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Methotrexate-human serum albumin conjugates were developed by a simple carbodiimide reaction. Methotrexate-human
serum albumin conjugates were then crosslinked with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide HCl (EDC) to form
nanoparticles. The size of nanoparticles determined by laser light scattering and TEM was between 90–150 nm. Nanoparticles
were very stable at physiologic conditions (PBS pH 7.4, 37◦C) and after incubation with serum. The effect of amount of EDC
used for crosslinking on the particle size and free amino groups of nanoparticles was examined. The amount of crosslinker
showed no significant effect on the size of nanoparticles but free amino groups of nanoparticles were decreased by increasing the
crosslinker. The physicochemical interactions between methotrexate and human serum albumin were investigated by differential
scanning calorimetry (DSC). Nanoparticles were more cytotoxic on T47D cells compared to free methotrexate. Moreover,
methotrexate-human serum albumin nanoparticles decreased the IC50 value of methotrexate on T47D cells in comparison with
free methotrexate.

1. Introduction

HSA as a drug carrier represents a new strategy for controlled
drug delivery. Its use as a polymeric particulate system
[1, 2] or conjugates with drug molecules [3] has been
reported. HSA conjugates can localize drugs in special
site and control the release of drugs. Therefore, HSA is
considered as good candidate for drug delivery in cancer
therapy [4]. MTX is a folate antagonist and is used widely
in the treatment of human cancer. MTX induces cancer
cure in women suffering from metastatic choriocarcinoma
[5, 6]. Moreover this antimetabolite has several defects.
After I.V. administration, MTX is rapidly cleared from
circulation through the kidneys. Mean distribution half-life
of MTX is 1.5–3.5 hrs [7]. Consequently, tumor exposure
time of MTX is short. Several efforts have been made to

reduce MTX defects. In a study, MTX has been physically
incorporated into bovine serum albumin nanoparticles to
target and control the release of MTX in tumor environment
[8]. A disadvantage of this system may be the increased
chance of tumor resistance due to the sustained release of
methotrexate. Moreover, nun-targeted release of drugs may
induce side effects [9]. Conjugation of cytotoxic drugs to
carriers decreases the systemic toxicity and increases their
therapeutic benefits [10]. HSA plays an important role as
a nutrient for proliferating tumors; consequently HSA is a
very good candidate for conjugating cytotoxic drugs [11].
Preparation of MTX-HSA conjugates have been reported
before. Endo et al. studied the cytotoxicity of conjugated
MTX on MM46 cells [12]. They showed that free MTX was
more cytotoxic than MTX-HSA conjugates on the tumor cell
line. In this study we have prepared MTX-HSA nanoparticles
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using MTX-HSA conjugates. MTX-HSA nanoparticles with
a size of less than 150 nm have a good chance to reach tumor
cells through the porous membranes of vascular system as a
result of enhanced penetration and retention (EPR) effect.
Previous studies have shown the benefit of nanoparticles
for the delivery of cytotoxic agents [13]. Moreover, the
release of free MTX from nanoparticles in serum would
be low thus fewer side effects would be expected [10].
The physicochemical characterizations of nanoparticles, the
effect of the amount of crosslinker on particle size and free
amino groups of nanoparticles, and stability properties of the
MTX-HSA nanoparticles were evaluated.

2. Materials and Methods

2.1. Materials. Methotrexate USP was kindly donated
by Cipla Pharmaceutical Co., India. 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide HCl and human serum
albumin (HSA) were purchased from Sigma (Steinheim,
Germany). Total protein kit (Micro Lowry) was from
Sigma (Saint Louis, USA). PMRI-1640 modified medium
and penicillin/streptomycin solution were obtained from
Gibco Invitrogen (Carlsbad, CA). MTT was obtained from
Sigma (St. Louis, USA). Methanol and acetonitrile used as
mobile phase in HPLC and DMSO were purchased from
Merck (Darmstadt, Germany). Deionized water was used
throughout the experiment. All other chemicals used were
of reagent grade.

