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ABSTRACT : Dendrimers are perfect artificial macromolecules with well-defined shape and 
their suitability for drug delivery is affected by charge, end functionality, generation number 
and molecular weight. In this study conjugated polyamidoamine (PAMAM generation 4) 
with methotrexate (MTX) using glutaric acid (GA) as a spacer was studied. To initiate the 
conjugation, we have tailored the amine end functional group of PAMAM with carboxylate 
to lower the reactivity and the steric hindrance of the drug. The glutaric acid was first linked 
to methotrexate before conjugating them with PAMAM to get a relatively high payload. The 
conjugation of PAMAM-GA-MTX was confirmed through UV-Vis, FTIR, 1H NMR and DSC. 
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INTRODUCTION 

The advanced of biodegradable and biocompatible polymers has increased the versatility 

of polymers in the design of polymeric drug delivery device for many classes of bioactive 

agents (Khandare, 2005). Dendritic nanostructures can play a key role in drug delivery, 

due to their high density and variety of functional group that can facilitate and modulate the 

delivery process. Dendrimer (one of dendritic nanostructure) is usually spherical in shape 

and contain interior void spaces (Figure 1 ). They are often characterized by their terminal 

generation. Several polymer -based drug delivery methods are being investigated in which 

the drug is encapsulated, complexed or conjugated to the polymers. One of their most 

popular applications for these unique nanostructures is in cancer treatment. Dendritic 

nanostructures can play a key role in drug delivery, due to their high density and variety of 

surface functional group that can facilitate and modulate the delivery process. This includes 

the ability of the polymer to release drug in a controlled manner, prolong circulation times 

and to increase the drug solubility which makes able for drug carriers. Desirable to achieve 

increased efficacy of drugs, enhanced cellular entry, and reduced side effect were the three 

functions of this polymer in cancer therapy. Complexes and conjugates of dendrimers with 

different drugs can be prepared with high drug payloads. It can be prepared by decreasing 

the steric hindrance of the surface functional group which are very close to each other and 

also by increasing the reactivity of the drug molecule and the dendrimer surface functional 

groups (Jesse, 2008; Kolhe, 2006; Dhanikula, 2007). 

High drug payload was still a major problem for methotrexate due to the steric hindrance of 

both dendrimer and the methotrexate itself. For in vivo application, covalently conjugated 

drug will be more stable at physiological pH compared with encapsulation or complexation 

because of their weak ionic interaction (Gurdag, 2006). 

In this study, polyamidoamine (PAMAM) dendrimers (Figure 1) with amine end group of 

4th generation were used to target cancer cells with conjugated methotrexate (MTX) using 

glutaric acid as a spacer. PAMAM dendrimers have received much attention due to their 

ability to solubilize water-insoluble drugs and the ability to promote the transport of drugs 

across biomembranes. Whilst, methotrexate act as inhibitors in cancer treatment in which 

it will interfere with the growth of cancer cells that should be destroyed (Svenson, 2009). 

In order to overcome the steric hindrance and at the same time to improve the stability and 

reactivity of methotrexate, glutaric acid was first attached to methotrexate before 

conjugating them with PAMAM. The conjugation was characterized by UV-Vis, FTIR, 1H 

NMR, and DSC. 
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Figure 1. PAMAM (polyamidoamine) ~d generation (Gurday, 2006) 

MATERIALS 

PAMAM dendrimer, generation 4 (Mw 14242.12 g/mol) and dicyclohexylcarbodiimide (DCC) 
were purchased from Aldrich, methotrexate (Fluka), glutaric acid (Acros), and dialysis 
membrane with molecular weight cutoff of 3500 Da was purchased from Spectra Pore. 
Dimethyl sulfoxide (DMSO) that was used as solvent was purchased from Fisher 
Scientific. All chemicals were analytical reagent grade and were used without further 
purification. 
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INSTRUMENTATION 

UV absorbance for methotrexate was determined using Perkin Elmer and the data was 

obtained from Lambda 25 Software. A Perkin Elmer Spectrum 2000 Fourier Transform 

Infrared (FTIR) Spectrometer equipped with a diamond tip HATR (Horizontal 

Attenuated Total Reflectance) accessories was used to record the FTIR spectrum of 

methotrexate. The samples were pressed at a constant pressure using diamond tip 

and scanned from 4000 cm·1 - 400 cm·1• Whilst 1H Nuclear Magnetic Resonance (NMR) 

spectrometer obtained from Varian (VNMRS - 300 MHz) using deuterated DMSO as a 

solvent and tetramethylsilane (TMS) as an internal reference was used to confirm the 

molecular structure of the obtained conjugate. The DSC thermograms were analyzed 

using Mettler Toledo DSC 821 e equipped with STARe software. Samples were placed 

in standard aluminium pans with weight of between 5 mg to 10 mg and were scanned 

in the temperature range of O °C -250 °C at a heating rate of 10 °C/min under nitrogen 

atmosphere. 

