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Abstract Second generation poly(amidoamine) (PAMAM) dendrimers were
synthesized and peripherally modified with glutamic acid (PAMAM-MG) as a shell.
The effect of the dendrimers on the crystallization of different calcium phosphate
compounds was investigated in both double and one way diffusion systems. It was
found that the crystals of calcium phosphate showed tape-like morphology in the
presence of PAMAM-MG, and the crystals’ thickness and width decreased com-
pared to those grown without dendritic molecules. Such a result might be due to the
interaction of electric charges between dendritic molecules and octacalcium phos-
phate (CagH,(POy4)¢-5H,0, OCP), which led to the adsorption of PAMAM-MG in
the 100 and 010 surfaces of OCP. Moreover, PAMAM-MG showed an affinity for
gelatin, and it could cause the formation of amorphous calcium phosphate
(Cag(PO4)e-nH,0, ACP) at a concentration of 5 mg/mL of PAMAM-MG. These
results suggest that PAMAM-MG could be used for regulating the morphology of
OCP and changing the composition of minerals in gels.
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Introduction

Extracellular noncollagenous proteins play important roles in the formation of bone
and dentin by regulating mineral nucleation and mineral crystal growth. Such
actions are believed to be related to their functional groups, including SO4*~, PO,>~
and COO™ [, 2]. Some natural amino acids, including sodium salts of poly(aspartic
acid) and poly(glutamic acid), have been reported to influence both calcium
carbonate and calcium phosphate crystal growth [3—7]. In contrast to less branched
polypeptides, dendritic molecules, for example, poly(amidoamine) (PAMAM)
dendrimers have attracted increasing interest for the regulation of inorganic
compounds [8, 9] due to their controllable sizes, well-defined structures, and
multiple functional groups. Such molecules have a disk-like shape in their early
generations and a more rigid and sphere-like one in later generations. They are
proposed as mimics of anionic micelles or artificial proteins [10, 11]. Zhang et al.
reported that the morphology and size of BaWO, crystals were affected by both the
generation number and the concentration of PAMAM dendrimers with carboxylate
groups during hydrothermal treatment which included direct mixing of reacting
solutions followed by heat treatment [9]. Naka et al. reported that PAMAM could
regulate the morphologies of CaCOs; crystals which formed spherical vaterite in the
presence of PAMAM and rhombohedral calcite without PAMAM [12]. They also
showed that PAMAM G4.5 dendrimers induced vaterite formation more effectively
than earlier generations by the double-jet method [13], and the vaterite crystals
predominated when the (~COONa)/(Ca*") concentration ratio was higher than
0.053 [13]. Moreover, PAMAM G3.5 was used to prepare a CaCOs/poly(ethylen-
imine) composite film, whereas without any PAMAM or with PAMAM Gl1.5,
composite films could not be formed [14]. Recently, PAMAM with different termini
were used to investigate the interaction between protein and hydroxyapatite
(Cas(PO4);OH, HAP) [15, 16] and the synthesis of nanocrystalline (nano)-HAP
[17-19]. PAMAM with terminal groups of -NHC(O)CHj3;, -COOH, and —-NH, were
used as probes to study the alternating bands of charge distribution of natural
enamel HAP crystals [15]. Zhou et al. found that the morphology and size of HAP
were affected differently by carboxylic-terminated PAMAM and by polyhydroxy-
terminated PAMAM under hydrothermal treatment due to the different nucleation
sites and adsorption onto the crystal surface [18]. Another study conducted by Yan
et al. showed a PAMAM concentration dependent size change of ellipsoid-like HAP
crystals synthesized by the hydrothermal method in the presence of PAMAM G4.0
with amido groups [17]. The shape and size of the crystals were also associated with
the generation of PAMAM dendrimers [17].

