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Progesterone Binding Nano-Carriers Based on Hydrophobically 

Modified Hyperbranched Polyglycerols 

M. Alizadeh Noghani 
a
 and D. E. Brooks 

a, b,* 

Progesterone (Pro) is a potent neurosteroid and promotes recovery from moderate Traumatic Brain Injury but its clinical 

application is severely impeded by its poor water solubility.  Here we demonstrate that reversibly binding Pro within 

hydrophobically modified hyperbranched polyglycerol (HPG-Cn-MPEG) enhances its solubility, stability and bioavailability. 

Synthesis, characterization and Pro loading into HPG-Cn-MPEG is described.  The release kinetics are correlated with 

structural properties and the results of Differential Scanning Calorimetry studies of a family of HPG-Cn-MPEGs of varying 

molecular weight and alkylation. While the maximum amount of Pro bound correlates well with the amount of alkyl 

carbon per molecule contributing to its hydrophobicity, the dominant first order rate constant for Pro release correlates 

strongly with the amount of structured or bound water in the dendritic domain of the polymer. The results provide 

evidence to justify more detailed studies of interactions with biological systems, both single cells and in animal models. 

Introduction 

Traumatic Brain Injury (TBI) is a significant public health 

problem and an important cause of death and disability in 

North American adults under the age of 40.
1
 TBI has been 

established as a risk factor for Alzheimer’s disease (AD) 

through linkage with pathologically confirmed AD in several 

individual case reports.
2,3

 Therefore, TBI presents significant 

short and long-term challenges to worldwide health. The brain 

injury cascade initiates rapidly as a result of forces that 

produce tissue distortion at the moment of injury, which can 

cause long-lasting physical and psychological dysfunction in 

both mild and severe cases.
4,5

 These deformations lead to a 

primary injury that directly affects blood vessels, axons, 

neurons and glia. Followed by that, secondary processes cause 

complex inflammatory, cellular, neurochemical and metabolic 

modifications.
6,7

 

There is no established pharmaceutical agent that enhances 

functional outcomes following TBI. However, progesterone 

(Pro) has been reported
8
 as the first agent to exhibit strong 

clinical efficacy as a treatment to promote recovery from 

moderate TBI and seems to play a beneficial role in the injured 

brain. Preclinical and clinical research has shown that mortality 

of brain-injured patients treated with continuous intravenous 

injection of Pro can be reduced by over 60%, compared to the 

placebo controls. The major challenge to widespread use of 

Pro for TBI is its insolubility in aqueous-based formulation due 

to its hydrophobicity. This contributes to the inability to 

acutely administer Pro after injury or to store and transport 

stable formulations of the hormone.
8,9

 

Nanoparticles can serve as drug delivery vehicles, offering 

several advantages over conventional delivery modes by 

maintaining the optimum therapeutic concentration of drug in 

the blood or cells which increases patient satisfaction as a 

result of reduction in frequency of dosing.
10,11

 As previously 

reviewed, polymer micelles ranging from 20 to 100 nm in 

diameter comprising a hydrophobic core and hydrophilic shell 

can encapsulate hydrophobic molecules, such as drugs and 

hormones in the core through hydrophobic interactions, 

whereas the hydrophilic shell keeps the system soluble in 

water. The surface of the carriers can be designed to avoid 

recognition by host defence systems and this leads to longer 

circulation half-lives.
12-15

 However, their structural properties 

are due to non-covalent interactions among the individual 

amphiphilic molecular components so their stability is limited 

to concentrations above a Critical Micelle Concentration which 

is often not maintained as they are diluted in the blood 
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stream. We therefore have focused on hyperbranched 

(dendritic) hydrophilic polymers derivatized with hydrophobic 

carbon chains that have been developed to overcome the 

instability of conventional polymer micelles in the blood 

stream and therefore have been designated by some as 

“unimolecular micelles”.
16

 Their natural stability to 

environmental effects such as dilution, shear force, and pH, 

combined with their binding capacity, makes these 

formulations excellent drug delivery candidates. Moreover, 

these systems are smaller, with hydrodynamic radii less than 

10 nm and have correspondingly low intrinsic viscosities; they 

are denser and diffuse faster than conventional polymer 

micelles. Like other carriers the shell of these molecules can be 

derivatized with suitable functionalities for enhanced drug 

delivery.
17-22

 

This work uses well defined high molecular weight 

hyperbranched polyglycerols (HPGs) as drug delivery vehicles 

as they are known to be hydrophilic, blood compatible, non-

immunogenic and non-toxic with no evident animal toxicity.
23-

34
 Unlike many other polymers and carriers used in 

nanomedicine, HPGs have shown very limited organ 

accumulation after intravenous injection,
26,29

 and are 

inexpensive and easy to synthesize with good polymerization 

control. Hydrophobically derivatized HPGs (HPG-Cn-MPEG) 

have been shown to be efficient drug delivery systems for 

paclitaxel as well as effectively binding other hydrophobic 

molecules, such as fatty acids and pyrene.
10

 We have 

synthesized HPG with a hydrophobic character by including 

some branches terminated with alkyl groups, the polymer as a 

whole protected by methoxy polyethylene glycol (MPEG) to 

enable drug binding while enhancing the solubility of the drug 

and stability of the formulation (HPG-Cn-MPEG); none of the 

alkylated HPGs are water soluble without significant MPEG 

derivatization. It has been demonstrated that the binding 

ability for palmitic acid, paclitaxel and other hydrophobic 

molecules depends on the alkyl content, thought to associate 

into a hydrophobic pocket in the polymers, which can be easily 

manipulated by adjusting the polymer composition during 

synthesis.
10,11,34

 

Pro, being strongly hydrophobic, is a good candidate molecule 

for formulation into a drug-delivery system based on 

HPG-Cn-MPEGs. Synthesis and characterization of these 

polymers, their binding equilibria and release kinetics for Pro 

are described. The effects of performing the measurements in 

the biological medium of human plasma, which contains a 

complex mixture of proteins and other biomolecules, are also 

investigated. A detailed study of the release kinetics of Pro 

from a family of HPG-Cn-MPEGs of various molecular weights 

and alkyl chain size and content provides insights into the 

structural determinants of the first order rate constants for 

release. The dominant rate constant correlates very strongly 

with the amount of structured or bound water within the 

dendritic domain. 