METHOD 

The conjugates were prepared following two steps. The first step describes the process of 

attaching glutaric acid (GA) to methotrexate (MTX). This is then followed by attaching the 

compound of GA-MTX to polyamidoamine (PAMAM) (Figure 2). 

Synthesis of Glutaric Acid-Methotrexate conjugates (GA-MTX) 

An equivalent mole number of glutaric acid and MTX was dissolved together in DMSO. 

Dicyclohexylcarbodiimide, (DCC) (0.026 mmol) was added as a coupling agent to facilitate 

the reaction (Figure 2). The reaction was then stirred at room temperature for 24 hours. 

The solution was filtered to remove dicyclohexylurethane (DCU) which was obtained as 

byproduct. Filtrate was further evaporated under vacuum to obtain the glutarate

MTX conjugate. 
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Figure 2. Schematic reaction of dendrimer-glutaric acid-methotrexate conjugate synthesis 

Conjugation of PAMAM-G4-NH2 dendrimer to glutarate-MTX (PAMAM-GA-MTX) 

PAMAM-G4-NH2 (0.0024 mmol) and glutarate-MTX (corresponds to a mole ratio of 
dendrimer to glutarate-MTX of 1 :50) were dissolved in 10 ml of DMSO (Figure 2). DCC (0.26 
mmol) was added as a coupling agent and the solution was stirred for 72 hours and filtered 
to remove the DCU. The filtrate was then dialyzed against DMSO for 24 hours using dialysis 
membrane of Mw cutoff of 3500 Da to remove the unreacted MTX, glutaric acid, DCC, and 
glutarate-MTX. The solvent was then removed from the dialysis bag, and the conjugate was 
evaporated under vacuum. 
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RESULTS AND DISCUSSION 

Previous report (Khandare, 2005) indicates the importance to decrease the steric hindrance 

of the surface functional group and to increase the reactivity of the drug molecule and the 

dendrimer surface functional groups. Due to the conformationally unstable and bulkier drug 

of MTX, it might be difficult to directly conjugate the dendrimer with the drug. This problem 

can be solved by using glutaric acid as the spacer and DCC as the coupling agent. We 

have covalently conjugated the methotrexate with the dendrimer using ''two-step synthesis 

reaction" by first conjugating the methotrexate to glutaric acid followed by conjugating the 

methotrexate-glutaric acid to the dendrimer. A high payload of drug is expected as the 

multiplet free surface functional groups that are available on the periphery of the dendrimer 

enables higher linking process. 

UV-Vis spectroscopy was used to detect the existence of the drug in the synthesized 

compound (Figure 3). The presence of MTX is indicated by three shoulders at ')... max 

268 nm, 296 nm and 384 nm respectively. Upon adding the glutaric acid, similar shoulders 

were observed but at higher absorbance. The addition of dendrimer to the MTX-GA 

conjugate also exhibits the existence of the drug through similar shoulders which appear at 

a lower absorbance. 
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Figure 3. UV-Vis spectra for methotrexate dissolved in DMSO 
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It is interesting to know whether MTX-GAdo conjugate with the dendrimer or it could actually 
be an encapsulation process in which MTX-GA could be incorporated into the cavity of the 
dendrimer. To verify the attachment of MTX-GA to PAMAM, FTIR was used. The characteristic 
peaks for MTX are depicted at 1639 cm·1 which are associated with the C=N stretch. 
Whilst, peaks at 1625 cm·1, 2949 cm·1 and 1201 cm·1 correspond to the amine deformation, 
carboxylic stretch and C-H of phenyls group respectively. As PAMAM also possess 
similar functional groups, many peaks that appeared in the drug's spectrum can also be 
featured in the PAMAM's spectra (Figure 4). Once the drug is conjugated to the linker forming 
MTX-GA, new peak which corresponds to amide (C = 0) appears at 1626 cm·1 (Figure 4). 
Other traces of MTX could also be featured in the MTX-GA spectrum at 1201 cm·1 and 1541 
cm-1 which were associated with C-H bend (phenyl) and N-H stretch vibrations . 
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Figure 4. FTIR spectra for (a) PAMAM (b) Methotrexate (c) MTX-GA and (d) PAMAM-GA

MTX 
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The incorporation of PAMAM to MTX-GA is manifested by-HN-C=O group at 672 cm-1 which 
corresponds to the linkage between these molecules. As similar linkages were also found 
in the MTX-GA spectrum, it is expected that there would be an overlap of these functional 
vibrations, merging into a broader peak. The 1H NMR (Figures 5-7) was further used to verify 
the linkage between PAMAM and MTX-GA. As we are aware of the -HN-C=O group which 
acts as the linking chain, the chemical shift of 1 _20 ppm is thought to correspond to the amide 
C=O group. This also confirms the covalent bond that could possibly exists between PAMAM 
and MTX-GA through -HN-C=O group, a conjugation of the carbonyl group from glutaric acid 
with the amine end group from PAMAM. Other peaks related to MTX and MTX-GA are also 
present in Figures 5-7. 

