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Abstract: In this study, we present the effect of laser treatment on polymeric poly(lactic acid) drug
carrier films. Our goal was to demonstrate the control of the drug-release Kinetics of a polymeric carrier
as a function of total absorbed laser energy. The controlled drug release kinetic was achieved by
modifying the amorphous polymeric carrier’s molecular weight via low energy density laser-exposure.
According to gel permeation chromatography results, the decrease of molecular weight correlates with
an increasing laser-shot number and shows a distinct saturation-like behavior. The dissolution test also
suggests the presence of such dependency, as the rate and amount of caffeine released from the sample
shows an increasing tendency up to 2000 laser shots. This fact proves that the laser treatment modifies
the drug release. The approach presented here may complement other methods used for controlled drug
release in various medical and pharmacological applications.
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1. Introduction

The controlled reduction of the molecular weight of polymers has significant potential; an excellent
example is pharmaceutical production, where polymers are widely used as raw materials *. Improving
the bioavailability of active pharmaceutical ingredients (API) and controlled release have paramount
importance and still an active research area 2. Poly(lactic acid) (PLA) is a promising polymeric carrier
34, Beneficial properties of PLA include biodegradability and release time in a wide range >°. Use of a
polymer carrier is advantageous because, depending on the properties of the polymer, the drug can be
released in a controlled manner. The dissolution Kinetics of the active ingredients is an essential feature
of solid pharmaceutical preparations. One of the mechanisms of drug release is on the diffusion-induced
concentration gradient. The concentration gradient is affected by the physical and chemical properties
of the polymer. Examples of such chemical and physical properties, which have a significant effect on
drug release, are the size and length of the molecular chains "8, and, if any, the number of crosslinks
1910 crystallinity of the polymer %12, the processing technology used 34, the shape of the product *°,
and surface roughness *°. Currently, drug release from polymers is controlled in four ways: (1) by the
type of the neat polymer material, (2) by the modification of the neat polymer with different additives
1719 (3) by changing product geometry (e.g. microspheres, electrospun fibers 21520-23) " (4) or the
combination of methods (1), (2) and (3). Laser treatments are extensively researched and already used
for welding %, surface modification in medical applications % and to influence degradation of the
polymer carrier 26, Hsu et al. 2 reported that nanosecond ultraviolet laser irradiation (KrF excimer laser
with a wavelength of 248 nm) accelerated the biodegradation of poly(L-lactic acid) films with a
thickness of 20-25 um. They used a homogenized laser beam for uniform surface treatment. The films
were irradiated with a single pulse with a fluence of 1.80 J/cm? to 2.80 J/cm?. The high-energy single
pulse reduced crystallinity by melting the surface. Shibata et al. 2 used femtosecond laser irradiation on
poly(lactic-co-glycolic acid) (PLGA) films with a thickness of 1 mm to demonstrate the difference in
the biodegradation of PLGA films after femtosecond laser irradiation (400 nm 0.15 J/cm? and 15 000
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pulses, and 800 nm 1.0 J/cm? and 15 000 pulses). They successfully determined that the degradation rate
of a biodegradable polymer depends on the wavelength of the laser and irradiation with a 400 nm laser
decreased the molecular weight of the PLGA on the surface layer following the laser treatment.
However, they used focused femtosecond laser pulses. Therefore non-homogeneous initial degradation
occurred locally. Although the short timescale of the interaction automatically provides the conditions
for non-thermal (sub-picosecond) excitation, the scalability of this method is limited (with the exception
of large dedicated user facilities) due to the relatively low energy yield of current table-top femtosecond
laser systems.

In this present research, we used the laser method that we demonstrated earlier 2°, which can successfully
reduce the molecular weight of polymers such as biopolymer (PLA) films. Reducing the molecular
weight of the biopolymer carrier allows finely controlled drug release, whereas in the case of excimer
lasers with a microlens beam homogenizer or so-called unstable resonator arrangement uniform energy
density can be achieved over an extensive surface. In the case of solid-state lasers, pulses with a mostly
Gaussian beam profile can be converted to a flat, homogeneous profile with a compensating filter, but
in many cases at the cost of significant energy loss. To prove this concept, we solution cast
poly(lactic acid) films with caffeine as an active pharmaceutical ingredient, and applied our laser
procedure to decrease the molecular weight of the drug-loaded PLA films. We irradiated the films with
an excimer laser at a given wavelength using different energy dosages. The photodegraded films were
characterized with differential scanning calorimetry (DSC), thermogravimetric analysis (TGA),
attenuated total reflectance (ATR-FTIR), gel permeation chromatography (GPC) and a dissolution test
to analyze the caffeine dissolution properties of the PLA samples with different molecular weights.

