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Abstract

Pain management after total joint arthroplasty is often addressed by systemic delivery of opioids. 

Local delivery of non-opioid analgesic drugs directly in the joint space from the UHMWPE 

component of the prosthesis would be highly beneficial to increase the efficacy of the drugs, 

decreasing the overall side effects and the risk of opioid addiction. It has been shown that effective 

concentrations of local analgesics can be achieved by eluting from analgesic-blended UHMWPE; 

however, this approach is limited by the decrease in mechanical properties resulting from the 

extent of phase separation of the blended drugs from the polymeric matrix. Here we hypothesized 

that mechanical properties could be maintained by incorporating analgesics into solid form 

UHMWPE by diffusion as an alternative method. Lidocaine or bupivacaine were diffused in solid 

form UHMWPE with or without radiation crosslinking. The loaded drug content, the spatial 

distribution of the drugs and their chemical stability after doping were characterized by FTIR and 

NMR spectroscopy, respectively. Drug release kinetics, tensile mechanical properties and wear 

rates were assessed. The results showed that diffusion doping could be used as a promising method 

to obtain a therapeutic implant material without compromising its mechanical and structural 

integrity.  

Keywords: UHMWPE, polymeric drug delivery, orthopedic implant, wear resistance, diffusion, 

strength. 
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Introduction

Total joint arthroplasty is a widely used and effective surgery by which the bony and 

cartilaginous surfaces of the diseased joint are replaced by synthetic components to recover the 

articulating and load-bearing functions of the joint. The prostheses are most often comprised of an 

articular pair, one of which is made of metal or ceramic and the other of ultra-high molecular 

weight polyethylene (UHMWPE).1 This semicrystalline polymer has proven effective in 

orthopedics due to its relatively high strength, wear resistance, low friction, and biocompatibility.2 

The wear performance of UHMWPE bearing surfaces was improved by crosslinking,3, 4 which 

decreased the wear rate and the incidence of wear-related osteolysis.5-8 State-of-the-art UHMWPE 

bearing materials are processed by radiation and chemical crosslinking to obtain high wear 

resistance,8-14 and are stabilized by an antioxidant such as α-tocopherol (Vitamin E) for long-term 

oxidation resistance.15-23 Crystallinity is maintained while increasing crosslink density to preserve 

high fatigue propagation resistance for load-bearing performance, especially under adverse 

conditions such as for tibial inserts under higher cyclic stresses.24-28 

More recently, the UHMWPE component of the joint implant was proposed as a local drug 

delivery device in addition to its primary mechanical function.29, 30 Some potential benefits of using 

UHMWPE as an eluting device are an increase in bioavailability of drugs at the local site compared 

to drugs administered systemically, and a decrease in the systemic toxicity and side effects. A 

variety of non-opioid analgesic drugs (such as bupivacaine30), non-steroidal inflammatory agents 

(such as tolfenamic acid31, 32) and antibiotic drugs (such as gentamicin, vancomycin and 
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tobramycin29, 33, 34) were selected and incorporated into UHMWPE to address various challenges 

associated with joint replacement such as post-operative pain and infection. The incorporation 

method proposed was mechanical mixing or blending of the solid drug powders with the polymer 

resin powder before compression molding into solid forms to obtain a composite matrix made of 

UHMWPE embedded with drug domains. Such a method leads to a phase-separated material, 

where drug domain size and eccentricity have been shown to be affected by such factors as drug 

concentration, the polar surface area and the physicochemical properties of the drug, and 

compression during solid-form fabrication.29, 31, 32, 35, 36 The mechanical strength and ductility were 

decreased with increasing concentration of the incorporated drugs. There is a need to improve the 

mechanical strength and toughness of therapeutic-incorporated UHMWPE further for long-term, 

state-of-the-art performance in permanent implants. 

Drug transport by diffusion through polymeric matrices is commonly studied in degradable and 

non-degradable polymeric matrices;37, 38 however, it has not been studied in UHMWPE, which is 

non-porous and non-degradable and has not been extensively used for agent delivery. Diffusion in 

UHMWPE has been studied for vitamin E, which is a lipophilic antioxidant with high solubility 

in UHMWPE.39, 40 In this compatible system without phase separation, the crystallinity, the 

mechanical strength, and ductility of the doped UHMWPE are unaffected by vitamin E. The 

diffusion coefficient was shown to decrease with increasing crosslinking in the network and to 

increase with increasing temperature. The impedance of the crystalline fraction to diffusion was 

reduced by conducting the diffusion process close to but below the peak melting point of radiation 

crosslinked UHMWPE. Doping temperature was maintained below the melting temperature 
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because the mechanical strength of crosslinked UHMWPE is decreased if crosslinked material is 

melted due to the hindrance of efficient recrystallization in the presence of crosslinks. This process 

also minimized dimensional changes due to the incorporation of vitamin E. Based on these 

previous findings, we hypothesized that the mechanical strength and toughness of analgesic-

eluting UHMWPE could be improved by doping it with the non-opioid analgesic drugs lidocaine 

and bupivacaine using diffusion. 

Experimental section

Materials

UHMWPE powder was obtained by Celanese Corporation (GUR® 1020, average molecular 

weight: 4.7 x 106 g/mol, average particle size: 140 µm, density: 930 kg/m3) 41. The freebase form 

of the analgesic drugs lidocaine, LD (L7757, Sigma-Aldrich Co.) and bupivacaine, BP (16618, 

Cayman Chemical and J62742, Thermo Fisher Scientific) were used. Deionized water (751-628), 

o-xylene (X1040), DMSO-d6 (151874), and preserved bovine serum (12133C) were obtained by 

Sigma-Aldrich. Ethanol, 200 proof (04-355-223) and Phosphate Buffered Saline (1X Solution, pH 

7.4, BP243820) were purchased by Thermo Fisher Scientific.

Manufacturing of virgin and crosslinked UHMWPE

UHMWPE blocks were obtained by compression molding (Carver Press, Wabash, IN) of the 

polymer powder into a pre-heated custom mold (cavity: 50x85 mm2) over a range of thickness in 

between 3 mm to 16mm. The molding cycle included a heating step at 180 °C under 20 MPa for 
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10 or 20 min, for 4 mm thick – and 16 mm thick blocks, respectively, and a subsequent cooling 

step down to 10 °C under the same applied pressure for at least 45 min.

