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 2 

ABSTRACT 

A huge number of studies and works in drug delivery literature are focused on understanding and 

modeling transport phenomena, the pivotal point for a good device design. The rationalization of all 

phenomena involved is fundamental, but several concerns arise leaving many issues unsolved. In 

order to change point of view we decided to focus our attention on parallelisms between two fields 

that seem to be very far each other: chromatography and drug release. Taking advantages on the 

studies conducted by many researchers with chromatographic columns we decided to explain all the 

phenomena involved in drug delivery considering sodium ibuprofen molecules (IP) as analytes and 

hydrogel as stationary phase. In particular we considered not only diffusion, but also drug-polymer 

interactions as adsorption on the stationary phase and drug-drug interactions as analytes 

aggregation. Hydrogel investigated is a promising formulation made of agarose and carbomer 974p 

(AC) loaded with IP, a non-steroidal common anti-inflammatory drugs. The self-diffusion 

coefficient of IP in AC formulations was measured by using an innovative method based on Magic 

Angle Spinning NMR spectroscopic technique to produce High Resolution (liquid-like) spectra. 

This method (HR-MAS NMR) is used in combination with pulsed field gradient spin echo (PGSE) 

liquid-state techniques. The model predictions satisfactorily match with experimental data obtained 

in water and the gel environment, indicating that the model presented here, despite its simplicity, is 

able to describe the key phenomena governing the device behavior and could be used to rationalize 

the experimental activity.! 

 

Keywords: chromatography, hydrogel, diffusion, drug delivery, HR-MAS NMR spectroscopy.
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 3 

INTRODUCTION 

Hydrogels are compounds based on cross-linked polymeric materials that due to their hydrophilic 

nature can absorb large quantity of water, maintaining a distinct three-dimensional structure 1, 2. In 

this direction, hydrogels are designed in order to obtain mechanical properties suitable to different 

application in many fields like drug delivery and tissue engineering 3-5. Due to their remarkable 

characteristics like tunable physical, chemical, and biological properties, high biocompatibility and 

versatility in fabrication hydrogels have emerged as promising materials in the biomedical field 6-8. 

Significant progress has been made in the synthesis and fabrication of hydrogels from both natural 

and synthetic sources for various applications; these include regenerative medicine, drug/gene 

delivery, stem cell and cancer research, and cell therapy 9, 10. All these applications consider and use 

the ability of these three-dimensional polymeric systems to regulate and control the transport of 

solutes through their three-dimensional network 11-13. Indeed, effective solute transport is one of the 

most critical design parameters 14-18. Mass transport parameters determine how nutrients, gasses, 

waste products, and bioactive agents, such as growth factors and drugs are exchanged within gels or 

are delivered by them. Except in hydrogels with very large micropores or forced flow conditions, 

convection usually does not play a significant role in the movement of solutes through hydrogel 

matrices and diffusion alone is commonly regarded as the driving transport phenomenon 19, 20. 

Despite the high simplicity, in terms of mass transport for chemical engineering applications, 

several problems rise: available studies often show low or even no accordance with descriptive 

theories and, more generally, this topic is still much debated 21, 22. This is mainly due to the fact that 

theoretical studies on drug delivery systems are centered on pure-Fickian diffusion with degradation 

and swelling of polymers, not considering any other contribution 23, 24. In order to put order in this 

matter we decided to change the common point of view and consider the large amount of theories 

and models already developed for hydrogels used in chromatography 17, 25, 26.  
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 4 

