS-loaded
FA conjugated SNs, as well as free LMS, were added
separately to the cells in triplicate and cultured for
48 hours. The MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) test was then used to
evaluate the cell viability. From each well, 100 µl of
culture media was removed, and 10 µl of thiazolyl
blue tetrazolium solution was added to the wells and
left in a CO2 incubator for at least 3 hrs. Finally,
to terminate the reaction, MTT solubilization solu-
tion (100 µl/well) was added, mixed thoroughly, and
incubated for 1 more hour. To quantify the cell toxic-
ity percentage, absorbance was measured at 550 nm
using a microplate reader, and cell viability was de-
termined to obtain the percentage of cell toxicity.
Statistical Analysis: All experiments were per-

formed in triplicate, and data are presented as mean
± SD (n = 3). One-way ANOVA was used to compare
the means of two or more samples and to determine

Fig. 2. Folic acid structure (https://pubchem.ncbi.nlm.nih.gov/).

the corresponding p-values to assess whether the dif-
ferences were statistically significant.

Results and discussion

Measuring the encapsulation efficiency of SNs

Encapsulation efficiency refers to the actual content
of material (drug) loaded into the NPs. As men-
tioned in the experimental part, the concentration of
LMS was directly measured using UV spectroscopy
at 230 nm by applying the set calibration curve
in methanol and using the EE equation mentioned
previously. The loading of all samples was done si-
multaneously under the same conditions and before
FA conjugation. It was interestingly found that the
percentages of EE for all samples were very close
(44%). This value was consistent with a previous
study in which LMS was loaded into FA conju-
gated polymer-coated (SPIONs).19 However, several
other studies have reported higher values when
LMS was incorporated into different NPs without FA
conjugation.18,21,24

Characterization of SNs

FTIR analysis

Based on the FA structure in Fig. 2, the infrared
spectrum revealed some of its definite peaks as shown
in Fig. 3. These peaks appeared at less than 2900 cm–1

and others at about (3200–3550 cm–1), which related
to NH and OH bonds.25,26 Also, strong peaks were
observed at 1650–1700 cm–1 due to carboxylic acid
and carbonyl groups.27 It was obvious that the FTIR
spectra of conjugated NPs possessed the main peaks
of FA with clear intensities compared with the FTIR
pattern of the unconjugated ones.

All unconjugated samples have some of their func-
tional groups, with the rest being silanol groups
(Si−O−H).28 Thus, bands at 3450 cm–1 and at
1650 cm–1 were observed due to both OH stretching

https://pubchem.ncbi.nlm.nih.gov/
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Fig. 3. FTIR spectra of FA, unconjugated, and conjugated SNs, where FA-conjugated NPs exhibited characteristic peaks corresponding to
FA.

and bending, respectively. These peaks became more
intense after FA conjugation due to their overlap. The
strong bands at 1200 cm–1 and 1080 cm–1 were at-
tributed to symmetric and asymmetric Si-O stretching
motions.29,30

For NH2-SNs and OH-SNs, the related peaks of
FA appear clearly after its conjugation. However,
A broad peak at 3100–3500 cm–1 and a band near
1650 cm–1 appeared in the FA–NH2–SNs spectrum.
These correspond to N–H and C=O stretches of the
newly formed amide bond. They overlap with FA
signals in the same regions, causing the increased
broadness.

More peaks appeared for FA-OH-SNs at less than
2900 cm –1 and 1750 cm –1 due to C-H and C=O
stretches, respectively, which were attributed most
likely to the formed ester bond between FA and
silanol groups. Also, some peaks appeared broader
and more intense after FA conjugation to SH-NPs
and COOH-SNs because of the ester formed with
thiol and carboxyl groups, respectively. Notably, the
strong peaks at 1650–1700 cm–1 for COOH-SNs cor-
responded to carboxylic acid groups. Thus, based
on the reactions performed, as mentioned in the
experimental part, and infrared spectra, a success-
ful conjugation of FA with all samples has been
achieved.