A set of molded blocks with varying thickness was e-beam irradiated (beam energy 2 MeV) at 

a total dose of 100 kGy at 12.5 kGy/pass (High Voltage Research Laboratory, Massachusetts 

Institute of Technology, Cambridge, MA). Thicker blocks (16mm thick) underwent irradiation on 

both sides, due to the limited penetration of e-beam irradiation. Prior to irradiation, blocks were 

vacuum packed under inert atmosphere by fluxing with argon. 

Both the non-irradiated and 100 kGy irradiated blocks were machined by CNC machining 

(ShopBot Desktop) into various geometries for further processing and later testing: i) prismatic 

strips (3x5x20 mm3, n=18); ii) plates (3.2x24x65 mm3, n=2); iii) cylindrical pins (Φ= 9 mm, h = 

13 mm, n=9).

The materials analyzed in this study can be classified into 4 groups: 1) virgin UHMWPE (no 

additives); 2) 100 kGy irradiated UHMWPE; 3) analgesic-doped UHMWPE (3a) lidocaine-doped 

or 3b) bupivacaine-doped); 4) analgesic-doped 100 kGy irradiated UHMWPE (4a) lidocaine-

doped 100 kGy irradiated UHMWPE or 4b) bupivacaine-doped 100 kGy irradiated UHMWPE).

Diffusion doping of analgesics into UHMWPE

The diffusion doping process was performed by soaking UHMWPE samples into the molten 

drug under controlled conditions, as outlined in Fig. 1.
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Fig. 1. Schematics of the manufacturing process and the testing methodologies. The figure was 

partially created with BioRender.com.

First, the freebase drug (about 50 g) lidocaine or bupivacaine was equilibrated at 120 °C, under 

nitrogen gas flow (8-10 cc/min) in a chemical hood. The samples (the prismatic strips in i), or the 

plates in ii) or the cylindrical pins in iii)) were introduced into the flask and the doping process 

was carried out at 120 °C for 4h. Every 30 min, the samples were flipped to expose all the surfaces 

to the molten drug and the temperature of the liquid was closely monitored with a thermocouple. 

At the end of the treatment, the samples were retrieved, gently blotted with a Kimwipes™ 

(Kimberly-Clark Professional™) and let cool down to room temperature. Additional diffusion 

doping experiments were performed to investigate the effect of the doping temperature on the drug 

uptake and its diffusion kinetics. Thin non-irradiated and 100 kGy irradiated UHMWPE samples 
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(150 µm thin, section: 6.35x12.75 mm2) were doped with lidocaine or bupivacaine for increasing 

doping periods (from 0 to 10 min, n=3 for each timepoint). Their weight was measured before and 

after the doping treatment and the drug uptake was calculated as a percentage on the total mass of 

the sample. Thin non-irradiated UHMWPE samples were also doped with lidocaine for increasing 

doping periods (from 0 to 10 min) at various temperature (i.e., 100, 110 and 120 °C) and the drug 

uptake was measured likewise, by gravimetric measurements. For each timepoint and doping 

temperature, n=3 samples were used. Thick non-irradiated UHMWPE samples (cylindrical pins, 

diameter: 9 mm; height: 13 mm) were also doped with lidocaine or bupivacaine for various periods 

(i.e., 1h, 2h and 4h) at the doping temperature of 120 °C, and their weight was measured before 

and after the doping process. 

Physicochemical characterization: gravimetric measurement

Each sample was weighed before and after the diffusion doping process on an analytical scale 

(Mettler Toledo XS205 DualRange Analytical Balance, 0.01 mg resolution; Mettler Toledo, 

Columbus OH) to evaluate the drug intake in terms of mass. 

Physicochemical characterization: 1H Nuclear magnetic resonance (NMR) spectroscopy

Drug stock solutions (1 mg/ml) were prepared in DMSO-d6 and the analgesic-doped prismatic 

strips were eluted into 1.7 ml DMSO-d6 for 24 h. 1H NMR spectra were recorded for both the 

unprocessed drug stock and the drug eluted from the doped strips with a 500MHz Varian 

spectrometer (Palo Alto, CA). Each spectrum was an average of 64 scans.

Physicochemical characterization: Fourier-transform infrared (FTIR) spectroscopy
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FTIR was used to confirm the radiation dose profile and to investigate the diffusion profile of 

the doped drugs along the thickness of the prismatic samples. Samples were microtomed into thin 

sections (16x5 mm2 or 3x5 mm2 or circular sections with diameter of 9 mm, 150µm thick) for FTIR 

analysis (Agilent, Varian 670-IR with a Varian 620-IR FTIR microscope attachment; Agilent 

Technologies Inc., Wilmington, DE). FTIR spectra were collected by scanning the thickness 

dimension (16, or 3 or 9 mm) every 0.20 mm. Thin samples (150µm, section: 6.35x12.75 mm2) 

were also analyzed by FTIR after doping with lidocaine or bupivacaine. At least three FTIR 

measurements on three different samples of the same group were performed. Each spectrum was 

an average of 32 scans.

The trans-vinylene index (TVI) was defined as the ratio of the area under the peak at 965 cm-1 

(integration limit: 950-980 cm-1) and the polyethylene skeletal absorbance (i.e., 1895 cm-1, 

integration limit: 1850-1985 cm-1)42. TVI was measured on irradiated UHMWPE of different 

thickness (3 or 16mm) before diffusion doping. The FTIR peaks used to calculate the amount of 

drug diffused in UHMWPE are shown on representative spectra (Fig. 2). 
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Fig. 2. Fourier Transform Infrared Spectroscopy (FTIR) peak absorbances for evaluating radiation 

exposure and the spatial distribution of incorporated lidocaine and bupivacaine. Representative 

FTIR spectra for non-irradiated and 100kGy irradiated UHMWPE before and after doping. The 

arrows point to the peaks used for evaluating the trans-vinylene (TVI) index (grey arrow), the 

lidocaine index (blue arrow) and the bupivacaine index (red arrow).