Materials and Methods 

Materials and Analytical Methods 

1,2-epoxydecane was purchased from TCI America Ltd. 

(Portland, OR, USA), while all other chemicals were purchased 

from Sigma-Aldrich Canada Ltd. (Oakville, ON) and used 

without further purification unless noted. Glycidol (96%) was 

purified using vacuum distillation and stored over molecular 

sieves at 4 
o
C. 1,2-epoxyoctadecane was synthesized through 

the peroxidation of octadecane with m-chloroperbenzoic acid. 

Methoxy polyethylene glycol 350 (MPEG-epoxide) was 

synthesized from a reaction of MPEG 350, sodium hydroxide 

and epichlorohydrin, followed by filtration of sodium sulfate 

and evaporation of excess epichlorohydrin and the solvent as 

described previously.
 10

 Proton and carbon NMR spectra were 

recorded on a Bruker Avance 300 and 400 MHz NMR 

spectrometer, respectively, using deuterated solvents (CDCl3 

and MeOD), with the solvent peak as a reference. Molecular 

weights and polydispersities of the polymers were measured 

by gel permeation chromatography (GPC) and a DAWN-EOS 

multiangle laser light scattering (MALLS) detector; details have 

been reported elsewhere.
25

 Dialysis cassettes were purchased 

from Thermo Scientific (Rockford, IL). Progesterone powder 

was obtained from Steraloids Inc. (Newport, RI, USA). A 

reverse-phase Ultra Pressure Liquid Chromatography system 

(UPLC) with a symmetric C18 column (Acquity BEH C18, Waters) 

was used for measuring the concentration of Pro bound into 

and released from HPGs using a gradient mobile phase of 

water and acetonitrile (ACN) with 0.1% formic acid. 

 

Synthesis of hydrophobically derivatized hyperbrached polyglycerol 

The synthetic method has been reported previously.
10

 Briefly, 

polymerization was carried out in a three neck round bottom 

flask, equipped with a mechanical stirrer and under argon 

atmosphere, through a simple single-pot synthetic procedure 

based on ring opening polymerization of epoxide. Initially, 120 

mg of the initiator, 1,1,1-Tris(hydroxylmethyl)propane was 

added to the flask, followed by addition of 0.1 ml potassium 

methylate solution in methanol (25%w/v). The mixture was 

stirred at 60 
o
C using a magnetic stir bar for 30 minutes then 

the excess methanol was removed under vacuum. The flask 

was subsequently kept in the oil bath at 95-100 
o
C. Eight 

millilitres of glycidol and 5 ml of 1,2-epoxyalkane (Cn, n = 6, 8, 

10, 12, 14) mixture were added drop-wise over a period of 12 

hrs, using a syringe pump under argon. In this step, some of 

the numerous hydroxyl end groups (given approximately by 

the degree of polymerization plus the number of OH groups in 

the initiator) were derivatized with Cn alkyl chains. After 

completion of monomer addition, the mixture was stirred for 

an additional 5 hrs. (In the case of solid 1,2-epoxyoctadecane, 

the monomer was added to the system after the complete 

addition of glycidol, and the mixture was stirred for 24 hrs 

under argon). To this mixture, about 20 ml of MPEG-epoxide 

350 was added drop-wise and the mixture stirred at 95-100 °C 

for another 24 hrs under argon.  
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Figure 1. Synthesis scheme of HPG-Cn-MPEG (n = 6, 8, 10, 12, 14, 18); R refers to the hydrophobic chain of the alkyl monomer and x refers to the CH2 repeating units of the R chain 

Polymer was dissolved in methanol and neutralized by passing 

three times through a cation exchange column (Figure 1).  

Unreacted alkyl epoxide was removed by extracting with 

hexane. Methanol was then removed and polymer was 

dialyzed for 2 days against water. The dry polymer was finally 

obtained by freeze drying.
10

 The mole fractions of glycidol, 

MPEG and alkyl monomers per polymer were calculated from 

the 
1
H NMR spectra; the number of OH groups per molecule  

can be estimated assuming on average ~one OH group per 

glycidol monomer from published 
13

C NMR data.
25

 The number 

of alkyl chains and OH/glycidol groups per molecule were 

calculated using: 

�� = ����
∑����

        [1] 

where: 

ni = number of moles of monomer i in polymer molecule; i 

refers to glycidol, alkyl or MPEG 

fi = mole fraction of monomer i in polymer molecule 

Mi = molecular weight of monomer i incorporated in polymer 

molecule 

Mn = number average molecular weight of polymer 

 

The sum is taken over all monomer species in the molecule. 

Note that the total content of monomer groups per polymer 

molecule,	�
 , is given by: 

�
 = ��
∑����

       [2] 

Total mass of alkyl carbon in each system was calculated by 

multiplying the number of alkyl chains with the number of 

carbons in the alkyl epoxide monomer, n. In order to correlate 

the effects of hydrophobic modification on polymer behaviour, 

the number of purely hydrophobic carbons per chain (R) was 

used for calculations which is (n-2) carbons, without 

considering the two carbons originating from the epoxide ring 

of the epoxyalkane monomer separated by the epoxide 

oxygen from the linear hydrophobic chain. Molecular weights, 

polydispersities and hydrodynamic radii of the polymers were 

measured by GPC. A fractionation method was applied using 

diethyl ether as the precipitant.  Increasing ratios of diethyl 

ether were added to the remaining polymer solutions in 

methanol to provide more uniform molecular weight 

distributions and narrower polydispersities as described 

previously.
35

 Chemical characteristics of HPG-Cn-MPEGs 

polymeric systems are summarized in Table 1. 

