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Abstract
 Despite the extensive application of methotrexate (MTX) as a chemotherapeutic agent and an im-
mune system suppressor, its therapeutic implementation has been limited due to its poor pharmacokinetics, 
saturable cellular transport, and insufficient response in some conditions. These limitations have resulted in 
the development of novel formulations. A pH-dependent MTX release was indicated in our previous study 
on polyethyleneimine nano-hydrogels; however, it exhibited a fast drug release in phosphate-buffered sa-
line simulating physiologic pH and tonicity conditions. Thus, the current study was aimed at the synthesis 
of Zn(MTX)2Cl2 complex (MTX-Zn) to modulate drug loading and release under physiologic condi-
tion (pH=7.4). MTX-Zn was synthesized by the hydrothermal method and characterized by TLC, FT-IR 
spectroscopy, and Eriochrome Black T complexometric titration. MTX-Zn was then loaded into the nano-
hydrogels and purified through ultrafiltration. The final product was evaluated by DLS, Zeta-potential, 
and TEM. The variations in the drug loading and release in acidic (tumor) and physiologic media were as-
sessed through UV-Vis spectrophotometry and dialysis methods, respectively. A 5-fold enhancement was 
observed in the MTX solubility in the acetate buffer; while the Log D value increased from -0.66 to 0.1 
upon Zn2+ complexation, reflecting an augmentation in the drug lipophilicity. The MTX-Zn loaded nano-
hydrogels exhibited desirable physicochemical features like a small hydrodynamic diameter of 125.7 nm 
and low polydispersity (PDI = 0.14). The results indicated that, the release tests indicated that the release 
of MTX-Zn involves a combination of diffusion and swelling mechanisms. MTX-Zn complexation can be 
applied in the sustained drug release from the nano-hydrogel formulations.
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1. Introduction
 Methotrexate (2, 4-diamino-N10-methyl 
propylglutamic acid, MTX) has been extensively 
applied in the treatment of solid tumors, hema-
tologic malignancies, and autoimmune diseases. 
This compound has been recognized for its anti-
metabolite activity through dihydrofolate reduc-
tase inhibition and subsequent disturbance in DNA 

and RNA synthesis. MTX can also inhibit folate-
dependent enzymes, causing adenosine overpro-
duction which evokes immunosuppression (1). 
Conventional formulations of MTX can be found 
in the forms of injectable solutions and oral tab-
lets. The therapeutic efficacy of this compound has 
been limited by its poor pharmacokinetics and bio-
distribution and insufficient clinical response (2). 
In this context, various delivery systems have been 
developed to resolve its drawbacks. Polymeric 
conjugates (e.g. human serum albumin, polyethyl-
ene glycol), liposomes, microspheres, dendrimers, 
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and nano-hydrogels have shown promising poten-
tials to enhance the MTX therapeutic efficiency 
(3). Nano-hydrogels belong to the family of nano-
scale particulate substances with several promising 
properties like hydrophilicity, structural versatil-
ity, biocompatibility, long life in blood circulation, 
and the capability of actively or passively targeting 
the desired bio-phase such as tumor sites (4). Ow-
ing to their cross-linked structure, they have higher 
swelling tendency rather than dissolution in aque-
ous media. This property plays a crucial role in 
controlling their drug release profile. Some studies 
have reported the use of nano-hydrogels for MTX 
delivery. Azadi et al. prepared MTX-loaded chi-
tosan nanogels by the ionic gelation method and 
successive surface-modification with polysorbate 
80 to deliver it to CNS. Their nanogels showed an 
average size of 118 nm, superior loading capac-
ity (53%), and a sustained release of 60% within 
48h via both passive diffusion and swelling mech-
anisms (5). Lysozyme-pectin nanogels were also 
synthesized by a self-assembly mechanism for 
MTX delivery purposes. The loading capacity of  
spherical nanogels with sizes of 109 nm was 17%, 
with a pH-dependent drug release in acidic media 
(pH=5.3) (6). 
 A class of nano-hydrogels has been pre-
pared through chemical crosslinking of hydro-
philic polymers (7). Branched polyethyleneimine 
(PEI) is a cationic polyelectrolyte containing pri-
mary, secondary, and tertiary amino groups with 
respective ratios of 1/4, 1/2, and 1/4 and a mean 
pKa range of 8.5-9 (8). PEI can be employed in 
chelating transition metal ions (9) to immobi-
lize the proteins and enzymes (10), anchor metal 
nanoparticles (11), and deliver drugs (12) and 
genes (13). PEI-grafted methoxy-PEG (mPEG-
g-PEI) has been widely applied for reducing im-
munogenicity and cytotoxicity (14). Our previous 
work indicated several major structural features of 
the PEI nano-hydrogels for effective MTX deliv-
ery (15): I) its narrow size of distribution, II) effec-
tive microencapsulation of the negatively-charged 
MTX, III) biodegradability of the nano-hydrogel 
crosslinkers (16), IV) superior biocompatibility of 
the nano-hydrogel over non-crosslinked PEI (17), 
and 5) improved pharmacokinetics and therapeutic 
outcomes in collagen-induced arthritis in C57Bl/6 