In this article, we describe the functionalization of G2.0 PAMAM dendrimers
with glutamic acid (PAMAM-GM) and the effect of the resulting dendrimer on
calcium phosphate growth in double diffusion systems of either gelatin or agarose at
room and pH 7.4. The advantages of double diffusion systems are that they not only
need very little test molecule but also the slow diffusion process more realistically
mimics the unique mineralized tissue matrix environment compared with non-gel
solution studies [20]. The influence of PAMAM-MG on the morphology and phase
of CaP crystals formed was also studied in a one way diffusion system without gels
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to investigate the contribution of the gel to the results in the double diffusion
systems.

Experimental section
Materials

Tris(hydroxymethyl) aminoethane (ultra pure) and sodium azide (99%) were from
AMRESCO. Gelatin (Type A, 300 Bloom) was from Sigma-Aldrich Co. and
agarose powder was from Biowest Agarose. The cation-selective membrane
(CMV™) was from Asahi Glass Co. and the dialysis membrane (Spectro/p0r®) was
from Spectrum Laboratories, Inc. Other reagents were all from Beijing Chemical
Reagents.

Measurements

"H NMR spectra were recorded on a Varian Mercury 300 MHz NMR spectrometer
at room temperature using tetramethylsilane as an internal standard. For the
observation of morphology and composition of crystals formed in gels, transmission
electron microscopy (TEM) was performed on a Hitachi H-9000 NAR TEM,
operated at 300 keV. The sample was air-dried before measurement. The dried
precipitate was examined by X-ray diffraction (XRD) and thermogravimetric
analysis (TGA). XRD patterns were obtained with a Rigaku D/max-2400 X-ray
diffractometer from 3° to 60° at a rate of 4°min, using Cu-Ko radiation
(K = 0.1541 nm). The tube voltage was 40 kV and the tube current was 100 mA.
TGA was performed on a TA Q600SDT TGA-DTA-DSC instrument at a heating
rate of 20°/min in a nitrogen atmosphere. For the one way diffusion system, the
precipitates on cation-selective membranes were characterized by scanning electron
microscopy (SEM, Quanta 200 FEG) at an acceleration voltage of 20 kV. To
determine the Ca/P ratio of these precipitates, inductively coupled plasma (ICP)
were performed on a Profile ICP-AES (Leeman Labs) with power set at 1.1 kW at
20 °C.

Synthesis of PAMAM-MG
Synthesis of MG

The preparation of benzyl-protected glutamic acid has been previously reported
[21]. In brief, 28.5 g (0.291 mol) maleic anhydride and 11.83 g (0.036 mol)
N-deprotected glutamic acid were dissolved in 180 mL chloroform. The mixture
was stirred at room temperature for 2 h. The product obtained after evaporating the
solvent under a vacuum was purified by chromatography over silica using ethyl
acetate as the eluant. The yield was 72%.

The resulting product that weighed 11.07 g (0.026 mol) was mixed with 14.9 mL
(0.158 mol) acetic anhydride and 1.2 g (0.015 mol) sodium acetate. The mixture
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was stirred at 90° for 1 h, then poured into 100 mL ice water and continuously
stirred for an additional 5 h. The crude products were further purified by repeated
chromatography over silica at least three times using ethyl acetate as the eluant.
After vacuum drying, the targeting compound MG was collected with a yield of
65%. The composition was verified by 'H NMR (CDCls;, 300 MHz, ppm):
0 = 7.34-7.39 (s, 10H, —C¢Hs), 6.70 (s, 2H, -CH=CH-), 5.09-5.16 (-CH,—C¢Hs),
4.77-4.83 (m, 1H, -CHCH,), 2.36-2.63 (m, 4H, —-CH,CH,-).