The use of hydrogels in chromatography is indeed well established both in preparative and analytic 

techniques 27-29. These two systems (hydrogels loaded of drugs on one side and with analytes on the 

other) present several points in common: (i) hydrogel matrices work as stationary phase, (ii) loaded 

solute molecules diffuse within the matrix and can interact adsorbing on it (solute-polymer 

interaction) 30-32. The main difference resides in the fact that in drug delivery there is no presence of 

flow rate and so superficial velocity. Following this strategy we considered the classic 

chromatographic mass balance in order to investigate the role of drug-polymer interactions and 

diffusion within an hydrogel delivery system. In silico results were then compared with the ones 

collected experimentally in water and in hydrogel environments. The drug investigated in this work 

is sodium ibuprofene (IP), a member of non-steroidal anti-inflammatory drugs, commonly used for 

relief from arthritis, fever and as a generic pain reliever 33-35. The chosen hydrogel, specifically 

developed for central nervous system repair strategies, was obtained by synthesis from statistical 

block polycondensation between agarose and carbomer 974P (briefly termed as AC, acronymic of 

their main components), together with cross-linkers 36, 37. IP self-diffusion coefficients were 

measured in water and in gel by means of pulsed magnetic field gradients spin-echo (PGSE) nuclear 

magnetic resonance (NMR) spectroscopy using the high resolution magic angle spinning (HR-

MAS) technique 38-40. In addition we considered here also the aggregation contribution (drug-drug 

interaction) that takes place in water and in hydrogel and it is very common in several commonly-

used drugs 41, 42. This approach can represent the joint point between two fields that seem to be very 

far one from the other: chromatography and drug delivery. The interaction between these two fields 

may pave the way to a better device design with the possibility to predict and tune different release 

rates in order to address different medical needs. 
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 5 

EXPERIMENTAL PART 

Materials  

Carbomer 974P (CAS 151687-96-6) with high molecular weight (about 1 MDa), was purchased by 

Fagron (The Netherlands), triethylamine (TEA, CAS 121-44-8) with high purity by Sigma-Aldrich 

(Germany). The solvent used was Phosphate Buffer Saline solution (PBS), purchased by Sigma-

Aldrich (Germany). For NMR and HR-MAS analysis deuterated PBS was used to avoid 

overlapping of 1H signal of IP with those of PBS. The other polymer involved in the reaction is 

agarose (CAS 9012-36-6), by Invitrogen (USA) with molecular weight of about 300 kDa. Finally, 

sodium ibuprofen (IP, CAS 31121-93-4) was provided by Sigma-Aldrich (Germany). All materials 

were used as received. 

 

Molecular modeling of the IP dimerization in water 

The dimerization of IP molecules was investigated using well-tempered metadynamics (WTmetaD) 

simulations 43 with the aim of evaluating the thermodynamic stability of IP dimers in aqueous 

solution. Three simulations were carried out involving respectively dimers formed by two 

protonated IP molecules (S1), two deprotonated IP molecules (S2) and both a protonated and a 

deprotonated IP molecule (S3). 

In all cases the IP dimers were embedded in cubic simulation boxes 4.0 nm filled with an 

appropriate number of water molecules and Na+ ions to neutralize the net charge of IP deprotonated 

molecules. Initial configurations were relaxed with an steepest-descent energy minimization 

followed by a short NPT equilibration. Both during the equilibration and the production WTmetaD 

simulations pressure was controlled with the isotropic Parrinello-Rahman barostat 44, while 

temperature was controlled with the Bussi-Donadio-Parrinello thermostat 45.  

The generalized amber force field was used to model IP, with atomic charges determined according 

to the bcc-AM1 approach 46, 47. 
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 6 

Water was explicitly represented using the TIP3P model. Long-rage electrostatics were included 

through particle-mesh Ewald approach. Covalent bonds involving hydrogen were restrained with 

the LINCS algorithm 48 to allow a time step of 2 fs.  

WTmetaD simulations were carried out using two collective variables: the distance between 

centers-of-mass between two IP molecules and the distance between the carbon atoms of the 

carboxylic acid groups. Repulsive Gaussians were added every 500 steps with an initial height of  

1.0 kJ/mol, and a bias-factor of 10. All WTmetaD simulations were carried out with Gromacs 5.0 49, 

50 equipped with PLUMED 2 51.  