 

Hydration of HPG-Cn-MPEG 

Since hydration of HPG-Cn-MPEGs could influence their drug 

binding and release, the amount of non-freezing water bound 

to, or structurally altered by, the polymers was measured 

using Q2100 differential scanning calorimetry (DSC) (TA 

instruments, New Castle, DE, USA). The method has been 

described previously 
36,37

 and as the temperature is ramped up 

from -20 
o
C assesses the reduction in heat absorbed around 0 

o
C when water melts in the presence of polymer. Briefly, about 

20 µl of 5% or 10% w/w (polymer-water) solution were cooled 

down to -20 
o
C, followed by heating up to -5 

o
C at the rate of 2 

o
C /min. The sample heating was continued from -5 

o
C to +5 

o
C 

at the rate of 0.2 
o
C/min and at 2 

o
C/min to +20 

o
C thereafter. 

The heat flow (J/g) was recorded as a function of temperature 

and the enthalpy of fusion of water was calculated from the 

integration of the area under the peak and compared to the 

pure water as a control. The moles of water bound or altered 

per mole of HPG-Cn-MPEG, N, was then calculated from the 

following equation: 

� = �∆��(����)�∆������
∆����.�����

       [3] 

Where, ΔH0 is the fusion enthalpy of pure water, ΔHp is the 

fusion enthalpy of free water in the polymer solution, Mn is the  
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Table 1. Characteristics of HPG-Cn-MPEG 

HPG-Cn-MPEG Cn mol%
a
 

MPEG 

mol%
a
 

Mn 

(10
3
g/mol) 

Mw / Mn 

No. of alkyl 

chains/ polymer 

molecule 

No. of hydrophobic 

carbons (R)/ polymer 

molecule 

Rh avg
b
 (nm) Yield% 

HPG-C6-MPEG 30 29 68 1.98 115 460 6.8 (± 0.24%) 61 

HPG-C8-MPEG 28 36 99 1.26 137 822 4.4 (± 0.41%) 74 

HPG-C10-MPEG 15 31 110 1.74 89 712 5.5 (± 0.27%) 68 

HPG-C12-MPEG 12 30 168 1.82 111 1110 7.8 (± 0.03%) 76 

HPG-C14-MPEG 9 34 125 1.92 60 720 6.7 (± 0.24%) 71 

HPG-C18-MPEG 3 30 113 1.47 17 272 7.5 (± 0.24%) 69 

a
: Mole fractions of alkyl and MPEG monomers are calculated from proton NMR; Number of hydrophobic carbons in R chain = (n-2) per polymer molecule is calculated 

from multiplying the number of alkyl chains per polymer molecule by the number of carbons in R chain (n-2). 
b
: Hydrodynamic radii are calculated from dynamic light 

scattering (QUELS), GPC 

molecular weight of the polymer, and Cp is the mass fraction of 

HPG-Cn-MPEG in the solution. Controls were run with HPG-MPEG 

(Mn = 93,000; PDI = 1.56; MPEG content 27%). 

 

Incorporation of Pro into HPG-Cn-MPEGs 

For each HPG-Cn-MPEG preparation, the binding capacity for 

Pro and the stability (half-life) of the binding in buffer or 

plasma were studied. Different concentrations of Pro (Figure S-

1) and a constant concentration of HPG-Cn-MPEGs were 

dissolved in ACN, dried in an oven at 60 °C for 60 minutes and 

flashed with a nitrogen stream for a few minutes to eliminate 

traces of the organic solvent. The resulting HPG-Cn-MPEG/Pro 

mixture was hydrated with 10 mM phosphate buffered saline 

(PBS - 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM 

KH2PO4) at pH 7.4 and vortexed for few minutes. The loaded 

carriers were purified by double filtration with a 0.2 µm 

syringe filter to remove precipitated Pro. All HPG-Cn-MPEG/Pro 

solutions were used on the same day as they were prepared. 

The concentration of Pro was varied from 50 to 375 µg/ml, 

while the concentration of HPG-Cn-MPEG was held constant at 

20 mg/ml. The maximum loading capacity and stability of Pro 

loaded in HPG-Cn-MPEGs were determined by gradient 

reverse-phase UPLC. Similarly, the stability of Pro loaded into 

HPG-Cn-MPEG was evaluated within 24 hrs. 

 

Drug quantification study 

The amount of Pro incorporated into HPG-Cn-MPEG was 

determined by gradient reverse-phase UPLC, as established 

previously for similar hydrophobic drugs such as paclitaxel and 

docetaxel.
34, 38-39

 Drug content analysis was performed using a 

symmetric C18 column (1.7 µm, 2.1×50 mm) with two mobile 

phases containing 0.1% formic acid in water (mobile phase A) 

and 0.1% formic acid in ACN (mobile phase B) at a flow rate of 

0.3 ml/min. Composition of mobile phases was set from the 

initial to 1.50 min at 70% A and 30% B, followed by changing 

from 1.50 - 2.10 min at 5% A and 95% B, and back to 70% A 

and 30% B from 2.10 min towards the end. Sample injection 

volumes were 20 µl and Pro detection was performed using 

ultraviolet detection at a wavelength of 240 nm. The total run 

time was set to 4.5 minutes and the Pro retention time was 1.9 

minutes. Regarding the precision and linearity, this UPLC 

method was validated by standard protocols and all samples 

were diluted to concentrations within the linear range of 

calibration. The limit of quantification for Pro was 1 µg/ml with 

a linear dynamic range of 1-100 µg/ml. 

 

Does Pro cause HPG to aggregate? 