Synthesis of PAMAM-MG

To a chloroform solution (5 mL) of G2 PAMAM dendrimer (0.91 g, 0.279 mmol),
MG (1.82 g, 4.471 mmol) in chloroform (5 mL) was added dropwise and stirred at
room temperature for 24 h. The solvent was then evaporated, and the solid was
dissolved with 10/1 v/v chromatogram-grade ethanol and deionized water. A 6 mL
chromatogram-grade ethanol solution of 0.6 g KOH was added to the reaction
mixture and stirred for another 4 h at room temperature. The PAMAM-MG was
obtained after dialysis (molecular weight 2000 cut-off) for 24 h followed by freeze-
drying with a yield of 47%. The composition was verified by '"H NMR (CDCl5,
300 MHz, ppm): 6 = 4.46 (16H, NCHCO), 3.99-4.01 (32H, COCH,CH,N),
3.50-3.55 (16H, NCH,CH,CO), 2.12-2.67 (56H, 28—CH,—-N(—CH,—)-CH,—CH,-),
1.74-1.89 (16 —CHCH,CH,COOH). The process of PAMAM-MG synthesis is
shown in Scheme 1.

Double diffusion experiment

The formation and growth of calcium phosphate crystals in a gelatin gel was
monitored using 0, 0.2, 0.5, 1, and 5 mg/mL PAMAM-MG in 0.05 M pH 7.4 Tris
buffer containing 0.02% NaNj to prevent bacterial growth and 0.15 M KCI as a
background electrolyte. These PAMAM-MG-containing Tris-buffered solutions
were then used to make 10% gelatin gels. Gelatin powder was dissolved in the
different PAMAM-MG Tris solutions at 50° and then cooled to room temperature
(25 £ 2 °C). Diffusion experiments were carried out at room temperature. For 1%
agarose gels, only two PAMAM-MG concentrations (0 and 5 mg/mL) were used.
Agarose gels were heated above 90° and agitated until completely clear.

The gels were mounted on an apparatus that allowed the circulation of a Tris-
buffered 0.1 M calcium nitrate solution and a 0.1 M phosphate solution (molar
ratio: (NH,),HPO,/NH,H,PO, = 1:1), both of which contained 0.15 M KCI and
0.02% NaNj, from 1.5 1 containers on opposite sides of the gel. The gels were
sealed with dialysis membranes (MW: 5000) in 4 cm long glass tubes (diame-
ter = 0.6 cm). The dialysis membranes were used to prevent both loss of the gels
and diffusion of macromolecules into the circulating solutions.

After 1 week, the precipitates that first appeared near the phosphate side were
carefully harvested from the gel. The gels containing them were melted at 60 °C
(for those in agarose gels, the temperature was above 90 °C) and washed with
deionized water. The precipitates were then centrifuged for 3 min and the
supernatant was discarded. This process was repeated six times to remove excessive
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Scheme 1 The synthesis of glutamic acid shelled PAMAM dendrimers

gel. A small amount of each sample was ultrasonically dispersed in ethanol. Finally,
a drop of the ethanol solution was placed onto a carbon-film covered copper grid for

TEM.

One way diffusion experiment on membranes

This experiment was designed to distinguish the effects of the gel from the effects of
PAMAM-Mg and was similar to that described previously [22, 23]. Briefly, plastic
bottles (40 mL volume) were filled with 30 mM calcium nitrate solutions. They
were sealed with cation-selective membranes for the control groups, and with both
cation-selective membranes and dialysis membranes (MW: 5000) for the PAMAM-
MG groups. The space between the two membranes in the PAMAM-MG group
contained 100 pL of 5 mg/mL of PAMAM-MG solution. The bottles containing the
calcium solutions were placed in a larger container (500 mL) containing pH 6.5,
7.2 mM phosphate solution (molar ratio: (NH4),HPO,/NH4H,PO, = 1:1). The

@ Springer



124 Polym. Bull. (2011) 66:119-132

Scheme 2 Illustration of the
single diffusion system. Because
only cations can penetrate the
cation-selective membrane,
precipitates form only on the
phosphate side of the membrane

bottles were incubated at 37 °C for 3 days. The experimental set-up is shown in
Scheme 2.