 

Hydrogel synthesis and drug loading  

Hydrogel synthesis and drug loading procedure was performed in accordance with previous works 

37, 52. Briefly, Carbomer 974P (0.5 g) was stirred and neutralized to pH 7.4 in deuterated PBS 

solution. Agarose powder (0.5% w/v) was then added and the system was electromagnetically 

heated up to 80 °C to induce the beginning of the condensation reactions. Then, IP was added to the 

polymeric formulation as deuterated aqueous solution, before sol/gel transition. IP was loaded in a 

concentration range from 5 to 120 mg/mL, in order to clearly explore concentration effects on 

transport properties. The gelling solution was then placed in steel cylinders (0.5 mL each and with 

the same dimensions of a standard well in a 48-plate) and left to stabilize at 37 °C until reaching 

complete gelation. The formation of ester bonds between hydroxyl groups of agarose and carboxyl 

ones of carbomer was described in previous works, where we discussed the chemical nature of 

agarose-carbomer based hydrogels 53, 54. Acronyms of hydrogels are harmonized with previous 

studies 52. The three-dimensional structure of a gel network could be described as polymer chains 

interconnected forming a distribution of mesh sizes filled with water. Mesh size ζ describes the 

average distance between cross-links in polymer network and could be estimated with Flory-Rehner 

theory 55, 56.  
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 7 

The complete and exhaustive treatment of Flory-Rehner theory applied to AC hydrogels was 

studied and presented in previous work 52: ζ 45 nm, MC 2500 g/mol, νe 28 kmol/cm3 and porosity ε 

equal to 0.9. 

 

HR-MAS NMR spectroscopy  

The 1H NMR spectra of hydrogel systems were recorded on a Bruker Avance spectrometer 

operating at 500 MHz proton frequency, equipped with a dual 1H/13C HR-MAS (High Resolution 

Magic Angle Spinning) probe head for semi-solid samples as presented in previous work 30. Brielfy 

hydrogel samples were transferred in a 4 mm ZrO2 rotor containing a volume of about 12 µL. All 

the 1H spectra were acquired with a spinning rate of 4 kHz to eliminate the dipolar contribution. 

Self-diffusion coefficients were measured by Diffusion Ordered correlation Spectroscopy (DOSY) 

experiments, based on pulsed field gradient spin-echo (PGSE) approach. A pulsed gradient unit 

capable of producing magnetic field pulse gradients in the z-direction up to 53 G.cm-1 was used. 

These experiments were performed using the bipolar pulse longitudinal eddy current delay 

(BPPLED) pulse sequence. The duration of the magnetic field pulse gradients (δ) and the diffusion 

times (Δ) were optimized for each sample in order to obtain complete dephasing of the signals with 

the maximum gradient strength. In each DOSY experiment, a series of 64 spectra with 32k points 

were collected. For each experiment 32 scans were acquired. For the investigated samples, Δ was 

set to 0.1 s, while the δ values were in the range 0.7-2 ms. The temperature was set and controlled 

at 37 °C with an air flow of 535 l.h-1 in order to avoid any temperature fluctuations due to sample 

heating during the magnetic field pulse gradients.  
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 8 

Adsorption kinetics 

IP adsorption isotherm in AC gel was determined following literature methods 25. Small hydrogel 

samples were suspended in excess of IP solution with different concentrations and stirred for 8 h at 

37°C. Then IP concentration (q) present within gels was measured by UV spectroscopy at λ=222 

nm 57. 

 

Mathematical Model 

The model discussed later on was developed with MatLab© suite, using the lsqcurvefit function to 

match experimental data with the proposed physical chemical description. 

 

Statistical analysis 

Where applicable, experimental data were analyzed using Analysis of Variance (ANOVA). 