The lidocaine and bupivacaine indexes were defined as the ratio of the area under the selected 

drug peak (i.e., 1165 cm-1, integration limit: 1155-1175 cm-1; and 1674 cm-1, integration limit: 

1610-1740 cm-1; for lidocaine and bupivacaine, respectively) and polyethylene skeletal absorbance 

(i.e., 1895 cm-1, integration limit: 1850-1985 cm-1).

Physicochemical characterization: swelling measurement for crosslink density evaluation

Swelling experiments were performed in hot o-xylene to measure the crosslink density of the 

irradiated samples. Samples were obtained from the cylindrical pins by cutting approximately 
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3x3x3 mm3 cubes (approximately 15 mg, n=3) and were weighed with an analytical scale (Mettler 

Toledo, resolution: 0.01 mg). The samples were immersed in pre-heated 25 ml o-xylene at 130 °C 

in an oil bath (Fisher Scientific, Isotemp 3016HD) for two hours to reach equilibrium swelling. 

The final weight of the swollen samples was recorded, the samples were dried at 45 °C in a vacuum 

oven for 16-18h and their dried wight was recorded. The swell ratio ρ was calculated using 

Equation (1)

𝜌 =
𝑉𝑠

𝑉𝑑
                                                                                                                                        (1)

where 𝑉𝑠 is the swollen volume of the sample, obtained by summing the dried volume of the 

sample 𝑉𝑑 with the volume of absorbed xylene. 𝑉𝑑 is obtained by dividing the dried mass of the 

sample by the density of UHMWPE (assumed to be 0.94 g/cm3). The volume of absorbed xylene 

is obtained by subtracting the dried mass of the sample from the swollen mass of the sample and 

dividing this by the density of xylene at 130 °C (assumed to be 0.75 g/cm3). The crosslink density, 

𝜈𝑑 (mol/m3) was calculated as defined in Equation (2)

𝜈𝑑 =  ―
ln 1 1

𝜌
1
𝜌

1

𝜌2 0.33 0.55
𝜌

136 1

𝜌
1
3

1
2𝜌

× 106 𝑚𝑜𝑙
𝑚3                                                                            (2)

Physicochemical characterization: thermogravimetric analysis

Thermogravimetric analysis was performed using a TGA Q50 (TA Instruments, New Castle, 

DE) on small samples (10 mg approximately) loaded on a platinum pan under nitrogen purging 

(60 ml/min). The thermal program used involved thermal equilibration at 30 °C, followed by a 10 

°C/min heating ramp up to 600 °C. TGA was performed on virgin UHMWPE, the free drug 
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lidocaine, and the free drug bupivacaine (n=3). Additionally, composition analysis by TGA was 

performed for the doped materials by testing a sample taken from the surface (depth position: 0 

mm, average sample thickness: 0.40 ± 0.11 mm) and one from the core (depth position: 1.5 mm, 

average sample thickness: 0.48 ± 0.15 mm) of the doped prismatic strips (5x5 mm2 thin slices). 

TGA was also performed at the end of the elution study (day 28) on samples obtained from the 

surface and the core of the eluted strips, after gently drying the surface with a Kimwipes™ 

(Kimberly-Clark Professional™). TGA analysis was performed in duplicates for each material and 

each condition (i.e., before and after elution) at each depth position (i.e., surface and core).

Physicochemical characterization: differential scanning calorimetry

Differential scanning calorimetry was performed using a Discovery DSC (TA Instruments, New 

Castle, DE) on small samples (10 mg approximately) under nitrogen purging (50 ml/min). The 

thermal program involved a first heating scan from -20 °C to 180 °C, cooling down to -20 °C and 

a second heating scan up to 180 °C. Each scan was performed at 10 °C/min and in between each 

scan an isothermal step for 2 min was inserted. DSC tests were performed on UHMWPE before 

and after irradiation, on the free drugs and on the doped materials (n=3). For the freebase lidocaine 

scan, the maximum temperature set was 130 °C. For each doped material, two samples were tested 

of which one was taken from the surface and on from the core of the doped prismatic strips (n=3 

for each condition).

Tensile testing

Tensile samples (n=3) were obtained by die-cutting 3.2 mm thick plates of the 4 study groups. 

Tensile testing was performed according to the ASTM D638-10 standard on an MTS Insight 2 
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(MTS Systems, Eden Prairie, MN) dynamometer equipped with a 2000 N load cell. The crosshead 

speed was set to 10 mm/min. The displacement was obtained by a laser extensometer. Stress versus 

strain curves were plotted, and ultimate tensile strength (UTS) and elongation at break (EAB) were 

obtained. The parameter “work-to-failure” (in kJ/m2) was calculated as the area under the stress 

versus elongation curve until failure.

Wear testing

Cylindrical pin-on-disk-samples were wear tested on a custom wear testing machine 

(OrthoPOD, Advanced Mechanical Technology Inc., Watertown, MA) with a rectangular pattern 

5 × 10 mm2 against polished CoCr discs at 2 Hz in undiluted, preserved bovine serum as a 

lubricant. 100 kGy irradiated UHWPE pins were washed before testing. Bupivacaine-doped 100 

kGy irradiated pins were washed and pre-eluted twice into DI water (for 30 min) in an ultrasonic 

cleaner (Branson), followed by ethanol (for 30 min) and 30 min of drying, before the start of the 

test. Lidocaine-doped 100 kGy pins underwent a similar washing followed by additional 5 cycles 

composed of washing into DI water (30 min) in the ultrasonic cleaner, followed by ethanol (2 h) 

and drying (30 min), before the test. The pins were cleaned and weighed before testing, after the 

first 0.5 million cycles (MC) and at each 0.157 MC until a total of 1.128 MC. The wear rate was 

determined by linear regression of the weight loss as a function of number of cycles from 0.5 to 

1.128 MC.

Elution experiments and pharmacokinetic modeling

Analgesics doped UHWMPE samples (3×5×20 mm3 prismatic strips, n=3) were eluted in 29.7 

ml de-ionized (DI) water or Phosphate Buffered Saline (PBS) under mild shaking (100 rpm) at 
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room temperature or at 37 °C. The eluent was collected at given timepoints until day 28 and at 

each timepoint it was refreshed with new media. The drug concentration was measured by 

detecting the UV absorbance at 250 nm using a plate reader (Biotek, Agilent, Santa Clara, CA). 