In an earlier publication from our group
10

 we showed that this 

class of HPG-C18-MPEG molecules did not form micelles in 

either the presence or absence of a hydrophobic guest 

molecule, pyrene, over a huge polymer concentration range 

(0-150 mg/ml). Other systems of amphoteric dendritic 

molecules have been shown to aggregate above a critical 

concentration with an attendant large increase in hydrophobic 

binding into the micellar form, however, at concentrations in 

the 10
-1

-10
-2

 mg/ml range 
40,41

  In the present case,  in order to 

investigate whether the loaded hydrophobic drug causes any 

aggregation of the polymeric system, we measured the size (Rh 

value) for the polymer, before and after loading drug at 

different concentrations typical of critical aggregation values in 

other dendritic systems. Samples were prepared in 0.1 M 

NaNO3 and directly injected into the flow cell in a light 

scattering batch experiment using the MALLS detector. To 

make the stock solution, 250 µg/ml Pro was loaded on 20 

mg/ml HPG-C10-MPEG in ACN, followed by evaporation of 

solvent and hydration of the system with 1 ml of NaNO3 

solution.  From that, different solutions in the concentration 

range from 0.05 to 2 mg/ml were prepared. The Rh values of 

the polymer/Pro were measured using LS and QELS detectors 

and compared to the same concentration of polymer only. 

 

Drug release study 

Each HPG-Cn-MPEG/Pro solution (2 ml of 20 mg/ml) at a drug 

concentration of 250 µg/ml was filtered with a 0.2 µm syringe 

filter and then transferred into a dialysis cassette (molecular 

weight cut off 3500) and placed in a bottle containing 1 L of 10 

mM PBS (pH 7.4) at 37 
o
C with slight agitation. The total 
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volume of the release medium was chosen such that when Pro 

was completely released, its concentration in the dialysate was 

below its solubility in water, which is 10.4 µg/ml at 37 
o
C .

41
 At 

different time points, the concentration of Pro was measured 

by taking 75 µl of sample from the cassette, diluting into 2.25 

ml ACN and assaying by UPLC, as described above. Both 

HPG-Cn-MPEG and Pro are very soluble in ACN; all the Pro 

appears in solution and is assayed as the free material by 

UPLC. Control mixtures combined Pro with HPG (HPG (Mn = 

98,000) and the HPG-MPEG control described above for DSC 

measurements. 

Release kinetics of drug from HPG-Cn-MPEGs were also studied 

in anticoagulated human platelet-poor plasma (PPP) to 

observe the effect of plasma proteins’ interactions with Pro in 

the release profile. In this study, HPG-C8-MPEG/Pro solutions 

(2 ml of 20 mg/ml) in PPP at the drug concentration of 250 

µg/ml were transferred into dialysis cassettes (molecular 

weight cut off 3500) in a bottle containing 1 L of 10 mM PBS 

(pH 7.4) at 37 
o
C with slight agitation. At different time points, 

the concentration of Pro was measured by taking the sample 

from the dialysis bag as above, diluting 4 times with ACN, 

followed by centrifugation for removal of precipitated proteins 

to separate the top ACN layer and assayed by UPLC, as 

described above. 

Results 

Synthesis and characterization of HPG-Cn-MPEGs 

We have reported previously the synthesis and 

biocompatibility of HPGs, modified with hydrophobic groups 

and MPEG chains prepared in a single-pot reaction strategy, 

based on anionic ring opening polymerization of epoxide 

based monomers.
10

 These polymers have been shown to bind 

hydrophobic ligands, such as pyrene, fatty acids, docetaxel and 

paclitaxel.
10,34,38,39

 For efficient drug loading, we modified 

some of the numerous hydroxyl end groups of growing HPGs 

with commercially available 1,2-epoxyalkane (Cn) in the range 

of 10-30% of the OH groups (n = 6, 8, 10, 12, 14) and 3% of the 

OH groups with C18. The purpose was to incorporate as many 

alky chains into the polymeric system as possible in order to 

observe the effect of alkyl chain length on the drug 

encapsulation. To protect the hydrophobic constituents from 

causing aggregation and to increase the solubility of HPGs, 

polymers were then quantitatively modified with MPEG-

epoxide 350 with conversion of 30-40% of hydroxyl groups but 

the alkylation process increased the polydispersity of the 

samples so fractionation was required to produce well defined 

materials 

The polymers were characterized by proton NMR and GPC-

MALLs. 
1
H NMR showed the characteristic peaks of alkyl 

groups. Also, a peak corresponding to OCH3 of MPEG-epoxide 

and the absence of any epoxide groups represented the 

absence of contamination of polymer by unreacted 

monomers. A quantitative estimation of glycidol groups and 

the composition was obtained in CDCl3 (Figures S-2 and S-4). 

The molecular characteristics of these selected polymers with 

different compositions of hydrophobic groups and molecular 

weights are summarized in Table 1. The derivatized polymers 

have acceptable molecular weight distributions in the range 

1.2-2 (Figure S-3 and Figure S-5). FTIR spectroscopy also 

confirmed the presence of C-O and O-H bonds (Figure S-6). 
1
H NMR (300 MHz, CDCl3) δ(ppm): 0.90 (3H, t, J = 6.0 Hz, CH3 – 

from C8 monomer); 1.25-1.50 (10H, m, CH2 – from C8 

monomer); 3.50-3.95 (CH and CH2 – from HPG core); 3.39 (3H, 

s, OCH3 – from MPEG).  
1
H NMR (300 MHz, CDCl3) δ(ppm): 0.88 (3H, t, J = 6.0 Hz, CH3 – 

from C12 monomer); 1.20-1.50 (18H, m, CH2 – from C12 

monomer); 3.50-3.95 (CH and CH2 – from HPG core); 3.38 (3H, 

s, OCH3 – from MPEG). 

Inverse-gated 
13

C NMR spectroscopy proves the branched 

structure of HPGs conjugated with alkyl chains and MPEG 

chains. The 
13

C NMR spectrum of HPG-C8-MPEG in methanol-d4 

is shown in Figure S-7. 