Statistical significance was set to p value < 0.05. Results are presented as mean value + standard 

deviation. Spectroscopic data presents a standard deviation of about 5%, due to intrinsic 

instrumental precision. 
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 9 

RESULTS AND DISCUSSION 

Experimental measurement of diffusion coefficients via HR-MAS NMR technique 

The measurement of diffusivity could be done experimentally using 1H NMR spectroscopy 58. This 

well known technique is very reliable for liquid solutions, on the contrary 1H NMR spectrum of 

hydrogels is characterized by broad signals due to the residual solid-state effects related to the 

dipole-dipole coupling. This limitation makes the NMR spectra acquired by conventional liquid 

state probe heads completely useless for the structural and dynamical characterization of the 

materials 54 and in this direction the use of HR-MAS allowed us to overcome this limitation 39, 59. 

As the matter of fact, HR-MAS NMR spectroscopy is a versatile technique that allows to study 

heterogeneous suspensions, swellable solids and gels. In the present work, HR-MAS NMR 

spectroscopy combined with PGSE pulse sequence provides important information on the transport 

properties of the encapsulated drug (IP) in its environment. This methodology is a powerful method 

for the direct measurement of self-diffusion coefficient of small molecules confined in a hydrogel 

matrix. The 1H HR-MAS-NMR spectrum of IP dissolved in AC hydrogel is reported in Figure 1 

together with line assignment. The molecular formula of IP and the atom numbering are also 

shown. 

 

 

Figure 1. Molecular structure of IP. 1H HR-MAS NMR spectrum of IP loaded within AC hydrogel (75 

mg/mL) together with line assignment. 

Page 9 of 26 Physical Chemistry Chemical Physics

Ph
ys
ic
al
C
he
m
is
tr
y
C
he
m
ic
al
Ph

ys
ic
s
A
cc
ep
te
d
M
an
us
cr
ip
t

Pu
bl

ish
ed

 o
n 

06
 A

pr
il 

20
17

. D
ow

nl
oa

de
d 

by
 P

ol
ite

cn
ic

o 
di

 M
ila

no
 o

n 
06

/0
4/

20
17

 1
3:

52
:4

8.
 

View Article Online
DOI: 10.1039/C7CP00832E

http://dx.doi.org/10.1039/C7CP00832E


 10 

Diffusivity values of IP in AC hydrogels and in water solution are reported in Table 1. As said IP 

diffusivity was measured both in gel and in water - by HR-MAS NMR and liquid state NMR 

spectroscopy, respectively - at different concentration to investigate the differences related to the 

environment of diffusion and concentration influence. It is well visible that diffusion coefficient of 

IP in D2O decreases from 6.48 10-10 m2/s to 4.20 10-10 m2/s thus indicating that drug molecules in 

water interact each other and these interaction become stronger at higher concentration. In gel 

environment, as observed in water, IP diffusivity decreases as IP concentration increases from 8.12 

10-10 m2/s to 4.73 10-10 m2/s. However the most important and counterintuitive result is that, at 

every IP concentration, diffusity in gel is higher than in water. As said this behavior seems to be 

unrealistic because, following the Stoke-Einstein equation, diffusivity is inversely proportional to 

diffusant viscosity. It is indeed well known that, in colloids, diffusivity is the ratio between thermal 

forces typical of Brownian motion and viscous forces applied by the system (here water solution 

and gel) to the diffusing agent (here IP). In this case water viscosity is lower compared to the gel 

and the logic consequence should bring to higher diffusivity values in water rather than in the gel 

system. In order to justify this mismatch it is obvious that other mechanisms should be considered 

and taken into account; in this direction we investigated the IP behavior in water environment using 

MD simulations. 

 

Table 1. Diffusion coefficients of IP at different concentrations in: water solution (Dwater), in AC hydrogel 

(Dgel) and their ratio respect to IP diffusivity at infinite dilution (Dgel/Dinf and Dwater/Dinf). 