2.2. Preparation of MTX-HSA Conjugates. MTX (20 mg)
with EDC (15 mg) was dissolved in DMSO (1.25 ml). The
solution was placed in water bath at 50◦C for 15 min.
Then the solution was cooled to room temperature and was
added to HSA solution (250 mg HSA in 2 ml PBS pH 7.4).
After reaction time, unreacted MTX, EDC, and DMSO were
removed using Amicon Ultra-4 Centrifugal Filter Devices
(Millipore, USA).

2.3. Gel Permeation Chromatography (GPC). Gel permeation
chromatography was carried out using a GPC system (Agi-
lent 1100 Liquid Chromatographer, Agilent technologies,
USA) with a refractive index detector (Agilent technologies,
USA) and PL Aquagel-OH mixed gel-filtration column
(300×7.5 mm internal diameter, pore size 8 μm; Agilent tech-
nologies, USA). Water at a flow rate of 1.2 ml/min was used
as mobile phase. All experiments were performed at 23◦C.
HSA (50 mg/ml) and MTX-HSA conjugates (20 mg/ml) were
dissolved in water separately and were injected to GPC
system. Figure 1 shows the GPC chromatogram of MTX-
HSA conjugate and HSA. The GPC chromatogram of MTX-
HSA conjugate showed a peak at 19.8 min whereas a single
peak was found for HSA. No additional peak was detected for
free MTX and HSA in the GPC chromatogram of MTX-HSA
conjugate. These results indicated that MTX was coupled to
HSA successfully and no polymerization of HSA took place.

After analysis of MTX-HSA conjugate by GPC analysis,
HPLC analysis was used for identifying the MTX-HSA
conjugate and quantitative analysis of free MTX.
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Figure 1: The GPC chromatogram of MTX-HSA conjugate and
HSA.

2.4. High-Performance Liquid Chromatography Analysis of
MTX and MTX-HSA Conjugate. MTX-HSA conjugates were
characterized and tested for the content of free MTX using
HPLC. The amount of free drug in the conjugates was
determined by reverse-phase HPLC after precipitation of
MTX-HSA conjugate and extraction of free MTX in an
organic solvent. After addition of 2 mL of methanol contain-
ing ZnSO4 (1% w/v) to the conjugates (2 mg) dissolved in
water (0.5 mL), the samples were mixed and centrifuged for
10 minutes at 5000 rpm. The supernatant was analyzed using
a C18 column (4.6 × 250 mm, pore size 5 μm; Teknokroma,
Barcelona, Spain). The mobile phase (phosphate buffer pH
7.2: acetonitrile, 88:12 v/v) was delivered at a flow rate of
1.20 ml/min with a pump (WellChrom, K-1001, Knauer,
Berlin, Germany). The free MTX was detected at 305 nm
with an ultraviolet detector (WellChrom, K-2600, Knauer).
Then a solution of methotrexate and a mixture solution
of MTX and MTX-HSA conjugate were injected to the
above system separately. In addition, 2 mg of MTX-HSA
conjugate and 0.5 mg of MTX were dissolved in 0.5 ml 0.01
N NaOH and mixed; after addition of 1 mL of ethyl acetate,
the samples were mixed and centrifuged for 10 minutes
at 15000 rpm. The aqueous phase was discarded, and the
organic solvent evaporated under nitrogen flow. The residues
redissolved in methanol (100 μL) and were injected to the
above HPLC system.