Results and discussion

Crystal morphologies

The PAMAM dendrimers were synthesized and peripherally modified with glutamic
acid as depicted in Scheme 1. The morphologies of calcium phosphate crystals

formed were observed by TEM and SEM (Fig. 1a, b) with tape-like crystals formed
both in gelatin and agarose gels in the presence of PAMAM-MG. The crystals had a

Fig. 1 TEM images of calcium phosphate crystals formed in gelatin (a) and agarose gels (b) with a
5 mg/mL concentration of PAMAM-MG
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width of about 200-250 nm and an almost uniform length, with both ends appearing
pointed. However, the morphologies of the crystals grown without PAMAM-MG
were quite different. The width of the calcium phosphate crystals was between 300
and 600 nm and the length varied from several hundreds nanometers to ten microns.
With increasing concentration of PAMAM-MG, the crystals became narrower and
more uniform in length. In addition, some of the crystals formed in agarose were
bent, distinct from the straight crystals formed in gelatin gels. This size reduction in
specific crystal dimensions had also been induced by natural and recombinant
proteins. Iijima et al. found that both natural bovine and two recombinant murine
amelogenins, which are rich in glutamic acid residues, reduced the thickness, width,
and length of the OCP crystals formed in another system [24].

The morphology change may be due to the interaction of PAMAM-MG with
Ca*". One possibility is that PAMAM-MG serves as nucleation site, which leads to
the binding of Ca®" to the carboxylic acid groups on the PAMAM-MG surface.
Such an interaction was reported by Khopade et al. [25] and Zhou et al. [18]. Zhou
indicated that when —COOH-terminated PAMAM dendrimers were mixed with
Ca”", the O—H vibration shifted to a high frequency. Likewise, the absorbance peak
of the carbonyl bond connected with the hydroxyl not only weakened greatly but
also shifted to a lower frequency. Another possible interaction involves the interior
dendritic branches, such as N—H, which are also able to coordinate with Ca®* ions
as confirmed by FT-IR [18]. The narrowing of the rectangular crystals was likely
due to the absorbance of PAMAM on specific mineral surfaces.

To gain further insights into the morphology changes induced by PAMAM-MG,
XRD was performed. XRD patterns (Fig. 2) of the samples from agarose gels
without PAMAM-MG show the mineral phases of OCP and calcium-deficient HAP,
and show only OCP in the presence of 5 mg/mL PAMAM-MG. The ICP analysis
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Fig. 2 XRD patterns of OCP crystals formed in agarose gels without PAMAM-MG (a) and with
PAMAM-MG (b) at the concentration of 5 mg/mL (filled circle OCP, filled inverted triangle HAP)

@ Springer



126 Polym. Bull. (2011) 66:119-132

verified the phases formed: the Ca/P ratio was calculated to be 1.51 for curve a and
1.36 for curve b (the stoichiometric ratio is 1.33 and 1.67 for OCP and HAP,
respectively). Interestingly, in our research, the solution Ca/P ratio was 1 initially
which would neither favor the formation of OCP nor HAP. However, many
investigators have shown that the phase formed is not determined by the Ca/P ratio,
but by the environmental pH. Hunter et al. [2] used 7.5 mM calcium chloride and
7.5 mM sodium phosphate in steady-state agarose gels to study the formation of
HAP in the absence and presence of bone phosphoproteins at the pH of 7.4. Yoh
et al. [26] found that DCPD formed at lower pH, while OCP and HAP formed at
higher pH. Calcium phosphate (Ca—P) salts include: OCP, HAP, anhydrous
dicalcium phosphate (DCPA; CaHPQ,), dicalcium phosphate dihydrate or brushite
(DCPD, CaHPQ,42H,0), beta-tricalcium phosphate or whitelockite (f-TCP,
Ca3(POy),) etc. OCP is believed by some to be a precursor phase of biological
apatite in bone tissue, and it converts to HAP spontaneously. The unit cell of OCP is
made up of apatitic layers and water layers, and the triclinic structure of OCP
displays similarities with the hexagonal structure of HAP [27]. DCPA is the most
stable CaP at a low pH. Brushite is also considered to be a precursor or intermediate
phase of HA during bone mineralization. However, in vitro by mixing a calcium
hydroxide suspension and an orthophosphoric acid solution, the precipitation of
brushite occurs after the initial precipitation of HA and through a very complex
process [28]. f-TCP is a bioactive and biodegradable bone replacement material. It
can also transform into HAP due to their structural similarity to the thermodynam-
ically stable HAP [29]. However it does not usually form at physiologic
temperatures. From curve b in Fig. 2, it can be seen that the 100 and 010
reflections of OCP at 20 = 4.7° and 26 = 9.8° are reduced, suggesting the growth
of crystals along the g-axis (thickness) and b-axis (width) were decreased. In
addition, the 100 reflection of HAP at 20 = 10.8° almost disappeared in curve b,
which might be due to PAMAM-MG hindering the formation of HAP. This result is
similar to the effect of poly(aspartic acid) and poly(glutamic acid) on the OCP/HAP
crystallization [30].