The obtained data was used to calculate the cumulative drug mass release, the fractional release, 

and the release rate. 

Cumulative drug mass release profiles were fitted by using the semi-empirical Peppas-

Korsmeyer equation, reported in Equation (3)43:

𝑀𝑡

𝑀∞
= 𝐾𝑡𝑛                                                                                                                                   (3)

where, 
𝑀𝑡

𝑀∞
 is a fraction of the drug released at time t, Mt is the released amount at time t, 𝑀∞ is 

the released amount at infinite time, K represents the release rate constant, and n is the release 

exponent. N ≤ 0.5 corresponds to Fickian diffusion, and 0.5 < n ≤ 1 corresponds to a non-Fickian 

diffusion (anomalous transport). The parameters K and n were estimated by log-weighted linear 

regression of the data points with 
𝑀𝑡

𝑀∞
< 0.6.

A pharmacokinetic model with a single compartment (the knee joint, nominal volume: 2 ml) and 

an infinite sink assumption was used to predict intraarticular drug concentration. The K and n 

fitting of the cumulative drug mass curves from the drug release study performed in DI water at 

37 °C were used. The drug decay was assumed to follow first-order kinetics. The half-life of 

bupivacaine in the synovial fluid after intraarticular injection was 10 min.44 The half-life of 

lidocaine was reported to be 72 min, approximately, for the case of intraarticular administration in 

dogs.45 The drug eluting surface considered was that of a knee implant with 100 cm2 surface area. 

The predicted drug concentration versus time curves were plotted and compared to a bolus dose 
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of 50 mg intraarticular injection of bupivacaine used as control.46 The peak concentration (Cmax), 

the peak time (Tmax) and the area under the curve (AUC) for different time intervals were 

calculated. 

In vitro cell culture and biocompatibility

MG-63 human osteosarcoma cells (American Type Culture Collection, ATCC, VA) were 

cultured and maintained at 37 °C in 5% CO2 in 75 cm2 cell culture flasks (229341, CELLTREAT)  

using Eagle's Minimum Essential Medium with non-essential amino acids, 2 mM L-glutamine, 1 

mM sodium pyruvate, and 1500 mg/L sodium bicarbonate (EMEM, MT10009CV, Thermo Fisher 

Scientific) supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS, A5670501, 

Thermo Fisher Scientific) and 1% antibiotic-antimycotic solution (100 units/mL penicillin, 100 

µg/mL streptomycin, 0.25 µg/mL amphotericin B, MT30004CI, Thermo Fisher Scientific).  

 The effect of the analgesic doped UHMWPEs on cell viability was investigated using the XTT 

colorimetric assay (Invitrogen™ CyQUANT™ XTT Cell Viability Assay, X12223, Thermo 

Fisher Scientific). Briefly, a 24-well plate (10062-896, VWR) was seeded with 1x105 cells for each 

well and incubated for 24 h at 37 °C in 5% CO2. Samples for each formulation (i.e., LD doped 

UHMWPE, LD doped 100kGy UHMWPE, BP doped UHMWPE, BP doped 100kGy UHMWPE, 

virgin UHMWPE, 100kGy irradiated UHMWPE, n=3 each, 3x5x8 mm3) were sterilized by 

Ethylene Oxide and were washed in media three times before placement in membrane inserts with 

a pore size of 0.4 µm (Millicell® 24 well hanging cell culture inserts, PTHT24H48, Thermo Fisher 

Scientific) and exposed to the pre-attached cells. After 24h incubation, the samples were removed 

and the XTT reagent was added to each well and incubated for 4h at 37 °C in 5% CO2 in a humid 
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chamber. The specific UV absorbance was calculated according to the manufacturer’s protocol 

after measuring the absorbances at 450 nm and 660 nm by using a plate reader (Biotek, Agilent, 

Santa Clara, CA). The viability of the cells exposed to the analgesic doped UHMWPE was 

compared to that of untreated cells, and cell culture media was used as blank.   

Statistical analysis

The results are presented with average and standard deviation. A Student’s t-test for two-tailed 

distribution of unequal variance was used to compare individual sets of data. The significance was 

assigned to p < 0.05.

Safety statement

Bupivacaine (CAS: 38396-39-3) and lidocaine (CAS: 137-58-6) are classified under acute 

toxicity; their handling must be performed with extreme care, by using all the required PPEs and 

by working under a chemical food hood, according to the precautionary statements of the safety 

datasheet.
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Results

Diffusion doping

A preliminary thermal characterization of the materials (UHMWPE, lidocaine, and bupivacaine) 

was performed by DSC and TGA to determine the transition temperatures, melting enthalpy and 

peak degradation temperature (Fig. 3 and Table 1).

Fig. 3.  Thermal and thermogravimetric behavior of UHMWPE and selected analgesic drugs. a) 

DSC first heating scan and b) TGA heating ramp (10 °C/min) for virgin UHMWPE (black line), 

bupivacaine (red line) and lidocaine (blue line). Dashed lines in b) refer to the derivative weight 

curves.
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Table 1. Thermal properties of the materials by DSC and TGA

T
peak,melting

(°C)

ΔH
m

(J/g)

T
peak,degradation

(°C)

Virgin UHMWPE 134 ± 1 169 ± 4 483 ± 2

Lidocaine 69 ± 1 71 ± 2 208 ± 3

Bupivacaine 113 ± 1 95 ± 2 247 ± 2

A temperature of 120 °C was chosen for diffusion doping because it is above the melting point 

of the drugs and close but below the melting peak temperature for UHMWPE. Doping below the 

melting peak of UHMWPE was pursued as higher temperature resulted in significant dimensional 

and volumetric distortions in previous studies on diffusion of vitamin E inside UHMWPE.39 The 

chosen temperature also still ensures the thermal stability of the drugs under inert atmosphere, as 

supported by thermal analysis (Fig. 3, Table 1). Preliminary diffusion experiments performed for 

lidocaine into non-irradiated UHMWPE at 100, 110 and 120 °C revealed lower drug uptake for 

lower temperatures, as expected based on the diffusion mechanism (Fig. S1, ESI).