The aromatic protons of MTX occurred at the chemical shift of 6.8 ppm (2727Hz, 2H) (Figure 
5), whilst the methylene group for glutaric acid could be seen at the chemical shift of 2.2 
ppm- 2.6 ppm, (Figure 6). The aromatic protons of MTX are observed as singlet at chemical 
shift of 6.58 ppm (2646Hz, 2H), 6.82 ppm (2729Hz, 2H), 7.48 ppm (2995Hz, 2H), 7.82 ppm 
(3127Hz, 2H) and 8.56 ppm (3427Hz, 2H). The methylene protons of PAMAM can be seen at 
2.30 ppm - 3_60 ppm whilst methylene signals for glutaric acid can be observed at 2_28 ppm 
-1.78 ppm (Figure 7). 
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Figure 5. 1 H NMR spectrum of mix dissolved in He/ 
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Figure 6. 1 H NMR spectrum of mix-GA-MTX dissolved in DMSO 
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Figure 7. 1 H NMR of PAMAM-GA-MTX dissolved in DMSO 
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Three endotherms referring to the thermogram of methotrexate (MTX) were demonstrated 
in the DSC studies (Figure Ba). The first two endotherms at 98 °C and 150 °C corresponds 
to the loss of free and bound water respectively, whilst the third endotherm at 215 °C 
corresponds to the melting of MTX. This also reveals that the commercial MTX was in a 
hydrate form. The endotherm for glutaric acid (Figure 6b) appears at about 100 °C. 

Individual peaks from MTX-GA (Figure Be) referring to both glutaric acid (100 °C) and 
MTX (215 °C) indicate the existence of both substance in the compounds without possible 
covalent bonding. This is true when no shifting of endotherms can be observed. Similar 
pattern was observed in the PAMAM-GA-MTX, the peaks for glutaric acid and MTX appear 
to be separated to their individual peaks without any major changes. 

The data obtained from this study points to the fact that the drug might be well encapsulated 
in the dendrimer's cavity. First, there is no major peak's shift that can be observed in the 
UV-Vis spectra. This indicates that interaction of the dendrimer and the chromophore of the 
MTX through the n- n complexation is absent from the spectrum. Secondly, the drugs' peaks 
are very small in the 1H NMR spectra, and third, the individual peaks referring to the drug and 
the linker were observed in the DSC thermograms. These indicate that there is a possible 
drug encapsulation process rather than chemical conjugation which could have taken place 
in the experiment. 

CONCLUSION 

The PAMAM-GA-MTX was successfully synthesized via encapsulation process. This is 
evident from the U.V. spectroscopy, FTIR, 1H-NMR and DSC data which omits the possible 
drug conjugation to the dendrimer. 
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Figure 8. DSC thermogram of (a) MTX (b) glutaric acid (c) MTX-GA and (d) PAMAM·GA

MTX 

136 



Norhidayah Abu, Siti Noorzidah Mohd Sabri, 
Azreena Mastor and Kartini Noorsal 

REFERENCES 

Dhanikula, R. S., and Hildgen, P. (2007). Influence of Molecular Architecture of Polyether
co-polyester Dendrimers on the Encapsulation and Release of Methotrexate, Biomaterials, 
28: pp 3140-3152. 

Gurdag, S., Khandare, J., Staples, S., Matherly, L. H. and Kannan, R. M. (2006). Activity 
of Dendrimer-Methotrexate Conjugates on Methotrexate-Sensitive and Resistant Cell Lines, 
Bioconjugate Chem,, 17: pp 275-283. 

Jesse B., Wolansky, and Grinstaff, M. W. (2008). Therapeutic and Diagnostic Application of 
Dendrimers for Cancer Treatment. Advanced Drug Delivery Reviews, 60: pp 1037-1055. 

Khandare, J., Kolhe P., Pillai, 0., Kannan, S., Lieh-Lai, M., and Kannan, R. M. (2005). 
Synthesis, Cellular Transport, and Activity of Polyamidoamine Dendrimer-Methylprednisolne 
Conjugates, Bioconjugate Chem., 16: pp 330-337. 

Kolhe, P., Khandare, J., Pillai, 0., Kannan, S., Lieh-Lai, M., and Kannan, R. M. (2006). 
Preparation, Cellular Transport, and Activity of Polyamidoamine-Based Dendritic 
Nanodevices with a High Drug Payload, Biomaterials, 27: pp 660-669. 

Svenson, S. (2009). Dendrimers as Versatile Platform in Drug Delivery Applications, 
European Journal of Pharmaceutics and Biopharmaceutics, 71 : pp 445-462. 

137 