mic model compared with free MTX (18). None-
theless, it exhibited a fast drug release rate in phos-
phate-buffered saline simulating the physiologic 
pH and tonicity conditions.
 As one of the essential trace elements, 
zinc ion (Zn2+) is involved in the formation of var-
ious proteins and enzymes (19, 20). Historically, 
Zn2+ was first added to insulin to develop a sus-
tained-release formulation of Neutral Protamine 
Hagedorn (NPH) and insulin zinc crystal (Lente). 
In addition to sustaining insulin absorption, Zn2+ 
complexation also improves insulin performance 
by protecting its chains against proteolytic en-
zymes, hence incrementing the in vivo insulin 
stability (21). Several heterocyclic compounds in-
cluding MTX can serve as ligands to synthesize 
Zn2+-coordinated compounds (22). In this context, 
the current research is aimed at the synthesis of 
Zn(MTX)2Cl2 complex (MTX-Zn) to modulate 
MTX loading and release kinetics from the PEI 
nano-hydrogels. 

2. Material and Methods
2.1. Materials
 Polyethyleneimine 10 kDa (corresponding 
to Mw/Mn of 1.4) and methoxy polyethylene gly-
col 2 kDa (mPEG2000–COOH) were respectively 
supplied from Poly Sciences Inc. (Canada) and 
Jenkem (USA). Dithiodipropionic acid (DTDP), 
1-(3-dimethylamino-propyl)-3-ethyl carbodiimide 
hydrochloride (EDC), N-hydroxysuccinimide 
(NHS), ethylenediaminetetraacetic acid (EDTA), 
and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) were bought from 
Sigma-Aldrich (USA). ZnSO4.7H2O, dichloro-
methane (DCM), dimethyl sulfoxide (DMSO), 
triethylamine, and potassium bromide (KBr) were 
purchased from Merck (Germany). MTX powder 
(free base) was donated from Heumann, China. 

2.2. Synthesis and characterization of  
Zn (MTX)2Cl2 
 The synthesis procedure was done by re-
acting MTX with ZnCl2 in double distilled water.   
In a typical process, an aqueous solution of anhy-
drous zinc chloride (0.1364 g, 1 mmol) (10 ml) was 
dropwise added to MTX solution under stirring at 
70 °C. The mixture then experienced 48 h of incu-
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bation at 70 °C. The reaction medium was slowly 
evaporated at room temperature; after 2 weeks, the 
pale-yellow crystals precipitated which were then 
washed with distilled water followed by 48-hour 
drying at 40 °C. An aliquot of the product solution 
was run on silica gel-coated plates and compared 
with free MTX using hexane/ethyl acetate/metha-
nol solvent (1:3:6 v/v). 
 Zn (MTX)2Cl2 (MTX-Zn) was evalu-
ated by Fourier-transform infrared spectroscopy 
(FTIR) and Eriochrome Black T (ECBT) com-
plexometric titration. For the FTIR spectroscopy 
analysis, the samples were mixed with KBr and 
compressed into discs. A sum of 20 scans were 
taken using a spectrophotometer (Vertex, Bruker, 
Germany) which were then averaged at the resolu-
tion of 4 cm-1 in range of 500-4000 cm-1. Erio-
chrome Black T (ECBT) was employed to monitor 
the formation of MTX-Zn complex. To this end, 
0.25 mg ECBT powder was added to the tubes 
containing 0.5 ml MTX-Zn test solution and 0.5 
ml ZnCl2 (14×10-5 mmol) control solution. A 
purple color emerged upon the formation of Zn2+ 