IP concentration Dgel
a  Dwater

a  Dgel/Dinf Dwater/Dinf 

 [mg/mL]  [m2/s]  [m2/s] [-] [-] 

5 8.12 6.48 0.941 0.762 

30 6.21 5.64 0.706 0.664 

60 4.98 4.93 0.586 0.580 

90 4.88 4.40 0.574 0.518 

120 4.73 4.20 0.556 0.494 

! ! ! ! !a All values have to be multiplied by 10-10  
! !
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Molecular modeling of the IP dimerization in water 

WTmetaD simulations confirm that within an aqueous environment, which naturally tends to 

compete with IP-IP hydrogen bonding, IP monomers are the most probable configuration. 

Nevertheless dimer configurations stabilized by apolar interactions are likely to be present in 

significant amounts. WTmetaD simulations have been carried out considering systems where the 

simulated dissociated state can be assumed to be at infinite dilution. As summarized in Table 2, 

even in these conditions the free energy difference between monomer and dimer states is always 

well within the 2 kBT and the equilibrium probability of dimer configurations is between 15 and 

27%, depending on the protonation state of the IP molecules forming the dimer.  

 

Table 2. Free energy differences and equilibrium probabilities computed for deprotonated, protonated and 

mixed IP dimers in water. The equilibrium probability of having two ibuprofen molecules complexed in a 

dimer configuration has been computed as !!",!"#$% = !!! !!
!(!)
!" !!"!∈!"#$% , where G(S) is the free 

energy surface obtained as a function of the set of collective variables S, Ω is the configurational space 

sampled, Ω ∈ !"#$% represents the subset of the conformational space in which dimer configurations are 

sampled, k is the Boltzmann constant, T the temperature, and Z the partition function computed as 

! = !!
!(!)
!" !!"! . The equilibrium probability associated to two non-interacting ibuprofen molecules has 

been computed as  !!",!"# = !!! !!
!(!)
!" !!" = 1 − !!",!"#$%!∉!"#$% .  

 

Label 
 

Peq  
dimer 

Peq 
monomer  

ΔGD!M 

[kJ/mol] 
S1 0.267 0.733 -2.50 

S2 0.164 0.836 -4.04 

S3 0.234 0.766 -2.94 

! ! ! ! 
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 12 

 

Figure 2. Free energy of dimerization of protonated IP molecules obtained from simulation S1. (Top left) 

Free Energy Surface (FES) as a function of the CVs used to enhance the sampling through WTmetaD. (Top 

right) FES error in the space of CVs evaluated as the standard deviation of the time-independent estimator of 

the free energy in the CVs space. (Bottom-left) Free energy difference between dissociated and dimer-like 

states as a function of simulation time. (Bottom-right) quilibrium probabilities of undissociated and 

dissociated states. Similar results, obtained for simulations S2 and S3 are reported as supplementary 

material.  

 

Modeling IP diffusion coefficients in water 

As said above the decrease of IP diffusivity as IP concentration increases should be explained 

before considering the hydrogel environment. A possible explanation of this trend resides in the fact 

that drug molecules in water solution can aggregate and form oligomers. On the opposite in case 

studies with drugs that cannot aggregate there is no decrease in drug diffusivity as their 

concentration increases 30.  
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Not only from our MD studies but also from literature it is well known that IP revealed a strong 

tendency to form aggregates such as dimers of either cyclic or linear geometry, which somehow 

seems to control molecular mobility of that drug 60, 61. We calculated the equilibrium constants for 

the dimerization obtained from MD studies (1.6 L/g) and we used in model studies. Molecular 

simulations presented in previous paragraph suggest that dimer configurations, predominantly 

stabilized by apolar interactions, account for a significant fraction (20 to 30%) of the configurations 

at equilibrium. We could calculate diffusivity in water as: 

!!"#$% =
!!
!!"!

∙ !! +
!!
!!"!