Assessment of the doped drug and diffusion profile

The amount of drug in non-irradiated UHMWPE prismatic samples after doping at 120 °C for 

4h was 20-27 mg, (corresponding to about 7-9 wt% of the total mass of the samples); whereas 

significantly less drug (corresponding to 5-8 wt% of the total mass of the samples) was diffused 

into irradiated UHMWPE (p < 0.05) (Table 2).
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Table 2. Drug amounts after diffusion doping on 3x5x20mm3 prismatic strips by gravimetric 

measurements.

Sample 
geometry:

3x5x20 mm3

Irradiation 
Dose

(kGy)

Total drug

(mg)

0 21.6 ± 0.9Lidocaine- 

doped 
UHMWPE 100 16.1 ± 0.4

0 26.7 ± 4.1Bupivacaine- 

doped 
UHMWPE 100 22.7 ± 1.9

Diffused drug amount was higher in the case of bupivacaine-doped UHMWPE compared to 

lidocaine-doped UHMWPE (p < 0.05) for both irradiation conditions. Lidocaine and bupivacaine 

indices as a function of depth of drug-doped UHMWPEs confirmed the depth of the drug 

incorporation (Fig. 4).
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Fig. 4. Spatial distribution of lidocaine and bupivacaine in UHMWPE. Diffusion profiles along 

the thickness of 3x5x20 mm3 prismatic strips for a) lidocaine-doped materials and b) bupivacaine-

doped materials. Full circles represent spline interpolations of FTIR scans from multiple sections 

(n=3). 

The drug diffused inside the polymer followed a parabolic profile which was symmetric with 

respect to the core of the sample: the maximum amount of drug was present at the sample surface 

and decayed as the distance from the surface increased. Drug diffused into irradiated UHMWPE 

was less than that diffused into non-irradiated UHMWPE throughout the whole thickness, as 

confirmed by FTIR. 

Preliminary diffusion doping experiments performed on thick samples of non-irradiated 

UHMWPE (8.8 mm thick, approximately) demonstrated that diffusion kinetics follow Fick’s 

second law of diffusion, where the concentration of the drug is function of the reciprocal of the 

square root of the depth and the doping time (Fig. S2, ESI). The diffusion coefficient, D, was equal 

to 1.25 x 10-5 and 1.50 x 10-5 mm2/s for lidocaine and bupivacaine, respectively, in non-irradiated, 

non-crosslinked UHMWPE. The drug content at the surface and the penetration depth increased 

Page 21 of 45 Journal of Materials Chemistry B



22

with the doping time. Diffusion kinetics was also investigated by doping thin samples (150 µm 

thin) of non-irradiated UHMWPE and irradiated UHMWPE to reach the saturation concentration 

in a short period of time, supporting that higher drug uptake can be obtained for non-irradiated 

(i.e., non-crosslinked) UHMWPE compared to 100kGy irradiated UHMWPE, for both lidocaine 

and bupivacaine (Fig. S3, ESI). The drugs uptake as a function of time followed power-law trends 

(R2 value greater than 0.95) where the doped drug mass increased with time and its rate of increase 

decreased with time as the saturation concentration was approached. The exponents of the power 

law remained smaller than 0.5, corroborating Fickian diffusion. 

The weight loss measured by TGA from 30 °C to 300 or 350 °C, for lidocaine and bupivacaine, 

respectively, was used to quantify the drug content (percentage) at the surface and in the core of 

the samples (Fig. S4, Fig. S5, ESI). The section at the surface had the highest drug loading across 

both the drugs and conditions tested. An estimation of the drug loading is provided in Table 3. 

Furthermore, drug uptake (percentage) measured by TGA was also confirmed by using the 

calibration curves prepared for both lidocaine and bupivacaine (Fig. S6, ESI) to correlate the FTIR 

drug index to the weight percentage of the drug uptake.

Table 3. Quantification of drug content (wt. %) by thermogravimetric analysis (TGA). 

Composition analysis performed on pre-eluted and post-eluted strips at two depth positions along 

the thickness of the 3x5x20mm3 prismatic strips: surface (depth position: 0 mm, average sample 

thickness: 0.40 ± 0.11 mm) and core (depth position: 1.5 mm, average sample thickness: 0.48 ± 
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0.15 mm). The average reduction was calculated as the average percentage reduction of the drug 

content in the post-eluted samples compared to the pre-eluted ones.

Non-irradiated UHMWPE 100kGy irradiated UHMWPE
Drug loading weight 

estimation by TGA (%) Pre-
elution

Post 28d

elution

Average

reduction

Pre-
elution

Post 28d

elution

Average

reduction

surface 8.6 ± 0.1 4.8 ± 0.2 45 5.2 ± 1.0 3.6 ± 0.1 30Lidocaine- 

doped UHMWPE core 4.5 ± 0.3 4.5 ± 0.4 0 4.1 ± 1.0 3.6 ± 0.1 11

surface 10.0 ± 2.1 7.4 ± 0.7 26 9.8 ± 3.9 5.7 ± 0.3 42Bupivacaine- 

doped UHMWPE core 4.5 ± 0.1 4.3 ± 0.5 4 3.0 ± 0.1 2.9 ± 0.3 2

Crystallinity content and crosslink density

The TVI peak and its respective FTIR index along the thickness of the molded and irradiated 

UHMWPE before doping confirmed the achievement of a similar radiation dose profile regardless 

of the two different thicknesses tested and the relevant e-beam irradiation conditions (Fig. S7, 

ESI). Crosslink density values from swelling experiments performed on the irradiated materials 

after doping and on irradiated UHMWPE confirmed the achievement of a highly crosslinked 

network due to the irradiation dose (Table 4). DSC confirmed the achievement of a high 

crystallinity content (~60%) (Table 4). Representative DSC curves together with the methods of 

evaluation of the thermal properties and their evaluation are reported in Fig. S8 and S9 and Table 

S1 and S2 (ESI). No significant difference was found for any of the groups (p > 0.05).
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Table 4. Crystallinity content, χc,UHMWPE , and crosslink density for non-irradiated and irradiated 

UHMWPEs. 