To better understand the effects of PAMAM-MG on the crystal growth of OCP, a
cation-selective membrane was used to study crystal formation in solution without
gelatin or agarose gels. These studies were performed at the physiologic
temperature of 37 °C. In this system at pH of 7.4, only very short crystals formed
on the membrane, thus we chose a pH of 6.5 at which OCP grew into long plates.
Figure 3 shows the morphologies of the crystals from the systems with and without
PAMAM-MG. As Fig. 3b shows, the crystals are much thinner and narrower
compared with the crystals shown in Fig. 3a which were formed in the absence of
PAMAM-MG. It is suggested that PAMAM-MG can be absorbed by both the 010
and 100 surfaces of OCP crystals, thus decreasing their width and thickness.

Poly-L-glutamate (PGLU) was reported to adsorb on the 100 surface of OCP
because it is rich in carboxylate moieties. However, Furedimilhofer et al. found
Poly-L-aspartate (PASP) adsorbed onto the 100 surface of OCP due to the peptides’
p-sheet conformation, while PGLU and bone sialoprotein (BSP, rich in glutamic
acid) had no effect on OCP crystal morphology because it does not adopt an ordered
conformation [31]. Tsortos et al. considered that the special “train-loop”
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Fig. 3 SEM images of calcium phosphate crystals on cation-selective membranes without (a) and with
(b) PAMAM-MG at the concentration of 5 mg/mL. The pH of both experiments was 6.5

configuration of the coiled polymers on the surface of apatite crystals accounted for
the crystal adsorption data, although polymers in the solution were flexible random-
coiled structures [32]. In contrast to linear polymers, PAMAM-MG has a unique
shape and highly functionalized terminii. Thus, it may be the functionalized terminii
that account for the adsorption onto crystal surfaces. Although it was reported that
PAMAM could self-assemble due to the amphiphilic effect [33], PAMAM-MG does
not show this behavior because the core and terminii are both hydrophilic. As a
result, PAMAM-MG is not likely to adopt a self-assembled conformation to adsorb
onto crystals surfaces.

The addition reaction between PAMAM and modified glutamic acid is not 100%
complete, which results in variable graft ratios. In this study, the average graft ratio
was 72%. The terminii of -COOH and —-NH, at pH 7.4 are negatively and positively
charged, respectively [15]. The 100 and 010 surface of OCP are mostly positive and
negative, respectively, according to the structure of OCP [34]. Therefore, charge
attraction is most likely to play a very important role in the adsorption process.

The effects of gelatin gels on calcium phosphate crystallization

It has been suggested that gelatin might act as a nucleator or be absorbed onto crystal
surfaces where it could regulate crystal growth [35]. Gelatin (denatured collagen) has
a molecular weight of ~300,000 Da, while PAMAM-MG’s molecular weight is
about 9,000 Da. From the TGA curves (Fig. 4) of mineral formed in the gelatin
matrix, it can be seen that weight loss of these powders increases with increased
PAMAM-MG concentration, except for the 0.2 mg/mL concentration. Similar curves
are presented for a (0 mg/mL), b (0.2 mg/mL), ¢ (0.5 mg/mL), and d (1 mg/mL) with
a weight loss of 25, 24, 27, and 31% respectively. Curve e (5 mg/mL) shows the
powder’s approximate 45% weight loss. The weight loss of e is almost 20% more than
that in the absence of PAMAM-MG (curve a).
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Fig. 4 TGA curves for precipitates formed in gelatin: a without PAMAM-MG, b 0.2 mg/mL PAMAM-
MG, ¢ 0.5 mg/mL PAMAM-MG, d 1 mg/mL PAMAM-MG, and e 5 mg/mL PAMAM-MG
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Fig. 5 TGA curves for precipitates formed in agarose: a without PAMAM-MG, b with 5 mg/mL
PAMAM-MG