DLS analysis

DLS is a technique used to measure the hydrody-
namic size of NPs in suspension by shining a laser
through the sample and analyzing how the scat-
tered light intensity changes over time.31 It is also
used to determine the PDI, which is a dimensionless
number used to define the particle size distribution
and its homogeneity in the mixture.32 Its value may
vary from 0.01 to 0.5–0.7, where a value > 0.7
indicates a broad particle size distribution of the
formulation.32

Zeta-potential, which is the charge that arises be-
tween the surface of the NPs and their media, is
another crucial parameter that can also be mea-
sured by DLS. It is used to characterize NPs’ surface
charge, obtain information about their stability,
and surface interaction with other molecules. Zeta
potential reflects the repulsion between charged par-
ticles, with higher values indicating greater stability
and lower aggregation.33,34 The surface charge of
NPs is strongly influenced by the pH of the sur-
rounding medium, which affects their zeta potential
behavior.35

The mean particle size of these commercially avail-
able NPs (unloaded and unconjugated) was measured
by DLS and observed to be nearly close to their
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Fig. 4. LMS structure (https://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI:6520).

original size (200 nm), as shown in Table 1. The
size increased slightly after LMS loading for all sam-
ples, indicating the possibility of adsorption of drug
molecules on the NPs’ surface. The adsorption might
arise from the interaction between the different func-
tional groups on the surface of SNs and the LMS
groups via, most likely, the hydrogen bonds based
on the LMS structure shown in Fig. 4. However, we
believe that most drug molecules were encapsulated
within the nanoparticle pores rather than adsorbed on
the surface. This is supported by the characteristics
of the NPs and the slight increase in particle size
observed after loading.

The PDI of the original samples was generally below
0.4. It slightly increased after drug loading and FA

conjugation yet remained within the desirable range
of (0.2–0.5) (Table 1).

Regarding zeta potential values, all NPs gained
originally negative values with a range from (–11 to
–18) depending on the type of the functional group,
as shown in Table 1.

As mentioned in the experimental part, the DLS was
performed in PBS (pH 7.4), and thus the obtained
values depended on the charges that existed at this
pH, which was related to the type of functional group.
OH-SNs have only silanol groups on their surfaces
with a pKa value of 5.6. This resulted in a negative
surface charge as these groups would be mainly de-
protonated at neutral pH. On the other hand, the pKa
of propyl thiol and propyl amine groups were 10.2

Table 1. DLS analysis of SNs in PBS (pH = 7.4) before and after LMS loading and FA conjugation, data were shown as mean ± SD (n = 3).

Before drug loading After drug loading After folic acid conjugation

SNs

Mean
particle
size (nm)
± SD PDI ± SD

Zeta
potential
(mV) ± SD

Mean
particle
size (nm)
± SD PDI ± SD

Zeta
potential
(mV) ± SD

Mean
particle
size (nm)
±SD PDI ± SD

Zeta
potential
(mV) ± SD

COOH-SNs 206.47±
10.86

0.23± 0.12 –18.05±
0.60

254.13±
3.89

0.44± 0.08 –13.77±
0.98

309.3±
36.57

0.48± 0.01 –15.03±
0.80

SH-SNs 215.57±
3.47

0.2± 0.06 –13.63±
0.40

246.6±
10.84

0.45± 0.05 –8.83±
0.03

288.16±
18.86

0.45± 0.16 –12.76±
0.75

NH2-SNs 202.13±
21.10

0.38± 0.10 – 11.03±
0.50

223.3±
6.98

0.48± 0.10 –4.39±
0.97

279.8±
12.86

0.39± 0.07 –14.1±
1.18

OH-SNs 203.40±
2.42

0.21± 0.04 –13.33±
1.06

228.4±
8.73

0.39± 0.08 –14.2±
0.66

284.83±
11.75

0.51± 0.08 –16.8±
0.36

https://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI:6520
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Fig. 5. The cumulative release of LMS from FA-conjugated SNs and as a free drug was measured, with data presented as mean ± SD (n
= 3). Statistically significant differences were observed (p < 0.05) between the samples as obtained, using one-way ANOVA.