2.5. Preparation of MTX-HSA Nanoparticles. MTX (20 mg)
with EDC (15 mg) was dissolved in DMSO (1.25 ml). The
solution was placed in water bath at 50◦C for 15 min. Then
the solution was cooled to room temperature and was added
to HSA solution (250 mg HSA in 2 ml PBS pH 7.4) at the rate
of 1 ml/min under constant stirring (600 rpm). The MTX-
HSA conjugates so formed were cross-linked by adding 5 mg
EDC under constant stirring at room temperature for 4 h
to produce MTX-HSA nanoparticles. Dialysis against PBS
was performed (cellulose membrane, cutoff 12000 kDa from
Merck, Germany) for removing unbound MTX, EDC, and
DMSO. Nanoparticles were then lyophilized at −40◦C for
48 h (Lyotrap Plus, LTE, scientific ltd, Oldham, UK).
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2.6. Determination of MTX/HSA Molar Ratio in Nanopar-
ticles. 12.5 mg of MTX-HSA nanoparticles was accurately
weighed and dissolved in 4 ml of 0.1 N NaOH. MTX content
was determined by using UV absorbance of the solution
in 372 nm. The calibration plot of dissolved MTX in 0.1 N
NaOH was linear in the range of 0.005–0.2 mg/ml. It was
assumed that the molar absorptivity of MTX did not change
by conjugation [14]. HSA absorbance was negligible at this
wavelength. HSA content of nanoparticles was determined
using Total Protein Kit, Micro Lowry, Peterson’s Modifica-
tion from Sigma-Aldrich.

2.7. Measurement of Size and Size Distribution of Nanopar-
ticles. Lyophilized nanoparticles were suspended in PBS to
make a 1% solution. Then the size, polydispersity and zeta
potential of MTX-HSA nanoparticles were determined by
Zetasizer Nano ZS (Malvern Instruments, Worcestershire,
UK).

2.8. Transmission Electron Microscopy (TEM). Lyophilized
nanoparticles were characterized by Transmission Electron
Microscope (Zeiss EM 900, Jena, Germany).

2.9. Differential Scanning Calorimetry (DSC). The thermal
behavior of MTX, HSA, physical mixture of MTX and HSA,
and MTX-HSA nanoparticles was studied by Differential
Scanning Calorimetry (DSC-60, Shimadzu, Japan) over a
range of 20 to 200◦C, at a scan rate of 10◦C per min.

2.10. In Vitro Release of MTX. The release of MTX was
evaluated by measuring the release of free MTX in phosphate
buffer (pH 7.4) and serum as follows.

An exact amount of MTX-HSA conjugate nanoparticles,
MTX-HSA conjugate, and MTX (20 mg) was dissolved
in 2 ml of PBS (pH 7.4) separately. The solutions were
introduced in dialysis tube (cellulose membrane, cutoff
12000 kDa, Merck, Germany). The tubes were placed into
capped, wide mouth jars containing 10 ml of PBS (pH 7.4)
as release medium. These jars were placed in a shaker water
bath (37◦C) for 72 hours. Every 24 hours, 0.1 ml of release
mediums was removed and replaced with 0.1 ml of the same
buffer solution. Samples were analyzed by high-performance
liquid chromatography (HPLC) on a Teknokroma C18, 4.6×
250 mm column at 305 nm to determine the free MTX [15].
30 mg of MTX-HSA conjugate nanoparticles, MTX-HSA
conjugate, and MTX were incubated with 3 ml of foetal calf
serum (FCS) and then were placed in 37◦C. Every 24 h free
MTX was determined in FCS [15].

2.11. Determination of Amino Groups in Conjugates. The free
amino groups of nanoparticles were determined using 2,
4, 6-trinitrobenzene-sulfunic acid (TNBS) [16]. After the
reaction of nanoparticles with TNBS, nanoparticles were
separated using Amicon Ultra-4 Centrifugal Filter Devices
(Millipore, USA). The filtrate was analyzed for remaining
free TNBS at 349 nm.

2.12. In Vitro Cytotoxicity of Nanoparticles. Human breast
cancer cells (T47D) were cultivated in RPMI-1640 medium
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Figure 2: HPLC chromatogram of free MTX and MTX-HSA
conjugate.

supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin at 37◦C in a humidified incubator
with 5% CO2. Cells were maintained in an exponential
growth phase by periodic subcultivation.