It is not likely that PAMAM-MG and the gelatin molecules simply competed
with each other for binding sites on minerals. If this were the case, then weight loss
would decrease with the increased PAMAM-MG concentration because of the
relative difference in the amount of PAMAM-MG present. It is also unlikely the
increased weight loss could be ascribed to additional bonding of PAMAM-MG to
the crystal surface because only a small amount of weight loss (about 8%) occurred
with 5 mg/mL. PAMAM-MG in agarose (Fig. 5). It is possible that PAMAM-MG
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and the gelatin molecules competed for binding sites and, at the same time, when
PAMAM-MG concentration increased in gelatin gels, more and more gelatin
molecules were associated with the mineral crystals due to bonding of gelatin to the
PAMAM-MG molecules. This is illustrated in Scheme 3. We do not know the
mechanism behind gelatin molecules’ binding to PAMAM-MG, but collagen
associates with anionic matrix proteins in tissues [36, 37] and by analogy gelatin
may associate with PAMAM-MG. With increasing organic material contained in the
powders, mineral formed in gelatin gels turned from OCP and apatite to amorphous
CaP salts, a change confirmed by XRD diffraction (Fig. 6). The XRD patterns for all
samples in Fig. 6 show an apatite and OCP phase with low crystallinity, except for
the sample of 5 mg/mL whose pattern indicates that it is an amorphous CaP. The
background at all concentrations may suggest that ACP is present to some extent in

| |-—mir:9ra| | |-—minera|

gelatin

ai l%"—ge'aﬂ" . ?K) +l PAMAM-MG

Scheme 3 Schematic illustrations of gelatin molecules’ bonding to CaP crystals without (a) and with
PAMAM-MG (b). By virtue of the affinity of PAMAM-MG for gelatin molecules, the gelatin contained
increased with the increase in PAMAM-MG concentration
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Fig. 6 XRD pattern for precipitates formed in gelatin: a without PAMAM-MG, b 0.2 mg/mL PAMAM-
MG, ¢ 0.5 mg/mL PAMAM-MG, d 1 mg/mL PAMAM-MG, and e 5 mg/mL PAMAM-MG
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each preparation. A peak at two theta degrees of 4.7° indicates the presence of OCP.
The ICP results from curve a to e are 1.49, 1.43, 1.38, 1.36, and 1.55, respectively.
This may indicate that with the addition of PAMAM-MG, OCP is increasingly
blocked from hydrolysis, some ACP is present in all cases, but at high PAMAM-
MG the ACP and OCP cannot convert to HA, and ACP becomes the only product
minerals formed in agarose gels, however, had relatively high crystallinity due to
the lesser amount of organic material contained. As far as we know, agarose is inert
when used as a matrix gel in a double diffusion system.

Conclusions

In summary, glutamic acid shelled PAMAM dendrimers were synthesized, and the
dendrimer found to interact with both OCP and apatite. This study suggests that
PAMAM-MG may adsorb on OCP and on HAP’s 100 and 010 surfaces, leading to
decreased width and thickness. The data also suggests that PAMAM-MG may have
an affinity for gelatin gels. The mechanism of PAMAM-MG’s adsorption on
crystals revealed by this study may cast some light on controlling crystals’
dimensions using termini with different —-COOH/-NH, ratios. The affinity for
gelatin may be used to control the organic containing in the CaP—gelatin composite.
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