χc,UHMWPE

(%)

Crosslink density

(mol/m3)

Virgin 58.0 ± 1.6 n.t.

Lidocaine-doped 60.3 ± 1.9 n.t.Non-irradiated

Bupivacaine-doped 60.2 ± 3.0 n.t.

Virgin 61.0 ± 2.5 184 ± 16

Lidocaine-doped 60.7 ± 0.8 212 ± 14100kGy irradiated

Bupivacaine-doped 62.4 ± 2.1 203 ± 20

n.t.: not tested.

Chemical stability of the drugs

1H NMR spectroscopy was used to compare the spectra of the unprocessed drug to that eluting 

out of UHMWPE after the doping process to assess the chemical stability of the drugs. No changes 

in the peaks and their respective chemical shifts were found suggesting the structural stability of 

the drug after the diffusion process at high temperature, according to 1H NMR spectroscopy (Fig. 

5a and 5b).
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Fig. 5. Chemical stability of analgesics incorporated into UHMWPE by diffusion doping. 

Comparison between the 1H NMR spectra of the freebase stock solution and the drug eluted from 

the doped UHMWPE samples for a) lidocaine and b) bupivacaine.

The full list of the peaks is reported in the supplementary information, as well as the list of the 

multiplets and their assignments (Fig. S10, S11, S12, S13, ESI).

Page 25 of 45 Journal of Materials Chemistry B



26

Mechanical and wear properties

The UTS, EAB and work-to-failure of the doped materials were statistically similar to those of 

the controls (p > 0.05), namely, unirradiated and irradiated virgin UHMWPE (Table 5).

Table 5. Tensile mechanical properties and bi-directional wear rate of drug-incorporated, non-

irradiated and irradiated UHMWPEs. (UTS: Ultimate Tensile Strength; EAB: Elongation at 

Break).

UTS

(MPa)

EAB

(%)

Work-to-failure

(kJ/m2)

Wear rate

(mg/MC)

Virgin 50.8 ± 2.5 448 ± 34 713 ± 65 n.t.

Lidocaine-doped 49.2 ± 2.2 419 ± 14 661 ± 42 n.t.Non-
irradiated 

Bupivacaine-doped 53.8 ± 2.3 427 ± 14 650 ± 61 n.t.

Virgin 49.3 ± 3.5 300 ±17 486 ± 33 1.3 ± 0.3

Lidocaine-doped 49.7 ± 1.7 324 ± 7 499 ± 49 1.5 ± 0.2100-kGy 
irradiated 

Bupivacaine-doped 50.5 ± 1.4 299 ± 13 488 ±10 1.7 ± 0.3

n.t.: not tested
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All the compositions tested showed small wear rates; lidocaine- and bupivacaine-doped, 

irradiated UHMWPE had similar wear rates (p>0.05), and the lidocaine-doped, irradiated 

UHMWPE had statistically similar wear rate to 100kGy irradiated UHMWPE (p>0.05).

Drug elution properties

Lidocaine-doped samples showed a higher burst release than bupivacaine-doped samples, which 

was followed by similar rates of sustained release until day 28 for all the tested materials (Fig. 6a 

and 6b).

Fig. 6. Drug elution from lidocaine and bupivacaine-doped UHMWPE. Cumulative and fractional 

drug release for lidocaine-doped UHMWPEs (a, c), and bupivacaine-doped UHMWPEs (b, d). 

Fractional drug release for b) lidocaine-doped UHMWPEs, and d) bupivacaine-doped 

UHMWPEs. Full circles represent the non-irradiated doped materials, while empty circles 
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represent the doped materials after irradiation. Drug release study was performed at room 

temperature in de-ionized water.

Lidocaine-doped, irradiated UHMWPE released less drug cumulatively than the lidocaine-

doped, non-irradiated UHMWPE. The total fractional lidocaine release at day 28 was 36 and 42% 

for the irradiated and non-irradiated materials, respectively. Bupivacaine-doped, irradiated 

UHMWPE released more drug cumulatively than bupivacaine-doped, non-irradiated UHMWPE. 

Their fractional release at day 28 was 23 and 35% for the non-irradiated and the irradiated 

materials, respectively. Fractional release was also investigated by performing TGA composition 

analysis on the eluted samples. The surface of the eluted samples showed a more prominent 

decrease in the drug content compared to the core (Table 3). Fractional release increased at 37 °C 

as opposed to room temperature more prominently for lidocaine doped compositions compared to 

bupivacaine doped compositions, probably due to the lower melting point of lidocaine compared 

to bupivacaine. Using Phosphate Buffered saline instead of de-ionized water led to a further 

increase in fractional release for bupivacaine doped- and bupivacaine doped 100 kGy irradiated 

UHMWPE (Fig. S14, ESI).

The elution of lidocaine was largely Fickian behavior (release exponent n<0.5); the elution of 

bupivacaine was characterized by higher release exponents than those of lidocaine (Table S3, ESI). 

Pharmacokinetic modeling was used to predict the local intraarticular concentration of the drugs 

released from a 100 cm2 implant compared to that of a 50 mg intraarticular injection of bupivacaine 

(Fig. 7).
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Fig. 7. Predicted intraarticular concentration of the analgesic from the drug release experiments 

performed at 37 °C in de-ionized water. Drug concentration from a representative knee implant 

(surface area of 100 cm2) for a) lidocaine-doped UHMWPEs over a period of 7 days and b) over a 

period of 12 hours; and for c) bupivacaine-doped UHMWPEs over a period of 7 days and d) over 

a period of 12 hours. The black line in c) and d) represents the concentration resulting from 50mg 

intraarticular (IA) injection of bupivacaine.