and 10.56, respectively. These groups were present
in low amounts on the SN surface, the rest being
silanol groups.36 At neutral pH, both mainly carry
a positive charge, so the net negative charge is not
higher than that of OH-SNs. The highest negative
value was for COOH-SNs, which was expected since
the pKa of propyl carboxylic acid is 4.837 and thus
will be deprotonated at neutral pH.

After LMS loading, the NPs became less negative.
The pKa value of LMS is about 10.88, and it would be
mainly protonated at neutral pH. Thus, if adsorbed
on the surface of the NPs, it will diminish the mag-
nitude of the negative charge, as shown in Table 1.
The charge became more negative for all samples
after FA conjugation. FA is an organic acid, and its
dissociation constants (pKa) are 4.7, 6.8, and 8.7,
and hence will primarily exist as an anion at neutral
conditions.38 The increase in negative charge after
FA conjugation confirms successful modification of
all samples, in agreement with the FTIR spectra. The
variation in the net increase between samples high-
lights the effect of surface functional groups on the
degree of FA conjugation.

NH2-SNs showed the largest change in zeta poten-
tial after FA conjugation, changing from about −4
to −14 mV (over threefold). This suggests that they
likely conjugate the highest amount of FA molecules.
On the other hand, the magnitude of the zeta poten-
tial difference before and after FA conjugation with
the other samples changed by less than 1.5 times.

In vitro drug release study

LMS release was studied at pH 7.4 using phos-
phate buffer saline (PBS) at 37 °C, as the release
medium, to simulate the physiological conditions.
The release patterns of LMS from FA conjugated SNs
and as a free drug are represented in Fig. 5. They
were measured as cumulative release percentages at
different time intervals (1, 2, 3, 4, 6, 24, 25, 26,
and 28 hours) based on a calibration curve in PBS.
The findings demonstrated that the free drug dis-
solved faster than the drug-loaded SNs. Within the
first 6 hours, more than 40% of the drug was re-
leased, then increased after 24 hours to come to about
76% after 28 hours. On the other hand, LMS-loaded
SNs exhibited a slower release pattern at the same
time intervals. The amount of released LMS from SNs
within the first 6 hours was only in the range of
(14%–26%) and reached the maximum at 28 hours
to a range of (18%–41%). This result was consistent
with a previous study using other types of NPs loaded
with LMS.19

One- way ANOVA Calculator was used to assess the
differences between all samples, and the values were
found to be much less than 0.05 between all of them
at all time intervals, indicating a statistically signif-
icant difference among them. Also, the differences
were more significant when a free LMS was included
and more significant after 6 hours compared to the
first few hours.
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FA-NH2-SNs exhibited the slowest rate, while FA-
COOH-SNs showed the fastest rate. As shown by zeta
potential, NH2-SNs had the greatest increase in nega-
tive charge after FA conjugation and correspondingly
the slowest release rate. This suggests that a higher
degree of FA conjugation can hinder drug release,
leading to a slower release profile. NH2-SNs have
been conjugated with FA using the (EDC) coupling
reaction, which was used to conjugate the two car-
boxylic acid groups of FA with the primary amine
groups of NHS-SNs, leading to amide bond formation,
which is a strong covalent bond.39 In comparison,
less stable FA conjugation on COOH-, OH-, and SH-
SNs (via anhydride, ester, and thioester bonds) led to
smaller zeta potential changes and faster drug release
than NH2-SNs.