∙ !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1) 

where CM is monomer concentration, CD is dimer concentration and Ctot the total IP present, DM is 

monomer diffusivity, DD is dimer diffusivity. In Figure 3 results about mathematical modeling are 

presented together with experimental data. In particular the two lines are related to two different 

assumptions: (a) only monomer present, Ctot = CM (red); (b) monomers and dimers present, Ctot = 

CM + 2CD (blue). It is evident that the introduction of the terms related to dimers is fundamental in 

order to understand the phenomena involved and match the experimental data. In addition IP 

aggregation increases as IP concentration increases with a consequent reduction in term of 

diffusivity value. 
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 14 

 

Figure 3. Diffusion normalized coefficients (Dwater/Dinf), experimental data (dots) and model trend (lines): a) 

red, only monomers; b) blue, monomers and dimers. 

 

Modeling IP diffusion coefficients in gel 

As shown in previous works 54, the classic Fick model applied to the drug release experiments 

provides reliable diffusion coefficient for low concentration of drugs, but cannot be used to study 

the concentration effect on mass transport. It is well known that, in the absence of drug 

concentration gradient (as in the present case), drug release rate is not expected to be influenced by 

its concentration 62. Drug motion through the three-dimensional network is influenced by the 

environment and by the other drug molecules. This represents the joint point with chromatography 

if we consider also in this case polymeric hydrogel network as stationary phase. In particular 

starting from mass balance used in chromatography we propose here a model able to describe the 

experimental behavior of drug diffusivity. The model is based on the hypotheses here listed: i) IP 

molecules can be adsorbed on the three-dimensional polymeric network only if it is in the 

monomeric state. The mechanism of adsorption of IP on the polymeric network is currently under 

investigation and no clear-cut conclusion can be metioned at this stage.  
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However, in analogy to recently reported research on the adsorption of IP in mesomorphous 

materials, a possible role of hydrogen-bonding between carboxylate group of IP and the hydroxyl 

groups present in the agarose units could be invoked 63. Accordingly, the attractive polymer-IP 

interactions would provide the driving force to overcome the electrostatic repulsion between the 

negatively charged polymer sites and the ionized carboxylic groups of monomeric IP. The 

adsorption step reduces thus the contribution of any drug aggregation phenomena. As a 

consequence, at low values of IP concentration (lower than q� presented in Figure 5) the most 

important phenomenon is adsorption within hydrogel pores that reduce the amount of IP available 

for the formation of dimers; ii) As the IP amount is increased, the adsorption sites are progressively 

saturated and then IP is capable to diffuse more quickly, in a comparable way with water 

environment and driven only by the concentration gradient. The rationale for this is based on the 

observation that the ratio between the mean gel network mesh size and the mean IP hydrodynamic 

radius that is extremely low: diffusant molecules are mobile inside the entangled hydrogel network. 

The adsorption mechanism is thus expected to play a dominant role at low IP concentration while it 

is negligible for higher drug concentration. Previous work by Barbucci and coworkers 34 on in vivo 

application of IP release from hydrogels for the local treatment of chondral lesions in the knee 

reveals the therapeutic efficacy for concentration equal to 1.5 mg/mL. Redpath and coworkers 35 

examined the effects of sodium ibuprofen on the major proinflammatory cytokine tumor necrosis 

factor and also in this case they considered low value of IP concentration (0.3 mg/mL).  

As reported, at low drug concentration, where drug showed high efficacy, the adsorption 

phenomenon should be considered when describing the drug transport mechanisms. A pictorial 

representation of the model is shown in Figure 4 where the solid lines represent the AC matrix, the 

red circles represent the IP molecules adsorbed on the network backbone, the green circles represent 

IP molecules that are free to move within the network. IP molecules may either undergo adsorption 

or diffusion.  
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 16 

The latter points are sketched in Figure 4: the green arrows indicate IP monomers diffusion within 

the polymeric network, while the red arrows show the subsequent adsorption onto the polymer 

matrix. If all adsorption sites are saturated, IP monomers continue to diffuse, they are likely to 

collide with other IP monomers (black arrow) and can form dimers.  