complex. Both samples were titrated by EDTA so-
lution (10 mM) until the solution color turned into 
blue. The amount of Zn2+  reacting with MTX was 
determined from the amount of consumed EDTA 
through the below Equation:
 Amount of Zn2+ reacted with 
MTX=(MZn2+×VZn2+) - (MEDTA×VEDTA)
 Where MZn2+ , VZn2+ , MEDTA and VE-
DTA denote the molar concentrations of ZnCl2, 
the volume of ZnCl2 solution, and the molar con-
centration, and volume of consumed EDTA, re-
spectively.

2.3. Solubility and distribution coefficient
 Before determining the solubility of MTX-
Zn in phosphate (10 mM, pH 7.4) and acetate (10 
mM, pH 5.5) buffers, 2.2 mg of the product and 
equal amount of free drug were individually add-
ed to 500 μl of buffer under overnight stirring at  
25 °C. Afterward, the supernatants were separated 
using a centrifuge at 5000 rpm for 10 min followed 
by UV spectroscopy (BioTek, USA) at 305 nm. 
Apparent MTX solubility was determined from 
the calibration curves in the corresponding buffers.
 To calculate MTX distribution coefficient 

(LogD) upon Zn2+ complexation, 1.20 mg of 
the product or MTX (free base) were separately  
dissolved in a decanter containing a predetermined 
amount of equilibrated phosphate buffer and 1-oc-
tanol and stirred for 24 h. The buffer phase was 
carefully separated, and its UV absorbance was 
measured. The MTX concentration was measured 
by the calibration curve. LogD was also deter-
mined by Eq. 1:

( ) ( )( )

( )

0 PB - PB

=
PB

eq PB

Oct
Oct

eqPB

C C V
VlogD
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×

     (Eq.1)

 Where C0(PB) and Ceq(PB) represent the 
primary and equilibrium concentrations of MTX in 
phosphate buffer (pH=7.4), while VPB and VOct 
denote the respective volumes of phosphate buffer 
and octanol under the equilibrium condition.  

2.4. Synthesis and loading of nano-hydrogel 
 Micellar template-assisted technique was 
utilized to prepare PEI nano-hydrogels (NG) (15). 
In brief, a methanolic solution of the NHS-activat-
ed ester of mPEG2000-COOH was poured to the 
PEI solution in DCM at mPEG/PEI weight ratio 
of 0.5. TEA (1%) was then employed as a proton 
quencher. The reaction medium was stirred for 3 
h. A rotational speed vacuum (RVC 2-18, Christ, 
Germany) was applied to concentrate the products 
which were then diluted in 3 ml deionized wa-
ter, dialyzed (Float-A-Lyzer 6-8 kDa, Spectrum, 
USA) and lyophilized (Alpha 1-2 LD, Christ, Ger-
many). Crosslinking was achieved by dropwise 
addition of ZnCl2 solution into 30 mg PEG-g-PEI 
dissolved in MES buffer (100 mM, pH 5.6) at the 
Zn2+/Nitrogen ratio=0.2 followed by 30 min stir-
ring until the formation of polymeric micelle tem-
plates which served as a nano-reactor during the 
crosslinking process. Afterward, DTDP (100 mM) 
in DMSO, EDC (200 mM), and NHS (200 mM) 
were incorporated and stirred overnight stirring. 
The coordinated Zn2+ and residual reactants were 
removed through dialysis (Float-A-Lyzer 3.5 kDa) 
in HCl solution (pH=3.0) and then distilled water. 
 MTX (NG-MTX) or MTX-Zn (NG-MTX-
Zn) loading was accomplished by adding 3 ml NG 
dispersion (3 mg/ml) to the tubes containing 1.8 ml 
MTX-Zn solution (7.7 mg/ml) or MTX (6.4 mg/
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ml) and their mixing by pipetting. The mixtures 
were then incubated at 25 ℃ for 72 h under shak-
ing conditions. Free drug separation was achieved 
utilizing ultrafiltration (Amicon 3 kDa, Millipore, 
USA) at 3000 rpm for 30 min. MTX loading ef-
ficacy (%) and loading capacity (%) were deter-
mined according to the free MTX concentration 
using UV-vis spectrophotometry. 