Calculating degree of branching (DB) as reported previously,
 43

 

confirms the branched structure of this polymer with the value 

of 0.61 through the following formulation: 

�� = ��
�� 	!"# !"$

       [4] 

where: D is dendritic, T is terminal, L13 is linear (primary 

hydroxyl), and L14 is linear (secondary hydroxyl). 
13

C NMR (400 MHz, methanol-d4) δ(ppm): 14.72 (CH3 – from 

alkyl on C8 monomer); 23.87, 26.81, 30.74, 33.18 and 34.67 

(CH2 – from alkyl on C8 monomer); 59.27 (OCH3 – from MPEG); 

62.99-81.53 (CH and CH2 – from HPG core). 

 

Drug encapsulation by HPG-Cn-MPEGs 

The HPG-Cn-MPEG systems used here appear in solution as 

free nanoparticles < 10 nm in diameter (Table 1). 

Uncomplexed Pro is a hydrophobic drug with a low aqueous 

solubility of < 7.8 µg/ml at room temperature, 10.4 µg/ml at 

37 °C at neutral pH; 1 mg/ml of HPG-Cn-MPEG (n = 8, 10, 12, 

14) increased the aqueous solubility of Pro to ~ 20 µg/ml per 

milligram of polymer. The maximum loaded amount was 325 

µg/ml of Pro which was bound by most of the polymer 

systems, including HPG-Cn-MPEGs containing C8, C10, C12 and 

C14 alkyl monomers with different molar ratios determining 

the hydrophobicity of the polymer (Figure 2). However, lower 

amounts of alkylation were found for HPG-Cn-MPEG (n = 6 and 

18). This maximum binding corresponded to a ratio of 8.1 

moles of drug per mole of polymer for the HPG-C12-MPEG/Pro 

system for instance; the full set of values is given in Table 2 

and contextualized under Discussion. The combinations that 

fell along the unit slope line of Fig. 2 and did not produce any 

Pro precipitation over 12 hr at room temperature were 

considered stable; only the HPG-C6-MPEG materials showed 

instability by this criterion. 
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Figure 2. Pro binding profile into HPG-Cn-MPEGs in PBS 

Table 2. Binding characteristics of HPG-Cn-MPEGs 

Sample 

No. of hydrophobic 

carbons per molecule 

(n-2) 

Maximum molar 

ratio 

(drug/polymer) 

HPG-C6-MPEG/Pro 460 1.7 

HPG-C8-MPEG/Pro 822 5.1 

HPG-C10-MPEG/Pro 712 4.8 

HPG-C12-MPEG/Pro 1110 8.1 

HPG-C14-MPEG/Pro 720 6.0 

HPG-C18-MPEG/Pro 272 3.5 

 

In vitro release study 

To evaluate HPG-Cn-MPEGs’ potential as drug carriers, the 

release of Pro from the polymeric systems was measured at 

37 °C in PBS through a dialysis method. HPG-C6-MPEG was 

omitted from this study due to the lack of long term stability of 

the carrier loaded with Pro. The HPG-Cn-MPEG/Pro solutions in 

PBS at the drug concentration of 250 µg/ml were transferred 

into dialysis cassettes (molecular weight cut off 3500) in a 

bottle containing 1 L of 10 mM PBS (PH 7.4) at 37 
o
C with slight 

agitation. At different time points, the concentration of Pro 

was measured by taking the sample from the bag, diluted in 

ACN and assayed by UPLC, as described above. Comparing the 

release profiles of all HPG-Cn-MPEG/Pro systems, the slowest 

release profile belongs to HPG-C8-MPEG/Pro, in which about 

60% of the drug is released in the first 8 hrs and about 98% is 

released within 5 days; this compares with HPG-C18-MPEG/Pro 

which released ~ 80% in the first 8 hrs. Unbound drug 

clearance, as well as drug release in the presence of HPG and 

HPG-PEG, from the dialysis cassette were also measured as 

controls in order to observe the effect of alkylation on release 

behaviour. This was done by adding 2 ml PBS containing 5 µg 

of free drug to the cassette followed by dialyzing against PBS 

and analyzing the contents (Figure 3). 

 

 

Figure 3. Pro release from HPG-Cn-MPEGs in PBS 

The release profiles of Pro from HPG-Cn-MPEGs occurred in 

two phases, a rapid phase over the first 8-10 hrs followed by 

slower release which continued for several days. To compare 

the release rate for each polymer-drug system, we measured 

the rate at which the drug left the dialysis cassette by diffusion 

into the media. For each HPG-Cn-MPEG species we found that 

the natural log (ln) of drug concentration versus time plot was 

not a straight line as predicted for simple first order drug 

release and elimination.  

Release from HPG-C8-MPEG/Pro in PBS: this profile 

demonstrated that two linear regions were observed, an early 

rapid release of ~ 60-75% of the bound drug occurred over the 

first ~ 8 hrs followed by a much slower phase which was again 

linear on the semi-log plot. These general features were 

observed for all of the HPG-Cn-MPEG/Pro systems studied. Pro 

diffusion out of the cassette in the absence of HPG-Cn-MPEG 

proceeded most rapidly and with only one first order rate, as 

would be expected since the initial concentration of the drug 

ensured it was initially fully in solution. We characterize the 

two phases of release with two rate constants, calculated from 

the slopes of the two linear portions of the semi-log plots of 

each HPG-Cn-MPEG/Pro system; the total time course for 

HPG-C8-MPEG/Pro is illustrated in Figure 4 and the individual 

phases analyzed in Figures S-8 and S-9 in Supporting 

Information; the rate constants derived from these two figures 

are recorded in Table 3. 
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Figure 4. Semi-log plot illustrating the kinetics of Pro release from HPG-C8-MPEG/Pro. 

[C] refers to Pro concentration. [C10
] is the initial Pro concentration, calculated from the 

intercept of the ln[Pro] versus time in the rapid release phase. [C20
] is the initial Pro 

concentration for the slow release phase, calculated from the intercept of the ln[Pro] 

versus time at later times. 