T47D breast cancer cells were seeded in 96-well plates
(Costar, IL, USA) at the density of 10000 viable cells/well and
incubated 24 h to allow cell attachment. The medium was
replenished every other day. The cells were incubated with
the MTX and MTX-HSA nanoparticles at concentrations
of 6.25 to 100 nM for 96 h. At appropriate time intervals,
20 μl of MTT (5 mg/ml in PBS) was added to each well, and
the culture medium containing MTT solution was removed
after 3-4 hrs. The formazan crystals were dissolved in 100 μl
DMSO and read at 570 nm. Cell viability was calculated by
the following equation:

Cell viability (%) =
(

Ints
Intc

)
n × 100, (1)

where Ints is the colorimetric intensity of the cells incubated
with the samples and Intc is the colorimetric intensity of the
cells incubated with the phosphate buffer (pH 7.4) only as
positive control. IC50, the drug concentration at which 50%
cell growth inhibited, was calculated by the curve fitting of
the cell viability data using Prism 4.0 (Graphpad, San Diego,
USA).

3. Results and Discussion

3.1. Characterization of MTX-HSA Conjugates. Figure 1
shows the GPC chromatogram of MTX-HSA conjugate and
HSA. The GPC chromatogram of MTX-HSA conjugate
showed a peak at 19.8 min whereas a single peak was found
for HSA. There were not any additional peaks for free
MTX and HSA in the GPC chromatogram of MTX-HSA
conjugate. These results indicated that MTX was coupled to
HSA successfully, and no polymerization of HSA took place.

Figure 2 shows the HPLC chromatogram of free MTX
and MTX-HSA conjugate. Free MTX showed a single peak at
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50 nm

Figure 3: Transmission electron micrograph of MTX-HSA
nanoparticles (MTX-HSA molar ratio: 2).
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Figure 4: DSC thermogram of MTX, HSA, physical mixture of
MTX and HAS and MTX-HSA nanoparticles.

1.9 min while the mixture solution of MTX-HSA conjugate
and free MTX showed two separate peaks at 1.9 and 4.9 min.
After injection of residues of liquid-liquid extraction with
ethyl acetate, only one peak was detected at 1.9 min. Because
in the process of liquid-liquid extraction with an organic
solvent such as ethyl acetate, MTX-HSA conjugate remained
in aqueous phase and only free MTX could have moved to
the organic phase. This result confirms that the peak seen at
4.9 min is related to MTX-HSA conjugate.

3.2. Characterization of MTX-HSA Conjugated Nanoparticles.
Three types of nanoparticles were prepared with MTX-
to-HSA molar ratios of approximately 2, 8, and 12. The
size, drug content, zeta potential, and polydispersity of
various samples are reported in Table 1. Nanoparticles were
analyzed with TEM. Figure 3 shows the transmission electron
micrographs of nanoparticles. The diameter of nanoparticles
determined by laser light scattering was in the range of 90–
150 nm. As can be seen in Figure 3 the size of nanoparticles

determined by TEM was approximately 50 nm. Laser light
scattering measurements were aimed at providing average
values for the hydrodynamic diameter while TEM is a
direct, model independent technique depicting the internal
structure of the individual nanoparticles. Smaller sizes of
nanoparticles determined by TEM compared with laser light
scattering have been previously reported [2].

Figure 4 shows the DSC thermograms of MTX, HSA,
physical mixture of MTX and HSA, and MTX-HSA conju-
gate nanoparticles. Differential scanning calorimetry (DSC)
technique was used to confirm successful conjugation of
methotrexate to human serum albumin [17, 18]. The
control experiments were carried out each using pure
methotrexate, human serum albumin, and physical mixture
of methotrexate and human serum albumin. The two
endothermic peaks of physical mixture of methotrexate and
human serum albumin (78◦C and 120◦C) are similar to
endothermic peaks of pure methotrexate (122◦C) and pure
human serum albumin (70◦C) whereas an endothermic
peak (90◦C) was observed for MTX-HSA conjugate. The
analysis of calorimetric data suggested that conjugation of
methotrexate to human serum albumin led to a shifting of
the Tm to lower temperatures. Compared to MTX, HSA and
physical mixture of methotrexate and human serum albu-
min, apparent difference observed in the thermal behaviors
and physicochemical properties of MTX-HSA conjugates
supports the possibility of conjugation of methotrexate to
human serum albumin.