2.5. Morphology, particle size, and ζ potential
 Dynamic light scattering (DLS 180˚, Mi-
crotrac, Germany) method was utilized to assess 
the particle size in which a patented controlled 
reference method was applied to incorporate 180˚ 
heterodyne detection by determining signals of 
different scattered frequencies as well as the re-
flected unshifted frequency of the original laser 
(780 nm). The Doppler frequency shift spectrum 
was used to evaluate the multimodal and broad 
size distribution. The hydrodynamic diameter of 
NG before and after loading was measured in 20 
mM phosphate buffer (pH=7). The data analysis 
was conducted considering the viscosity and re-
fractive index of water at 25 °C. The ζ potentials 
analysis was carried out on the diluted samples us-
ing calibrated Zeta-Check (Microtrac, Germany) 
for oscillating zeta streaming potential. Transmis-
sion electron microscopy (TEM, Zeiss-EM10C-80 
KV, Germany) was conducted to examine the sol-
id-sphere size and morphology of MTX-Zn loaded 
NG which was negatively stained by a drop of 1% 
uranyl acetate solution at a contact time of 20 s. 
The samples were air-dried before imaging. 

2.6. In-vitro release 
 MTX or MTX-Zn release from NG was 
explored by dialysis (6-8 KDa) of the loaded sam-
ple dispersions in distilled water (MTX:1.937 mg 
or MTX-Zn:2.22 mg) in 200 ml acetate buffer (10 
mM, pH 5.5, NaCl 140 mM) or phosphate buffer 
(10 mM, pH 7.4, NaCl 140 mM) at 37 °C. To do 
so, 5 ml of the media was collected and replaced 
with the fresh buffer in different time intervals (30 
min, 1, 2, 4, 6, 8, 10, 24, 48, and 72 h). The sample 
absorbance was measured at 305 nm. The MTX 
or MTX-Zn concentrations were calculated based 
on their corresponding calibration curves. The re-
lease data were fitted with diverse mathematical 

models (zero-order, first-order, and Higuchi). The 
drug release mechanism was further examined by 
fitting the first 60% drug release results with the  
Korsmeyer-Peppas equations (23). The model fit-
ness (R2), release rate (k) and exponent (n), and 
the lag time (t0) were calculated considering the 
released portion of MTX (M/M∞) as a function of 
time (t) through a non-linear regression method 
(Eq. 2):

( )0  M k t t
M ∞

= −                                            (Eq. 2)

2.7. Statistical Analysis
 Prism Software version 5.0 (GraphPad, 
USA) was applied for statistical analysis. P values 
below 0.05 were considered statistically signifi-
cant and the data were reported as mean ± standard 
deviation (SD).