The experimental diffusion constants detected are the rapid-exchanged values resulting from the 

weighted average of both the adsorbed and free diffusion rates. 

 

 

Figure 4. Pictorial representation of the partitioning model. 

 

At this stage, we propose a mathematical model accounting for the steps described above starting 

from chromatographic studies 32, 64. The adsorbed IP amount is given by q, as determined from the 

adsorption Langmuir isotherm (Figure 4) 25. The isotherm is highly favorable at low drug 

concentration. Thus a Langmuir isotherm was used to fit the data according to the following 

equation: 

! = !! ∙ ! ∙ !!
1+ ! ∙ !!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2) 
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where q∞ is the maximum total adsorbed concentration of IP and CG is the IP concentration within 

the hydrogel. Fitted line is presented in Figure 5 and calculated parameters are: q∞ = 34.8 mg/cm3 

and K = 50 cm3/mg. 

 

 

Figure 5. Adsorption isotherm for IP on AC hydrogel. Lines are based on Eq. 2. 

 

The joint contribution of diffusion and adsorption can be described by Eq. 4 considering, as starting 

point, the mass balance of chromatrographic columns 32, 65: 

! ∙ !!"#$% ∙
!!!!
!!! − ! ∙

!!!
!" = ! ∙ !!!!" + 1− ! ∙ !"!" !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(3) 

where ε is the gel porosity calculated in previous works 54, CG is IP concentration within the 

hydrogel, q is defined in Eq. 2 and u is the superficial velocity of chromatographic columns. 

Generally in chromatography the first term that takes into account diffusion is neglected. Here we 

consider its contribution and we do not consider the second one because, as said, here there is no 

presence of pressure that induce a flow rate typical of analytes. The convection term is so equal to 

zero due to the absence of forced motion within hydrogel polymeric network. 
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From Eq. 3 we can assume the following assumption: 

!"
!" ≅

!"
!!!

∙ !!!!" !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(4) 

so: 

!"
!!!

= !! ∙ !
∆! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(5) 

where ∆= 1+ ! ∙ !! . We can easily rewrite Eq. 3 as: 

! ∙ !!!!" = ! ∙ !!"#$% ∙
!!!!
!!! − (1− !) ∙

!!!
!" ∙

!! ∙ !
∆! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(6) 

Eq. 6 may be rewritten as: 

!!!
!" = ! ∙ !!"#$%

! + (1− !) ∙ !
! ∙ !
∆!

∙ !
!!!
!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(7) 

If we consider the second Fick’s law 19, 66 the term contained within square bracket is a diffusivity 

and, in this case, IP diffusivity in gel environment (Dgel): 

!!"# =
! ∙ !!"#$%

! + (1− !) ∙ !
! ∙ !
∆!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(8) 

considering Eq. 1 Dgel can be rewritten as: 

!!"# =
!

! + (1− !) ∙ !
! ∙ !
∆!

∙ !!
!!"!

∙ !! +
!!
!!"!

∙ !! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(9) 

The model was tested against the experimental values presented in Table 1. The experimental and 

calculated data are presented in Figure 6.  

The good agreement between model (line) and experiments (") underlines that adsorption isotherm 

together with diffusion through pores and aggregation can describe the mechanisms involved in IP 

release from 3D polymeric network. In particular: (1) the drug is first partitioned and adsorbed on 

pores present in hydrogel three-dimensional matrix.  
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The amount of adsorbed drug is given by q∞ determined from the adsorption isotherm; (2) at higher 

drug concentration all adsorption sites are saturated and transport occurs by diffusion with a driving 

force determined by IP concentration gradient. 

 

 

Figure 6. Diffusion coefficients in gel environment, experimental data (dots) and model trend (lines). 