Generally, the drug release rate from NPs depends
on different factors, including the extent of drug sol-
ubility.40 Since LMS is soluble in PBS at 37 °C,41 a
burst release behavior was observed within the first
6 hours and a release gain after 24 hours. The release
data was fit to the Higuchi release model, which de-
termined permeation as the process of drug release
from an insoluble matrix by diffusion. As the release
rate became slower after 24 hours, and it generally
exhibited a slower rate for all samples compared to
the free drug, this targeted system would be clinically
useful in terms of prolonging the action of the drug.
The extent of drug release slowdown depended on the
type of functional group, as shown in Fig. 5. Further-
more, the targeting achieved here via FA ligands was
beneficial by aiding the anticancer agents to reach
basically the site of action and hence minimize their
toxicities compared to the free form.

Comparable studies using nitrosourea drugs and
structurally similar agents have been reported. For in-
stance, FA-conjugated carmustine (BCNU) liposomes
showed rapid initial release with limited control over
sustained release.42 Additionally, FA-functionalized
hollow TiO2 loaded with temozolomide exhibited
controlled release profiles due to the core porosity
and polymeric coatings.43

In vitro cell viability assay

Generally, in vitro cell toxicity depends on factors
such as the type of cells and the characteristics of the
drug carrier system.44 Herein, suspensions of LMS-
loaded, FA-conjugated SNs (0.15 mg/mL) and free
drug were incubated with HeLa and VERO cells in
separate culture flasks for 48 hours under identical
conditions. MTT assay was then performed to as-
sess the cell toxicity, and p-values were calculated
between two different individual groups as well as
between all groups.

HeLa cells were chosen in this study as they were
cervical human cancerous cells that overexpress FRs
on their surfaces. On the other hand, VERO cells were
isolated from normal kidney epithelial cells of an
African green monkey, and they were not immortal
cells like HeLa.45 Also, they are one of the most
used mammalian continuous cell lines in cytotoxicity
studies.46

When incubating HeLa cells and performing a com-
parison between the conjugated SNs, the value was
≤ 0.05 only between FA-NH2-SNs and FA-SH-SNs,
and between FA-NH2-SNs and FA-COOH-SNs. When
comparing the conjugated NPs with the free drug, the
value was less than 0.05 only between FA-NH2-SNs
and the free drug, while the p-value between all con-
jugated samples and the free drug, when all compared
at once, was ≤ 0.05.

On the contrary, the differences were more signifi-
cant when conducting the assay on VERO cells, where
the value was less than 0.05 between all individual
conjugated NPs and between each of them and the
free drug, except between FA-COOH-NPs and FA-SH-
NPs, FA-COOH-NPs and FA-OH-NPs, and FA-SH-NPs
and FA-OH-NPs.

As shown in Fig. 6, the highest cell toxicity per-
centage against HeLa cells was associated with free
LMS (about 70%). Interestingly, for conjugated SNs,
the order of cell toxicity effect was almost related to
their release rate behaviors, where the order was as
follows: FA-NH2-SNs < FA-OH-SNs < FA-SH-SNs ∼
FA-COOH-SNs with a range of about (40–58%).

As mentioned previously, NH2-SNs formed the most
stable covalent bonds with FA, resulting in slower
drug release, as confirmed by the largest change in
negative charge after conjugation. Interestingly, the
same order was observed in normal (VERO) cells,
but with much lower cytotoxicity, reaching less than
half of the level measured in cancer cells. In cancer
therapy, targeting is crucial so that normal cells are
protected, and most of the therapeutic doses reach
their site of action via specific ligands like FA, which
has its folate receptors on the surface of different
cancerous cells like HeLa cells.47

Thus, the extent of FA conjugation, determined by
the surface functional group of SNs, clearly influ-
enced both the drug release rate and its cytotoxicity.
The overall low cytotoxicity of FA-conjugated SNs
might not be due only to their slow cumulative
release behavior but also to the effect of their sur-
face charge. Generally, positively charged NPs have
more capability to internalize into the cells com-
pared to negatively charged NPs.48,49 At neutral pH,
LMS will be mainly protonated and gain a posi-
tive charge, while FA will be deprotonated with a
net negative charge, and hence will show a lower
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Fig. 6. The MTT cell viability assay was performed on HeLa and VERO cells after incubation for 48 hours with 0.15 mg/mL of FA-conjugated
SNs and free LMS. Data are presented as mean ± SD (n = 3), and statistical significance was measured using one-way ANOVA.