3. Results and Discussion
3.1. MTX-Zn complex
 The MTX-Zn complex in double distilled 
water was obtained by mixing MTX (ligand) and 
ZnCl2 (molar ratio of 2:1) at 70 °C. TLC was ap-
plied to monitor the formation of the coordina-
tion complex. The retardation factor (Rf) of MTX 
and MTX-Zn was determined as 0.55 and 0.41, 
respectively, reflecting longer retention of MTX 
on the plate due to its complexation with ZnCl2. 
FTIR spectroscopy was applied for further in-
vestigation of the samples (Figure 1). Redshift of 
ʋ(C=O) from 1644 cm-1 (for free MTX) to 1620 
cm-1 (for MTX-Zn) was noticed, indicating the 
deprotonation of the MTX carboxyl group upon 
complexation with Zn2+, which has been similarly 
reported in other studies (24). Moreover, the broad 
ʋ(O-H) band of MTX carboxylic acid groups was 
shrank upon MTX-Zn complexation. Additionally, 
the presence of the coordinated water in the com-
plex can be inferred due to the emergence of the 
ʋ(H2O) broad band  in 2500-3500 cm-1. The Zn2+ 
content of the MTX-Zn sample was determined by 
complexometric titration technique using ECBT. 
Upon adding 4.3 and 14.8 μl of the EDTA solu-
tion, the MTX-Zn and ZnCl2 solutions reached the 
titration endpoint, respectively. The EDTA reacted 
with Zn2+ at a ratio of 1:1 (25), thus, it can be con-
cluded that about 70% Zn2+ ions were involved in 
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MTX-Zn synthesis.
 Solubility and distribution coefficient  
(Log D) of the MTX-Zn sample in acetate 
(pH=5.5) and phosphate buffer (pH=7.4) were 
compared with those of MTX (free base). The 
solubility of free MTX was determined 2805±70 
µg/ml and 205±5 µg/ml in phosphate and acetate 
buffer, respectively. Whereas, MTX-Zn exhibited 
the solubility of 1283±56 µg/ml and 1055±74  
µg/ml in phosphate and acetate buffers, respective-
ly. These results indicated and enhancement in the 
MTX solubility when dissolved in acetate buffer 
as compared with the phosphate buffer. At neutral 

pH, the carboxyl groups of MTX were deionized 
and got highly hydrated. Upon complexation with 
Zn (MTX-Zn), the carboxyl groups of MTX bond-
ed with Zn2+, which declined their H-bonding 
ability with water molecules, declining the MTX 
solubility (25). Furthermore, MTX-Zn enhanced 
the solubility of the non-ionized MTX molecules 
which were mainly formed in acidic media. In ac-
cordance with the solubility data, LogD values 
were also determined as -0.67 and +0.10 for MTX 
and MTX-Zn, respectively, reflecting improved li-
pophilicity of MTX upon complexation.
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Figure 1. Comparative FT-IR spectra of MTX-Zn (orange line) vs. free MTX (blue line).
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Figure 2. Hydrodynamic diameters of NG loaded with either MTX or MTX-Zn in 20 mM phosphate buffer 
(pH 7.4). 
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3.2. Morphology, particle size and ζ potential 
 MTX and MTX-Zn were separately 
loaded into NG through a post-loading process.  
Figure 2 depicts DLS histograms of NG, NG-
MTX and NG-MTX-Zn. The mean hydrodynamic 
diameter of NG showed a significant decline from 
366.0±21.4 nm to 92.7±9.9 and 125.7±9.5 nm in 
the case of NG-MTX and NG-MTX-Zn, respec-
tively. Such a reduction in size could be assigned 
to the shrinkage of NG 3D-network (26, 27).  
Moreover, polydispersity index (PDI) decrement-
ed from 0.42±0.01 to 0.35±0.01 and 0.14±0.01 in 
the case of NG-MTX and NG-MTX-Zn, respec-
tively. This descending trend can be attributed to 
the physical inter-chain crosslinking upon drug 
loading. According to Figure 2, NG-MTX-Zn par-
ticles were spherical and uniform exhibiting light 

grey core and dark grey boundary (Figure 3). The 
ζ potential of NG (+37.6±4.5 mV) declined upon 
free MTX or MTX-Zn loading to +6.2±1.8 and 
+6.4±1.5 mV, respectively. The decreased ζ poten-
tial is indicative of lower cytotoxicity of the drug 
loaded NGs (28). Additionally, ζ potential values 
in range of +/-15 mV might be regarded as a sign 
of particle aggregation; however, the steric hin-
drance of the PEG chains prevented the NGs from 
aggregation (15, 29). 