 

Oligomers concentration in water and in gel 

The mismatch between Stoke-Einstein equation and diffusivity experimental obtained with HR-

MAS technique, could be explained with different amount of oligomers in the gel compared to 

water solution. In particular, the adsorption mechanism, especially active at low drug concentration, 

decreases the amount of the available monomers. In Figure 7A the curves related to monomers in 

water and the gel are presented: the lower amount of monomers at low drug concentration in the gel 

reveals that the adsorption process depresses the amount of IP capable to diffuse through the 

system. Moreover, higher IP concentration tends to offset the difference between gel and water 

because all of the adsorption sites are saturated and the residual solute is free to move and 

aggregate.  
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Trends related to dimers in gel (line) and in water (dashed line) are presented in Figure 7B. In 

accordance with Figure 7A the amount of dimers in gel is lower than in water, underlining the fact 

that hydrogel systems can prevent their formation. 

 

 

Figure 7. Oligomers percentage in water (dashed line) and in gel (line): (Α) monomers; (B) dimers. 

 

Role of porosity 

Starting from Figure 7 we investigated other scenarios in order to understand drug-polymer and 

drug-drug interactions with the aim of controlling and tuning the release rates of IP. The adsorption 

kinetics becomes slower as gel porosity decreases and consequently the adsorption contribution: for 

this reasons the amounts of monomers and dimers available decrease as porosity increases.  
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Tuning hydrogel porosity seems to be a promising method to control mass transport through 

network pores. In Figure 8 is presented the dependence of diffusivity in gel on hydrogel porosity: 

decreasing gel porosity it is evident that the adsorption kinetics is slower. In particular, at IP 

concentrations at which the adsorption mechanism is not negligible, the concentration increases 

with decreasing porosity.  

 

 

Figure 8. Diffusion coefficients of IP in gel environment tuning hydrogel porosity ε. 
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CONCLUSIONS 

The complete understanding of phenomena involved in drug delivery is pivotal for a good and 

proper device design. In particular the ability to reduce burst effect and control release rates could 

guarantee the possibility to solve different medical problems. Mathematical modeling around drug 

delivery is essentially built around the study of diffusion where only swelling and degradation of 

polymers are taken into account. Considering the common nature of hydrogels as stationary phase 

for drugs and analytes, we decided to transfer the knowledge of transport phenomena from 

chromatography to drug delivery. The purpose of such modeling activity, as mentioned, is to 

provide a simple but powerful tool to understand the influence of design parameters on drug 

transport: this also allows a smart device design, tailoring the final product according to the specific 

needs. In particular solute adsorption is presented as the key mechanism: on one side influence drug 

motion and on the other reduce the amount of drug able to aggregate in oligomers. This 

phenomenon is more important at low drug concentration: here adsorption contribution seems to be 

higher and could not be neglected with a consequent lower amount of monomers present in gel than 

in water. Increasing drug concentration, when all adsorption sites are saturated, monomers free in 

the network are subjected to aggregation in dimers. From an applicative point of view, it is thus 

possible to optimize the experimental activity, which can be expensive and time-consuming. This 

approach could allow to pass from a classic “trial and error” through a “model driven” experimental 

modus operandi. 
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List of symbols 

CG   IP concentration in gel, mg/mL 

CM   monomer concentration, mg/mL 

CD   dimer concentration, mg/mL 

Dgel   IP diffusivity in hydrogel, m2/s 

Dinf   IP diffusivity at infinite dilution, m2/s 

DM   monomer diffusivity in water, m2/s 

DD   dimer diffusivity in water, m2/s 

Dwater   IP diffusivity in water, m2/s 

K   Langmuir isotherm parameter 

Kd   equilibrium constant for IP dimerization 

MC   average molecular weight between two following cross-links, g/mol 

P   equilibrium probability 

q   adsorbed concentration, mg/cm3 

q�   maximum adsorbed concentration, mg/cm3 

 

Greek symbols 

ε   porosity 

ζ   hydrogel mean mesh size, nm 

νe   cross-linking density, mol/cm3 
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Solute motion in drug delivery and chromatography were compared to build a simple model able to 

rationalize the phenomena involved. 
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