Table 3. Pro release rate constants from HPG-Cn-MPEGs 

Sample 

k1 (10
-6 

s
-1

) 

Rapid-release phase 

rate constant in PBS 

k2 (10
-6

 s
-1

) 

Slow-release phase 

rate constant in PBS 

HPG-C8-MPEG/Pro 33.4 ± 1.1 0.6 ± 0.5 

HPG-C10-MPEG/Pro 41.1 ± 3.1 0.5 ± 0.3 

HPG-C12-MPEG/Pro 58.7 ± 4.6 0.3 ± 0.7 

HPG-C14-MPEG/Pro 55.4 ± 5.0 0.4 ± 0.2 

HPG-C18-MPEG/Pro 66.5 ± 2.1 0.4 ± 0.5 

HPG/Pro 326 ± 26.8 N/A 

HPG-MPEG/Pro 274 ± 24.8 N/A 

Free Pro 275.5 ± 32.8 N/A 

 

For any in vivo experiments or clinical applications in humans, 

HPG-Cn-MPEG/Pro would encounter blood plasma before 

reaching target organs so the release rate of Pro exposed to 

PPP was also studied for the HPG-C8-MPEG/Pro system and 

release rates compared to PBS (Table 4).  

Table 4. Pro release rate constants from HPG-C8-MPEG in plasma vs. PBS 

Sample 

k1  

(10
-6

 s
-1

) 

in plasma 

k2  

(10
-6 

s
-1

) 

in plasma 

k1 

(10
-6

 s
-1

) 

in PBS 

k2  

(10
-6

 s
-1

) 

in PBS 

dHPG(C8)/Pro 14.3 ± 1.1 0.6 ± 0.4 33.4 ± 1.1 0.6 ± 0.5 

Free Pro 48.5 ± 4.4 0.4 ± 0.8 275.5 ± 32.8 N/A 

 

The semi-log plot showing release kinetics in plasma is 

illustrated in Figure S-10 where again it is seen that release 

occurs in two linear phases but with different slopes from 

those measured in PBS (Figure 5). A direct comparison of the 

initial behaviour in both solutions is given in Figure 5; release 

behaviour of Pro dissolved in each solution in the absence of 

HPG-Cn-MPEG is also included. 

 

Figure 5. Semi-log plots of the initial phase of release of Pro from the dialysis cassettes 

for HPG-C8-MPEG/Pro in plasma (R
2
 = 0.96) and for dissolved Pro alone in PBS (R

2
 = 

0.95) and plasma (R
2
 = 0.95). [C1] is the ln of Pro concentration vs. time in the rapid 

release phase. [C10
] is the initial Pro concentration, calculated from the intercept of ln 

[C1] vs. time. 

Correlations between chemical properties and loading or 

release 

While it seems clear from our previous experience that the 

inherent hydrophobicity of the modified polymers will affect 

the binding of hydrophobic drugs, access to the present set of 

HPG-Cn-MPEGs allows a more detailed examination of the 

molecular determinants of binding and release of Pro by this 

family of materials. The reduced synthetic control compared to 

pure HPGs combined with the necessary product fractionation 

provided a larger range in properties than might have seemed 

desirable but allowed us to look at contributions to the binding 

and release metrics from several sources. The independent 

variables that were considered were the number of alkyl 

carbons per HPG-Cn-MPEG molecule, the number of purely 

hydrophobic alkyl carbons per molecule (explained below), the 

volume expected to be occupied by the alkyl chains if they 

accumulated into a drop-like region in the interior of the 

polymer to minimize aqueous contact, and the volume of the 

HPG contribution to the HPG-Cn-MPEG to see if the molecular 

size of the hydrophilic polymer played any role.  

We proceeded by looking for correlations between the above 

variables and either the capacity of each HPG-Cn-MPEG species 

to bind Pro or the values of the two kinetic constants 

describing Pro release rates into buffer (Tables 2 and 3). The 

results of linear regression analysis among these parameters 

are given in Table 5. 

The strongest correlation (p < 0.03) for the Pro loading capacity 

of HPG-Cn-MPEGs was found with the number of alkyl carbons 

per molecule beyond the oxygen molecule originating from the 

epoxide oxygen of the monomer, which is given by (n-2) where 

n is the total number of carbon atoms in the alkyl epoxide 

monomer. This value represents more accurately the pure 

hydrophobic carbon chain size for each monomer and could be 

relevant to the strength of hydrophobic interaction per alkyl 

unit contributing to Pro binding. The linear regression between 

Pro loading and n was not significant, lending some support to 

this idea.  

Maximum Pro loading was not significantly correlated with the 

volume contributed by alkyl carbons, Va(n-2). Pro loading takes 
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place in the absence of water however so an oil-like core with 

a significant interfacial tension that could act as a solvent 

reservoir for the hormone would not be anticipated.  

Table 5 shows that the release rate constants for Pro, k1 and 

k2, correlated significantly only with the volume of the polymer 

Vp and the volume of the polymer with the alkyl contribution 

subtracted (Vp – Va(n-2); Figure S-11). Surprisingly, there was no 

direct correlation of the release rate constants with any of the 

parameters describing the alkyl content.  

Since we have no evidence that Pro binds to HPG itself, the 

dependence on the hydrodynamic volume of the polymer was 

unexpected. However, it has been shown that HPG interacts 

with water in a substantial way and that in the presence of 

HPG a fraction of the water in a solution does not participate 

in freeze/thaw heat exchange around T = 0 
o
C.

37,38
 The solutions 

behave as if a significant amount of water was bound or 

otherwise structured in a way distinct from pure water when 

HPG is present. If this bound or structured non-freezing water 

had different solution properties for Pro an effect on the 

release kinetics of Pro from HPG-Cn-MPEGs might occur.  