3.3. MTX loading and in-vitro release 
 MTX and MTX-Zn were separately load-
ed into NG with the respective loading efficiency 
of 91.2±1.3% and 85.2±10.7%. In comparison 
to MTX, MTX-Zn exhibited lower (but not sig-
nificant) loading efficiency. The substitution of the 

 

Figure 3. Transmission electron microscopy (TEM) image of the MTX-Zn loaded NG.
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H2O molecules in MTX-Zn structure with amine 
groups in PEI could have a decisive impact on its 
loading. The reported loading efficiencies were 
however considerably higher than the previous 
studies on the MTX loading into nano-hydrogels 
(30, 31).
 Prior to the release experiment, the mem-
brane transport of MTX-Zn was assessed un-
der similar release conditions which exhibited a 
rapid drug transport through the dialysis mem-
brane. First-order kinetic model was well fitted 
to the data with half-lives of 2.2 h (R2=0.99) and 
3.0 h (R2=0.98) in acetate and phosphate buffer,  
respectively. Based on Figure 4, the MTX release 
was more rapid in phosphate buffer (approximate-
ly 6 times), which could be attributed to lower 

solubility of MTX in acetate buffer (pH=5.5) in 
comparison with phosphate buffer (pH=7.4) (32). 
Interestingly, MTX-Zn exhibited a significantly 
lower release rate in phosphate buffer compared 
with MTX. The lower solubility of MTX-Zn (see 
the solubility tests) and possible complexation 
with PEI amines of NG can explain the sustained 
release of MTX.  
 The drug release kinetics was fur-
ther explored by fitting the first 60% data with  
Korsmeyer-Pappas model (Table 1). The men-
tioned model exhibited the lowest RMSE and 
highest R2. As the n value lied within the range of 
0.45-0.85, it can be deduced that both passive drug 
diffusion and NG swelling are involved in the drug 
release kinetics (33, 34). 

Table 1. Release kinetic parameters and statistics for the MTX-Zn loaded (NG-MTX-Zn) compared to 
MTX-loaded PEI nano-hydrogels (NG-MTX) in phosphate buffered saline (pH 7.4) and acetate buffered 
saline (pH 5.5) media 

Model Parameter / 
Statistic

NG-MTX 
(7.4)

NG-MTX 
(5.5)

NG-MTX-Zn 
(7.4)

NG-MTX-Zn 
(5.5)

zero order K0 (mean) 24.49 3.27 10.38 3.67
K0 (SE) 3.25 0.36 2.78 0.33

R-squared 0.966 0.965 0.875 0.976
RMSE 3.929 0.984 3.355 0.904

first order K1 (mean) 0.77 0.40 0.66 0.41
K1 (SE) 0.28 0.11 0.34 0.11

R-squared 0.850 0.853 0.727 0.872
RMSE 8.249 2.021 4.955 2.100

Higuchi KH (mean) 35.36 6.90 15.65 7.67
KH (SE) 3.54 0.72 2.06 0.87

R-squared 0.980 0.969 0.967 0.963
RMSE 2.985 0.931 1.735 1.134

Weibull β (mean) 0.36 0.04 0.12 0.04
β (SE) 0.02 0.01 0.03 0.01

R-squared 0.994 0.972 0.898 0.983
RMSE 1.641 0.880 3.034 0.773

Korsmeyer-Peppas Kp (mean) 31.54 5.10 15.26 5.41
n (mean) 0.68 0.71 0.53 0.74
Kp (SE) 0.58 0.27 1.32 0.21
n (SE) 0.03 0.05 0.15 0.03

R-squared 0.999 0.995 0.967 0.998
RMSE 0.728 0.370 1.728 0.291

Note: K0, K1, KH, β, Kp correspond to the rate constants in zero-order, first-order, Higuchi, Weibull and Korsmey-
er-Peppas models; SE and RSME denote standard error and residual mean squared error, respectively.
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