cellular internalization.50 Similar systems have been
reported for other FA-functionalized carriers, such as
lomustine-loaded SPIONs and temozolomide-loaded
FA-TiO2

19,43 where folate-mediated uptake improved
cell targeting, but release kinetics influenced over-
all cytotoxic effect. Thus, surface functionalization
allows balancing targeted uptake with controlled
cytotoxicity, providing a tunable strategy for ni-
trosourea or similar chemotherapeutics.

Even though free LMS exhibited a higher toxicity
and release rate compared to the conjugated SNs,
their slower release rate would prolong the action of
the drug and reduce its side effects and the frequency
of the doses. Furthermore, the favorable properties of
SNs can be utilized to enhance drug delivery, includ-
ing their high encapsulation efficiency and ability to
be conjugated with different ligands for targeted de-
livery. In addition, SNs act as protective carriers that
prevent drug degradation and rapid clearance, which
ultimately reduces the required dose. Therefore, the
targeting achieved from FA ligands toward cancerous
cells can be further optimized/controlled in terms of
drug release rate and cell toxicity by choosing the
functional group, which can be a simple linker group,
as was done here.

Conclusion

In our present study, we explored how the surface
functional groups on SNs influence their ability to
bind FA and how this, in turn, affects the in vitro
characteristics of LMS. Four types of commercially

modified SNs were tested (NH2-, SH-, COOH-, and
OH-SNs). All of them were able to encapsulate LMS
with an efficiency of about 44%, and a successful FA
conjugation was confirmed by FTIR.

DLS measurements showed an increase in the mean
particle size after loading the drug and FA conjuga-
tion. While LMS loading resulted in a less negative
surface charge, FA conjugation caused a more neg-
ative charge, with NH2-SNs showing the largest
change, most likely due to a higher level of FA conju-
gation through amide bond formation.

Both drug release and cytotoxicity differed de-
pending on the functional group, following the
order: FA–NH2-SNs < FA–OH-SNs < FA–SH-SNs ≈
FA–COOH-SNs. A stronger ability to conjugate FA
generally resulted in a slower drug release and a
lower cytotoxicity. All FA-conjugated samples re-
leased the drug more slowly and were less cytotoxic
than free LMS. As expected for FA-targeted systems,
the formulations were more toxic against HeLa can-
cerous cells compared to normal VERO cells.

Overall, the results demonstrated that the type of
surface functional group plays a key role in determin-
ing the extent of FA conjugation and, consequently,
the release behavior and cytotoxicity of LMS-loaded
SNs.
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دراسة تأثير المجموعة الوظيفية على ارتباط حمض الفوليك وعلى 

 الخصائص المخبرية للوماستين من جسيمات السيليكا النانوية 

  2، إيمان مقدادي  2، لينا ابراهيم1عرين خطابي

 19111مركز البحوث الدوائية والتشخيصية ، كلية الصيدلة ، جامعة عمان الأهلية، عمان، الأردن، 1
 11937قسم العلوم الصيدلانية والصيدلانيات، كلية الصيدلة، جامعة العلوم التطبيقية الخاصة، عمان، الأردن، الرمز البريدي:  2

 الخلاصة

ذات المجموعات الوظيفية المختلفة )بروبيل أمين، بروبيل ثيول، بروبيل (  SNsفي هذه الدراسة، جرى تحميل جسيمات السيليكا النانوية )

كربوك )حمض  لوموستين  السرطان  بمضاد  الهيدروكسيل(  ومجموعة  )(  LMSسيلي،  الفوليك  بحمض  ربطها  من      (  FAثم   كل ٍّ  لإنتاج 