The intraarticular concentration after the 50 mg bolus intraarticular injection of bupivacaine 

decayed much faster than that for the drugs released from the implant material. The AUC for the 

bupivacaine-doped implants reached similar values to the bolus administration within 24h, and the 
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value was approximately double within 72 hours (Table 6). Both lidocaine-doped compositions 

had a similar or higher Cmax and AUC compared to the bupivacaine-doped compositions for the 

24h and 72h time periods. 

Table 6. Pharmacokinetic parameters of the intraarticular drug concentration profiles. 

C
max

(mg/ml)

T
max

(h)

AUC
0-6

(mg h ml-1)

AUC
0-12

(mg h ml-1)

AUC
0-24

(mg h ml-1)

AUC
0-72

(mg h ml-1)

50mg BP IA 
injection 25.0 - 6.5 6.5 6.5 6.5

BP doped 
UHMWPE 1.7 0.18 3.7 5.3 7.6 13.2

BP doped 100kGy 
UHMWPE 1.4 0.18 3.4 4.9 7.2 12.9

LD doped 
UHMWPE 15.5 0.18 21.4 27.6 35.5 52.5

LD doped 

100 kGy 
UHMWPE

2.6 0.18 4.3 5.8 7.7 12.1

IA: intraarticular

In vitro cell culture and biocompatibility

Cell viability in the presence of the analgesic doped UHMWPEs was higher than 70% for all the 

formulations (Fig. 8). 
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Fig. 8. Cell viability in the presence of UHMWPE and of analgesic doped UHMWPEs. The 

cell line MG-63 (ATCC) was exposed to the analgesic doped UHMWPEs (3x5x8 mm3 samples, 

n=3 for each group) for 24h. Cell viability was measured with the XTT assay.  
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Discussion

The mechanical and wear properties are crucial to meet the in-vivo requirements for permanent 

joint implant materials with an expected lifetime of at least 20 years.47, 48 The state-of-the-art 

bearing surfaces made of UHMWPE are highly crosslinked, and stabilized by antioxidants and 

display an ultimate tensile strength of about 45 MPa, elongation at break above 230-250 %, IZOD 

impact strength around or above 55-65 kJ/m2, stress intensity factor at fatigue crack inception 

ranging in between 0.7 and 1.3 MPa·m1/2, and wear rates around 1-2 mg/MC.22 Drug-eluting 

UHMWPE implants are promising additional tools to address challenges associated with joint 

arthroplasty; the processes for manufacturing therapeutic formulations have to meet the 

mechanical and tribological properties of the state-of-the-art implants for permanent use.

The morphology of drug-blended UHMWPE was described as phase-separated,29 where low 

affinity between the polymeric phase and the drug molecule resulted in drug domains, which can 

act as disrupters to the fusion/integration of the polymeric network during consolidation. Similar 

challenges have been observed while introducing a second phase of different chemical structure 

and properties in conductive polymer composites of UHMWPE.49, 50 Fillers in polymer composites 

are known to act as reinforcements or as stress concentrators, depending on a variety of factors 

including the physical properties of the filler, its geometry, including factors such as shape, size, 

and aspect ratio,51, 52 and its adhesion and interaction properties with the matrix.53, 54 The 

introduction of drug molecules by blending and solid-state fabrication can adversely affect the 

properties that correlate well with the in-vivo longevity for this biomedical polymer, limiting the 

use of drug blended UHMWPE on articulating and load-bearing regions of the implant.  
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Our central hypothesis of improving the mechanical strength and toughness of analgesic-doped 

UHMWPE by using the diffusion of undiluted hydrophobic forms of analgesics after molding and 

radiation crosslinking was strongly supported (Table 5). Doping of the drugs into UHMWPE 

followed a Fickian diffusion mechanism, where the driving force of the doping process is the 

concentration gradient between the sink of undiluted molten drug and the material to be doped 

(Fig. S2, ESI). As time passes and driven by the temperature, the concentration of the drug into 

UHMWPE increased with a dependence on the depth position with respect to the doping surface 

up to reaching a saturation concentration (Fig. S1 and S3, ESI). The ultimate tensile strength 

(UTS), which is used as a general indicator of strength in UHMWPE materials for intended use in 

joint replacement,55, 56 was unchanged from that of virgin UHMWPE. The UTS can be affected by 

the crystallinity of the UHMWPE as well as the interaction of the crystalline and amorphous 

regions;57 its maintenance (Table 4) indicates maintenance of these structural regions.57-60  The 

elongation-at-break (EAB) is generally used as an indicator of ductility in UHMWPE materials 

for intended use in joint replacement. It is strongly affected (decreased) by radiation crosslinking, 

which occurs mainly in the amorphous regions of the material when irradiation is performed at 

room temperature.61 Radiation crosslinking decreased ductility, as expected, without an 

independent effect from drug diffusion. Toughness, which is a combination of strength and 

ductility, is correlated well with fatigue crack propagation resistance,28 a relevant property for the 

longevity of joint replacements working under cyclic fatigue conditions. The tensile toughness of 

drug-doped UHMWPEs being similar to their undoped counterparts corroborated that the 

Page 33 of 45 Journal of Materials Chemistry B



34

mechanical properties of UHMWPEs doped using diffusion were unaffected by the drug diffusion 

under these conditions.

Increased wear resistance of UHMWPE materials by radiation crosslinking has, over the past 

few decades, decreased osteolysis caused by the accumulation of UHMWPE wear particles.62 

Thus, for UHMWPE materials proposed for permanent implantation, having high wear resistance 

is crucial, especially in more demanding applications such as hip arthroplasty.63-67 For traditional 

radiation crosslinked UHMWPEs, crosslink density is the primary determinant of wear resistance.3, 

4 Diffusion of the analgesics into solid form UHMWPE is also advantageous because radiation 

crosslinking can be performed prior to the diffusion procedure, as opposed to the blending 

method.68 The uniformity of the radiation dose, which was confirmed by the TVI index for both 

the thin (~3mm) and thick (~16mm) compression molded blocks (Fig. S7, ESI)42 and the crosslink 

density (Table 4), confirmed that crosslinking was achieved as intended. The wear rates of the 

analgesic-doped UHMWPEs were similar to those before doping, demonstrating that drug 

diffusion did not have a significant effect on the wear behavior (Table 5).