Figure 5(a) shows the particle size of MTX-HSA
nanoparticles cross-linked with different amount of EDC
(2.5, 5, 7.5, 10, 12.5, and 15 mg). The results indicate that
the amounts of EDC used for cross-linking did not have
significant effect on the size of nanoparticles. Figure 5(b)
shows that by increasing the amount of cross-linker the free
amino groups per HSA molecule are decreased.

3.3. In Vitro Release of MTX. MTX-HSA nanoparticles were
stable in both phosphate buffer (pH 7.4) and fetal calf serum
(FCS) at 37◦C. After 72 hours, only 5% and 9% of MTX
were released from MTX-HSA nanoparticles in phosphate
buffer and FCS media, respectively. Nanoparticles with
different MTX/HSA molar ratios released similar amount
of MTX at physiologic condition (PBS pH 7.4 and 37◦C)
and after incubation with FCS. 6% and 10.2% of MTX were
released from MTX-HSA conjugates in PBS pH 7.4 and
FCS, respectively. It is obvious that 100% of free MTX were
released in PBS pH 7.4 and 37◦C and after incubation with
FCS.

3.4. In Vitro Cytotoxicity of Nanoparticles. Figure 6 shows
the in vitro cytotoxicity of free MTX drug and MTX-HSA
nanoparticles with different molar ratios of MTX to HSA
on T47D breast cancer cells. As can be seen the cytotoxicity
of MTX-HSA nanoparticles on T47D cells was significantly
higher than that of free MTX. It can also be seen that MTX-
HSA conjugates inhibited the cell proliferation even in lower
concentration at 96 h. The IC50 (the dose which produces



Journal of Nanomaterials 5

Table 1: Preparation and characterization variables and parameters of MTX-HSA conjugate nanoparticles.

Sample MTX (mg) HSA (mg)

EDC used for
MTX

conjugation
(mg)

MTX/HSA
molar ratio

Particle
diameter

(nm)

Zeta
Potential

(mV)
Polydispersity

1 20 250 15 12± 0.12 150.3± 5.1 −16± 0.2 0.20± 0.01

2 20 350 15 8± 0.18 111.7± 4.6 −12± 0.5 0.10± 0.01

3 20 700 15 2± 0.09 95.5± 3.2 −9± 0.2 0.12± 0.01
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Figure 5: The effect of the amount of EDC on the size of MTX-
HSA nanoparticles (a) and the number of free amino groups on the
surface of nanoparticles (b).

50% inhibition of growth) of free MTX drug and MTX-
HSA nanoparticles on T47D cells with incubation time of
96 h is shown in Table 2. These data show that MTX-HSA
nanoparticles decreased the IC50 value of MTX on T47D
breast cancer cells in comparison with free MTX.

Drug-carrier conjugated systems may be internalized by
different cell types, suggesting that they may be a suitable
carrier system for the transport of drugs into cells [19].
Nanoparticles formulations might improve drug deposition
and activity while reducing systemic toxicity and adverse
events [20]. The conjugation of cytotoxic drugs to carriers
can decrease the adverse reaction of these drugs. There are
different strategies for using albumin as a drug delivery
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Figure 6: Cytotoxicity effect of free methotrexate and MTX-HSA
NPs on T47D breast cancer cells after 96 h.