FA-NH₂-SNs     وFA-SH-SNs  وFA-COOH-SNs  وFA-OH-SNs     النانوية الجسيمات  توصيف  جرى  وقد  التوالي.  على 

ومعدل الاطلاق  (  EEو تم تحديد كفاءة التغليف )( ،  DLSيناميكي )و جهاز التشتت الضوئي الد(  FTIRباستخدام الأشعة تحت الحمراء )

تجاه خلايا   المختبر  الخلوية في  السمي ة  تقييم  تم  البنفسجي. كما  المطياف فوق  اختبار    VEROو  HeLaباستخدام  وقد     MTTباستخدام 

الـ   تغليف  الفوليك.  FTIR%، وأكدت أطياف  40نسبة    LMSتجاوزت كفاءة  ارتباط حمض  الـ    نجاح  تحميل  بعد  الجزيئات  ازداد حجم 

LMS    بين تراوح  الفوليك، حيث  السطحي )   308و  284وربط حمض  الجهد  أن جميع (   Zeta potentialنانومتر. وأظهرت قياسات 

جسيمات   في  تغير  أكبر  وكان  الفوليك،  حمض  ربط  بعد  سالبية  أكثر  أصبحت  النانوية  −)  NH₂-SNsالجسيمات  نحو  −  4من    14إلى 

بين معظم التراكيب في كل ٍّ من (   p < 0.05فروقاً إحصائية  ) (  One-way ANOVAلت(. كما أظهر تحليل التباين الأحادي )ميليفو

خلايا   أعلى ضد  الخلوية  السمي ة  وكانت  الحر.  بالدواء  مقارنة  أقل  كانت  والتي  الخلوية،  والسمي ة  الدواء  اطلاق  مقارنة    HeLaمعدلات 

داف المعتمد على مستقبلات الفولات. كان ترتيب التأثيرات السمية الخلوية مرتبطًا بسلوك معدلات الإطلاق  نتيجة الاسته،  VEROبخلايا  

جسيمات   لت  سج  حيث   ، )  FA-NH₂-SNsالدوائي  القيم  و18أقل  الوظيفية %40  المجموعة  نوع  أن  تبَيَّن  وبذلك  التوالي(.  على   %

ال حمض  ارتباط  كفاءة  في  كبيرة  بدرجة  يؤثر  حيث  السطحية  ل،  المحم  للدواء  المخبرية  الخصائص  تعديل  إلى  بدوره  يؤدي  مما  فوليك، 

 ارتبطت زيادة ارتباط حمض الفوليك بانخفاض معدلات الاطلاق والسمي ة الخلوية. 

)  الكلمات المفتاحية:  الديناميكي  الضوئي  التشتت  بجهاز  التحلبل  الخلوية،  السمية  التراكمي،  الح،  (DLSالإطلاق  تحت  مراء  الأشعة 

FTIR  ، .اللوماستين ، جسيمات السيليكا النانوية، المجموعات الوظيفية على السطح 


	Investigating the Effect of Functional Group on Folic Acid Conjugation and in vitro Characteristics of Lomustine from Silica Nanoparticles
	How to Cite this Article

	Investigating the Effect of Functional Group on Folic Acid Conjugation and in vitro Characteristics of Lomustine from Silica Nanoparticles
	Introduction
	Materials and methods
	Materials
	Methods
	Preparation of LMS stock solution and LMS loaded SNs
	Evaluation of the encapsulation efficiency of the SNs
	Modification of NH2-SNs with FA
	Modification of SH-SNs with FA
	Modification of COOH-SNs with FA
	Modification of OH-SNs with FA
	FITR analysis
	DLS analysis
	Assessment of in vitro drug release
	Antiproliferative (cell viability) assay
	Results and discussion
	Measuring the encapsulation efficiency of SNs
	Characterization of SNs
	FTIR analysis
	DLS analysis
	In vitro drug release study
	In vitro cell viability assay
	Conclusion
	Acknowledgment
	Authors' declaration
	Authors' contributions statement
	References