There is currently no delivery device for analgesics equivalent to the one proposed here for peri-

articular pain management in joint arthroplasty. The most common method of administration 

comprises a bolus injection of a cocktail of analgesics and vasoconstricting agents to increase the 

residence time of the agents relieving pain.69-73 There is no information on the local concentration 

of the delivered drugs; we based our comparison on the concentration profile for a bolus injection 

of 50 mg of bupivacaine, which is considered the recommended dose for relieving acute pain, as 

suggested from a meta-analysis in arthroscopic knee surgery.46 We predicted the concentration 
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profiles of the locally administered drugs by using a pharmacokinetic model based on the half-

lives of the drugs (10 and 72 min for bupivacaine and lidocaine, respectively) (Fig. 7). The 

exposure time of the knee compartment to the drug can be estimated by calculating the area under 

the curve (AUC) of the predicted intraarticular drug concentration versus time curves. For 

bupivacaine, the AUC over the first 24 hours was equivalent to that of the bolus injection while 

exceeding it at 72 hours (Table 6). The efficacy of pain relief is further affected by many 

physiological factors as well as treatment modalities such as the concomitant use of other drugs 

and patients’ factors such as age and comorbidities.74, 75 Assuming that the main factor of interest 

is the concentration of the drugs, then the drug elution from the proposed analgesic-eluting 

UHMWPE should result in pain relief that is equivalent or better than that afforded by a bolus 

injection. The lidocaine concentrations were similar or higher than those for bupivacaine; however, 

it should be considered that the potency ratio of lidocaine to bupivacaine is 1:4.76 Even considering 

this factor, the AUC of lidocaine over 24 and 72 hours is expected to result in pain relief equivalent 

to or better than that afforded by the 50 mg bupivacaine bolus injection.

The maximum intraarticular concentration of bupivacaine and lidocaine resulting from elution 

from all four formulations was less than that of the bolus injection (Table 6), suggesting that any 

toxicity associated with these materials based on drug concentrations would be less for the 

proposed devices. The outcome of the diffusion process was a non-uniform concentration of drug-

rich regions close to the surface (Fig. 4), which created a large early driving force for elution. The 

elution of the drugs, which were found chemically stable after the doping process as per NMR 

(Fig. 5), followed a largely Fickian behavior with an initial burst release followed by a slower rate 
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(Fig. 6). The total fraction of released drugs was 30-45%, as characterized from elution media (Fig. 

6) and confirmed by TGA (Table 3). The differences in the release profiles of the two drugs may 

be attributed to several factors, including the drug structure, polarity, solubility in the release 

medium and affinity to the polymeric matrix. For such materials where the incorporation of the 

drug is not homogeneous and it is dictated by diffusion through the thickness, the release of the 

drug may also display thickness-dependent phenomena. Because the driving force is higher from 

the surface, the drug release is higher at this location, as supported by the composition analysis 

after elution (Table 3). This profile is advantageous to limit the elution of the drug to the surface 

where it’s needed and to lower elution concentration over the longer period of time. 

The design of devices and formulations for sustained and prolonged release of analgesics is now 

receiving new attention due to the ongoing opioid epidemic.77 The sustained release of non-opioid 

analgesic drugs can be promising for longer-term pain relief, but it is of utmost importance to 

design the dosing and release profiles to avoid any side effects.78 79 80 Anesthetic drugs such as 

lidocaine and bupivacaine are associated with cardiac and central nervous system toxicity, and 

local chondrotoxicity.81-83 The lowering of maximum local drug concentrations from the eluting 

devices compared to that of the bolus injection (Table 6) suggests a lower probability of both local 

and systemic acute toxicity with the proposed drug-eluting devices. For a preliminary assessment 

of the biocompatibility of these novel analgesic eluting UHMWPEs, we performed a cytotoxicity 

study by exposing the osteoblast-like MG-63 cell line to the eluents from the polymer for an 

incubation period of 24h. Cell viability remained higher than 70% for all the formulations (Fig. 8), 

thus, according to the ISO 10993, these materials are not expected to be cytotoxic, under the tested 
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conditions. The probability of chronic effects due to the continued exposure to low amount of local 

anesthetics cannot be excluded and further in vitro and in vivo testing will be required.84, 85 

However, the proposed methodology of diffusion doping may be adapted to provide an optimized 

dosing and period of release. Key parameters that can be tuned for matching a desired release 

profile are the time and the temperature at which the diffusion process is performed. For achieving 

a shorter duration of release, both the time and temperature of the doping process can be decreased 

to limit the amount of diffused drug (Fig. S1, ESI). A full leachable/extractable analysis may be 

required to analyze the extracts and further confirm the stability of the doped drugs. Terminal 

sterilization of the implant and incorporation of antioxidant for state-of-the-art properties are also 

required for long-term performance. Finally, further testing in vivo will be needed to test the 

efficacy of pain relief in addition to the evaluation of acute and chronic safety profiles. 

Conclusions

A novel method for incorporating analgesics into UHMWPE implant materials was successfully 

developed by diffusion doping. Diffusion allowed to supplement non-opioid analgesic drugs into 

solid form UHMWPE, which could be irradiated a priori to achieve high wear resistance. 

Mechanical properties were not detrimentally affected by the incorporation of the drug: high 

strength and high ductility were maintained. The predicted intraarticular drug concentration 

obtained by elution from these therapeutic UHMWPEs can have a comparable, if not superior, 

analgesic effect to that of the clinically used intraarticular injections of bupivacaine. This study 
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paves the way for the development of crosslinked UHMWPEs eluting various therapeutics for 

load-bearing implant materials, where high strength and wear resistance are required.   

Electronic supplementary information (ESI) available. Effect of the doping temperature on the 

drug uptake; Diffusion kinetics; Quantification of the drug uptake after diffusion doping; FTIR 

evaluation of radiation dose; DSC results; 1H NMR spectra with lists of peaks and multiplets; 

Effect of the elution medium on the drug release; Peppas-Korsmeyer fitting of the cumulative 

drug mass release profiles (PDF).
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