system for cancer therapy [21]. One strategy may be the
preparation of albumin particles loaded with cytotoxic agent
[8]. The disadvantage of this method is that release of the
cytotoxic agent in blood circulation induces side effects.
Another strategy is the conjugation of cytotoxic agents to
HSA [3, 22]. The disadvantage of this system is the lower
toxicity of the conjugated system in comparison to the
free drug [22]. However, there are other reports showing
higher cytotoxicity for the conjugated systems including
the current study [3]. In this study we tried to prepare
nanoparticles from MTX-HSA conjugates to increase the
cytotoxicity of the system on one hand and to reduce
the presumed side effects of the system on another hand.
Three types of nanoparticles with different molar ratios of
MTX to HSA were produced by variation of the amount
of HSA used in synthesis. Carboxylic acid groups of MTX
were activated by EDC coupling agent. These activated
groups react with primary amino groups of albumin. We
used DMSO as a solvent for both MTX and EDC. DMSO
plays the role of desolvating agent for HSA molecules.
Nanoparticles were prepared by desolvation process and then
were stabilized by addition of different amounts of EDC
as cross-linker. EDC acts as the crosslinking agent between
carboxylic acid groups of HSA and free amino groups of
HSA. Figure 5(a) demonstrates that the concentration of
cross-linker above 2% (5 mg EDC for 250 mg albumin) has
no significant effect on the size of nanoparticles. Increasing
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Table 2: IC50 of MTX and MTX-HSA nanoparticles on T47D breast cancer cells after 96 h.

MTX
MTX-HSA NPs MTX-HSA NPs MTX-HSA NPs

(MR:2)∗ (MR:8) (MR:12)

IC50 (nM) 123.4± 4.2 45.6± 2.5 24.6± 3.4 14.3± 2.9
∗

MR: molar ratio of MTX/HAS.

the amount of cross-linker decreased the free amino groups
of nanoparticles (Figure 5(b)). Low drug release from the
system both in phosphate buffer (pH 7.4) and in serum
indicates the stability of the nanoparticles. Consequently,
after I.V. administration of nanoparticles, the concentration
of free MTX in plasma will be very low, hence less side effects
are expected. The results of cytotoxicity test indicated the
higher cytotoxicity of MTX-HSA nanoparticles compared to
that of free MTX free drug. The cell viability measured at
125 nM drug concentration was decreased from 50.3% for
MTX free drug to 35.3%, 23.4%, and 18.5% for the MTX-
HSA nanoparticles with MTX-to-HSA molar ratio of 2, 8,
and 12, respectively, after 96 h of incubation. As can be seen
in Figure 6, MTX-HSA nanoparticles prepared using higher
molar ratio of MTX to HSA showed better inhibition of
cell proliferation even at low drug concentration (6.25 nM)
(P < . 05). The IC50 of MTX in the MTX-HSA nanoparticles
with molar ratio of 2, 8, and 12 is 2.5-, 5-, and 10-fold lower
than that of free MTX on T47D cells, respectively.

The increased antitumor activity of MTX-HSA nanopar-
ticles may be related to enhanced transendothelial cell trans-
port of albumin which is mediated by the gp60 (albondin)
receptor and caveolar transport [23, 24]. Albumin binding
to gp60 activates caveolin-1 resulting in the formation of
caveoli, which transport albumin and other plasma con-
stituents across the endothelial cell to the interstitial space.
The increased antitumor activity of MTX-HSA nanoparticles
may also be related to the enhanced intratumor delivery
of MTX. The gp60 receptors are specific for albumin and,
once activated, allow for transport of albumin complexes
across blood vessel wall barriers into underlying tumor tissue
[25]. Moreover, MTX has similar structure to folate. It is
possible that the molecules of methotrexate on the surface of
nanoparticles play the role of targeting moieties and increase
the transendothelial transport and cytotoxic effect of MTX-
HSA nanoparticles.

4. Conclusion

MTX was successfully conjugated to HSA using EDC. The
conjugates were then crosslinked using EDC to prepare
nanoparticles with a size range of 90 to 150 nm. The
nanoparticles prepared in this study were shown to be more
soluble in aqueous and PBS media. It was also shown that the
MTX-HSA conjugated nanoparticles were of more cytotoxic
effect on T47D cell line than MTX free drug. In conclusion it
can be said that the MTX-HSA nanoparticles were showed
to be superior in vitro antitumor activity when compared
to MTX free drug. These nanoparticles appear to be a good
candidate for further antitumor tests in animal models.

Abbreviations

HSA: Human serum albumin
MTX: Methotrexate
MTX-HSA: Methotrexate-Human serum albumin
EDC: 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide HCl
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