 

Table 5. Summary of linear regression analysis (regression coefficient R
2
 and significance probability p) examining the dependence of maximum Pro capacity and two kinetic 

constants for Pro release 

N=5 
No. C(n)

a
 No. C(n-2)

b
 Va(n-2)

c
 Vp

d
 Vp-Va(n-2)

e
 

R
2
 p R

2
 p R

2
 p R

2
 p R

2
 p 

Max Pro per  

HPG-Cn-MPEG
f
 

0.559 0.087 0.743 0.027 0.710 0.073 0.119 0.57 0.111 0.58 

k1 0.211 0.436 0.119 0.570 0.220 0.43 0.880 0.018 0.889 0.016 

k2 0.033 0.770 0.003 0.934 0.038 0.75 0.863 0.022 0.863 0.022 

a
: Number of alkyl carbon atoms per HPG-Cn-MPEG molecule. 

b
: Number of n-alkyl carbons external to oxygen per HPG-Cn-MPEG molecule. 

c
: Volume of n-alkyl carbons 

external to oxygen per HPG-Cn-MPEG molecule. 
d
: Volume of HPG-Cn-MPEG molecule calculated from hydrodynamic radius. 

e
: Volume of HPG-Cn-MPEG molecule 

associated with HPG. 
f
: Maximum ratio of Pro bound to HPG-Cn-MPEG by loading protocol, moles per mole; p < 0.05 values in bold font. See text for fuller definitions 

To test this idea we performed DSC measurements on the 

series of HPG-Cn-MPEG species under investigation, as 

described. The results are shown in Table 6 where the 

reduction in heat of fusion measured as a function of HPG-Cn-MPEG 

structure and concentration is interpreted in terms of number 

of moles of water affected per mole of polymer. 

Table 6. Summary of DSC results: number of moles of water affected per mole of 

HPG-Cn-MPEG at the two polymer concentrations shown 

HPG-Cn-MPEG 

Mole water per mole 

10% 

HPG-Cn-MPEG 

(10
3
) 

Mole water per mole 

5% 

HPG-Cn-MPEG 

 (10
3
) 

HPG-C8-MPEG 6.3 5.2 

HPG-C10-MPEG 6.9 8.4 

HPG-C12-MPEG 8.2 11.4 

HPG-C14-MPEG 9.4 10.6 

HPG-C18-MPEG 12.6 15.4 

HPG-MPEG 13.9 17.9 

 

We also studied Pro release from HPG-C8-MPEG system in 

plasma using the above method. Comparison of the kinetics of 

release in PBS and plasma showed that the release rate of Pro 

from HPG-C8-MPEG/Pro was reduced to almost half in plasma 

and the release of free drug with no HPG-Cn-MPEG present 

now showed two phases unlike the situation in PBS, 

presumably due to Pro reversibly binding to plasma 

constituents before diffusing out of the cassette. There was an 

approximately 20 fold difference in k1 between free Pro in PBS 

compared to Pro bound to HPG-C8-MPEG in plasma (Figure 5 

and Table 4). We did not attempt a more detailed examination 

of plasma effects in this work as its composition varies widely 

depending on donor issues related to genetic background, 

gender, health status, diet and degree of fasting so attempting 

a deeper understanding would take us beyond the scope of 

this work.  

When the results of the DSC measurements were examined for 

correlation with the kinetic constants for Pro release from the 

HPG-Cn-MPEG species the regression analyses summarized in 

Table 7 were obtained.  

Table 7. Summary of linear regressions of k1 and k2 against the number of moles of 

water affected per mole of HPG-Cn-MPEG as determined by DSC 

 

N=5 

 

Water/  

HPG-Cn-MPEG
a
  

(10 %) 

Water/  

HPG-C8-MPEG
b
 

(5 %) 

(n-2)
c
 

R
2
 p R

2
 p R

2
 p 

k1 0.793 0.043 0.940 0.006 0.857 0.024 

k2 0.392 0.258 0.720 0.069 0.501 0.181 

a
: HPG-Cn-MPEG concentration of 10%. 

b
: HPG-Cn-MPEG concentration of 5 %. 

c
: the number of alkyl carbons external to the oxygen for each monomer species; 

statistically significant results in bold 

It is seen the most significant correlation is between k1 and the 

number of moles of water affected per mole of HPG-Cn-MPEG 

at the lower polymer concentration; detailed plots are shown 

in Figure 6. A higher but still significant p value (p < 0.025) is 

found for the correlation with simply the length of the 

hydrophobic portion of the alkyl monomers, (n-2), which could 

also reflect an effect of structured water around the alkyl 

chains. The k2 values do not correlate significantly with the 

water-related parameters, although there is some suggestion 
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that k2 tracks with the water affected at the lower 

concentration.  Since the release kinetics took place from 2% 

polymer solutions the 5% water binding data is likely the most 

relevant. Note that the two dependences are of opposite sign 

however, k1 increasing as the amount of water affected 

increases with alkyl chain length while k2 decreases over the 

same range. 

 

Figure 6. Correlation between k1 values and mole of structured water per mole of 

HPG-Cn-MPEG at 5% polymer concentration; R
2
 = 0.94 and p < 0.01 

Discussion 

In this study, we describe the development of a 

nanoparticulate formulation for Pro delivery based on HPGs 

containing hydrophobic groups within the structure and MPEG 

chains incorporated in the polymer (presumably on the 

surface). Our approach was based on HPGs because of their 

ease of synthesis and excellent biocompatibility.
24,27

 The HPG-

C18-MPEG material has been shown to be non-toxic in mice 

and capable of being retained for extended periods of time in 

the circulation depending on the molecular weight so holds 

considerable promise as a drug delivery agent.
10,26

 In 

synthesizing this family of polymers the 1,2-epoxyalkane (Cn) 

was added to the activated initiator with the glycidol to try to 

provide a protected hydrophobic region that would not 

produce aggregation in aqueous solution but would provide a 

suitable environment for Pro binding. While such materials are 

usually thought of as having a hydrophobic core it is not clear 

how much the alkyl chains can interact with each other given 

the constraints of the dendritic structure of the polymer and if 

in fact they do form an oily central region with an identifiable 

interface with water. 

The materials synthesized as described successfully bound Pro 

and released it into aqueous media. The capacity of these 

polymers to bind Pro depended on the extent and chain length 

of the alkyl epoxides used in the synthesis. Table 2 and Figure 

S-12 show that the best correlation between loading capacity 

and a structural property was the dependence on the sum per 

HPG-Cn-MPEG molecule of the number of carbon atoms in the 

alkyl units external to the oxygen contributed from the 

epoxide group, two less than the number of carbons in the 

alkyl monomers (n). The HPG-C12-MPEG had the highest value 

for this parameter and the highest loading capacity. The 

correlation implies the hydrophobic group length was a strong 

determinant of loading capacity. Since the loading occurs in 

the absence of water this is perhaps not surprising as there 

would be little change in free energy to be gained if the alkyl 

chains accumulated in the absence of an aqueous interface 

with a relatively high interfacial tension. In such a case a 

dependence on the summed volume of the hydrophobic 

chains, roughly equal to a core drop volume into which the Pro 

could dissolve, might have been expected yet the dependence 

of loading on Va(n-2), which is the relevant measure, is not 

significant. 

Results from our earlier work and the Rh values demonstrated 

that loading Pro on HPG-Cn-MPEG does not cause aggregation 

in the system and no change in the size of the dominant 

population was observed at different concentrations 

compared to the polymer alone at the same concentrations as 

a control. This confirms the non-micelle structure of HPG-Cn-

MPEG (Table  S-1 and Figure S-13). In earlier work we showed 

this class of materials could actually collapse around a 

hydrophobic guest molecule, protecting against aggregation in 

aqueous solution and that their capacity to solubilize a 

hydrophobic guest
11

 was a linear function of polymer 

concentration over a much greater concentration range than 

used in this research so no micelle-enhancement of binding 

was expected
10

. The very scant population of weak aggregates 

seen in the present material also reduced its mean size on 

binding Pro, consistent with our earlier findings
11

. 

It has been previously demonstrated that more hydrophilic 

drugs are released more rapidly from the polymer matrix as 

water penetrates into it.
39

 Pro release occurred in two phases, 

each of which could be characterized by a first order kinetic 

constant. The initial phase was the most rapid and its kinetic 

constant, k1, was roughly 5 to 20 times greater than k2 

characterizing the second phase. When correlations were 

sought with system properties, very different results were 

found compared to the loading capacity determinants, the 

character of hydration of the dendritic material being the 

dominant feature. Table 7 and Figure S-11 show some results: 

both k1 and k2 are significantly correlated (p < 0.025) with the 

hydrated polymer volume (calculated from the hydrodynamic 

radius), corrected or not for the alkyl chain volume. Since we 

have no evidence for Pro binding to HPG-MPEG, and there was 

no correlation of loading capacity determined in the absence 

of water with polymer volume, it seemed likely the hydration 

of the polymer could be involved. 

The DSC measurements subsequently made brought some 

clarity to the situation as significant reductions in the heat 

absorbed during thawing were found when the HPG-Cn-MPEGs 

were present, implying a fraction of the water present did not 

freeze and was either bound to polymer or structured in some 

way that did not contribute to melting as the temperature was 

raised through 0 °C. From this observation the amount of 

water affected can be calculated; Table 6 gives the results 

expressed as moles of water affected per mole of HPG-Cn-MPEG. 

It is of interest that the amounts of water affected by the 

HPG-Cn-MPEGs were much more per monomer than has been 

observed in other related linear polymer systems, including 

PEG,
44,45

 perhaps due to the dendritic nature and high internal 
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chain density of HPG. Seeking a correlation between these 

properties and the kinetic constants rendered the results given 

in Table 7 and Figure 6. A very strong correlation (p = 0.006) is 

found between k1 and the moles of water bound or structured 

per mole of HPG-Cn-MPEG at 5% polymer concentration, and a 

still significant (p < 0.05) correlation at 10%. As noted earlier 

the lower concentration is closer to the experimental 

conditions used in the kinetic measurements so is the more 

relevant. Figure 6 and the regression (Table 7) show that k1 

increases significantly as the amount of affected water 

increases, perhaps suggesting that the affected water forms a 

better solvent for Pro than bulk water, enhancing its release 

from whatever binding interaction retains it. 

The second phase kinetic constant, k2, has the opposite slope 

in its correlation with the affected water parameter but does 

not reach significance. This much slower release process 

occurs at quite low remaining loads so could reflect a small 

population of material slightly more tightly associated with the 

HPG-Cn-MPEG, perhaps due to proximity of alkyl chains within 

the polymer. It might also be associated with the weakly 

aggregated population present at low levels under low shear 

conditions
11

 (Fig S-13). Since k1 also correlates quite well (p < 

0.025) with simply the number of alkane carbons external to 

the oxygen in the alkyl monomer (Table 7) it suggests that a 

contribution to the affected water could be associated with 

the alkane chain length, consistent with the hydrophobic 

effect 
46

 playing a role in the thermodynamic behaviour of the 

entrained water. 

Conclusions 

Delivery of hydrophobic drugs to therapeutic sites is one of the 

major research challenges in pharmaceutical science due to 

their poor aqueous solubility. Several formulations, including 

micelles, have been studied in detail, and unimolecular 

micelles are being considered as very promising carriers due to 

their structural stability. In this study, we report the 

preparation and characterization of Pro carriers in a 

nanoparticulate formulation based on hydrophobically 

derivatized hyperbranched polyglycerols. The maximum 

binding capacity for Pro, loaded in the absence of water, was 

found to depend on the total mass of alkyl carbon per 

molecule, not on the volume of hydrophobic constituents. The 

release rates from HPG-Cn-MPEGs for Pro could be 

characterized by two kinetic constants, the major one 

correlating with the volume of the hydrated polymer and more 

directly, as shown by DSC measurements, with the amount of 

water structurally affected per mole of polymer. Pro release in 

human plasma was slower than in buffer but had the same 

general characteristics. These studies provide insight into the 

nature of binding of a hydrophobic drug into alkylated HPGs 

and permit a connection to be drawn between the release 

rates and the amount of bound or structured water associated 

with the polymers.  They hence offer some guidelines for the 

design of Pro carriers with some control over loading and 

release properties. 
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