2. Materials and Methods

2.1. Materials

We used commercially available granulated extrusion grade poly(D-,L-lactide acid) 4060D (Ingeo
Biopolymer, NatureWorks® LLC, USA) with 12.0 mol% D-lactide content. The weight average
molecular weight of the PLA is 191 063 g/mol, the number average molecular weight is 116 894 g/mol,
and the polydispersity index was measured as 1.63. It has a density of 1.24 g/cm?; its glass transition
temperature is 57 °C, crystalline content was measured as 0% by the authors previously 2°*°. We selected
caffeine, in an anhydrous form (Ph. Eur.9., Molar Chemicals Kft, Hungary) as the model drug in powder
form. Caffeine is a stimulant of the central nervous system and a diuretics drug. Chloroform
(Molar Chemicals Kft., Hungary) was used as a solvent of PLA and caffeine.

2.2. Preparation of the film and specimens

For the experiment, we created a solution cast PLA reference film, and PLA films with 5 wt% caffeine
content. All samples were 50 um +/-10 um thin. We prepared the solution from 3 g of PLA granules,
5 wt% of caffeine and 50 mL of chloroform, and stirred it for 45 minutes using a magnetic stirrer at
room temperature for 45 minutes (24.4+1 °C, 60+2 % RH). Afterwards, the solution was cast in glass
Petri dishes. 2 cm x 4 cm specimens were cut from the film for the laser treatment. The prepared films
were stored protected from light in closed containers (24.4+1 °C, 60+2 % RH).

2.3. Excimer laser exposure

Up to 350 mJ/pulse UV radiation at 248 nm was provided by a Lambda Physik EMG 160 MSC, twin-
tube unpolarized KrF excimer laser with a confocal unstable resonator configuration. This amplifier
scheme rendered microlens homogenization unnecessary?®, due to higher coherence of the beam
compared to the more conventional, stable flat-mirror arrangement. A notable benefit of this layout is a
more efficient use of the total beam energy, as we are not limited by the aperture size of the microlens
array.

The 1.5 cm x 3.5 cm initial beam was sent through a variable attenuator and a —f/7 diverging lens. When
the beam reached the size of 7 cm x 4 cm, the center part of the beam was cut out by a4 cm x 2 cm
aperture. Before fixing the PLA samples to the backside of this aperture, pulse energy was monitored
and set to 160 mJ (& 2 mlJ), thus providing a constant 20 mJ/cm? fluence.



2.5. Testing methods

Absorbance measurement

We measured the absorbance of the film sample with a UV-2101 PC UV-VIS spectrophotometer
(Shimadzu Corporation, Kyoto, Japan) in the 190-900 nm range and with an automatic sampling
interval, using medium scan speed.

Differential scanning calorimetry (DSC)

We characterized the morphology of the resulted polymer matrix of the solution cast reference samples
and the laser-treated samples using DSC with a Q2000 DSC device (TA Instruments, New Castle, DE,
USA). The examined temperature range was 0-200°C. We used a heat-cool-heat scanning program with
a heating and cooling rate of 5 °C/min. The weight of the samples was between 3 and 6 mg, and the tests
were performed in protective nitrogen gas (50 mL/min). We used the first heating cycle to erase the
thermal history of the samples. Using uniform cooling conditions, we cooled all samples down to 0 °C,
therefore all of the samples had the same new thermal history. The degradation of the samples was
characterized with the second heating up. We evaluated the glass transition temperature (T), the cold
crystallization temperature (Tc), the melt temperature (Tm), the degree of crystallinity after cold
crystallization (., Equation (1)) and the degree of crystallinity before cold crystallization (y ., Equation
(2)), where AH,, is the melting enthalpy and AH_. is the cold crystallization enthalpy. The theoretical
melting enthalpy of 100% crystalline PLA (PLAx100%) is 93.1 J/g 3L,

Al 100 [%] 1
= — %
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AH,, — |AH,.|
=— 4100 [%], 2
Yer PLA g0, * [%] (2)

Thermogravimetric analysis (TGA)

Thermal degradation was characterized with a TGA Q500 device (TA Instruments, New Castle, DE,
USA). The applied temperature range was 50-600°C and a nitrogen measuring atmosphere was used
(60 mL/min). The heating rate was 10°C/min; the weight of the samples was between 3 and 6 mg.
Thermal decomposition was characterized with the initial degradation as the temperature corresponding
to 15% weight reduction (Tise [°C]), the temperature corresponding to 60% weight reduction
(Teow [°C]), and the temperature of the maximum of the weight change rate (Taremax [°C]).

Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR)

For ATR-FTIR measurements, we used a Tensor 37 transmission infrared spectrometer (Bruker,
Billerica, MA, USA) and a Specac ATR IR head unit. The IR spectrum of the sample was recorded with
a DTGS detector, 16-time sampling in the 4000 cm™* to 600 cm™ range.

Gel permeation chromatography (GPC)

We performed GPC on the samples to determinate the average molecular weight by number (M,),
average molecular weight by weight (M), peak molecular weight (M) and the degree of polydispersity
(PD, where PD= Mu/M,) of the samples. We used a tetrahydrofuran eluent, a Jetstream 2 plus
thermostat, a Waters HPLC Pump 515 and Waters Styragel HR1, HR4 columns. We performed the
analysis with an Agilent Infinity 1260 differential refractometer detector. Measurement temperature was
35°C, and the flow rate was 0.3 mL/min. We performed calibration based on narrow molecular weight
polystyrene standards, with the PSS WinGPC software.

Dissolution test

A dissolution test was carried out on a 2 cm x 4 cm PLA film (containing 5 wt% caffeine) with a
Titramax 101 vibration mixer (Heidolph, Germany). Mixing speed was 150 rpm at room temperature
(25 °C). 40 mL distilled water was used as dissolution media. We measured 4 mL aliquots in 5, 10, 15,
30, 45, 60, 90, 120, 180, 240, 300, 360 minutes. The amount of aliquot was replaced after each sampling.
The pipetted solution was tested because there is no absorption maximum for the polymer where the
drug was measured. The aliquots were analyzed with a Genesys 10S UV-VIS (Thermo Fisher Scientific,
Waltham, MA, USA) UV spectrophotometer at A=273 nm.
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3. Results and Discussion

3.1. Laser treatment

First, we measured the absorption spectra of the cast film (PLA_caff_ref) (Figure 1). Absorption of the
PLA caff ref samples showed strong absorption under 300 nm, a characteristic convolution of the neat
PLA and caffeine spectra. Due to our wavelength (248 nm), direct, non-thermal excitation of the PLA
chains is expected without significant damage and/or generation of radicals in the caffeine molecules.
To achieve an adequate degree of degradation of the polymer carrier, we chose 1000, 2000, 4000 and
6000 laser pulses with the previously presented laser arrangement (2.3). Designation of the samples is
according to Table 1.
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Figure 1 Absorption spectra of PLA_caff_ref film

Table 1. Samples prepared for different laser treatments

Composition Total
Sample name Polymer/drug Treatment dosage
[mJ/cm?]
PLA ref PLA - none 0
PLA caff_ref PLA 5wit% caffeine none 0
PLA caff 1000 PLA 5wt% caffeine 1000 laser pulses 20000
PLA caff 2000 PLA 5wt% caffeine 2000 laser pulses 40 000
PLA caff 4000 PLA 5wt% caffeine 4000 laser pulses 80 000
PLA caff 6000 PLA 5wit% caffeine 6000 laser pulses 120 000

3.2. Morphological properties of the films

We characterized the morphological properties of the samples using differential scanning calorimetry.
We used the second heating up data of the thermogram to compare the morphology of the samples after
deleting their thermal history *2. Ingeo 4060D type of PLA has a D-lactide content of 12.0% %, therefore,
it has a low tendency to crystallize *. Our measurement results show (Table 2) that the presence of
caffeine in the polymer film lowered the Tgy. The reason for this is that small particles promote the
mobilization of PLA molecules ¢, The T4 is 54 °C, but no cold crystallization and no crystalline
fraction melting was registered (Figure 2). As a result of laser treatment, the tendency of PLA to
crystallize did not increase because none of the laser-treated samples showed cold crystallization or a
melting peak. Therefore, the crystalline fraction remained 0%. However, the T4 decreased as the number
of laser pulses increased (Figure 3). The decreasing Ty is associated with expected photodegradation
because lower molecular weight PLA has a lower Ty; this can be explained with the free volume theory,
according to the literature %",
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Figure 2. The DSC curves of the reference PLA and the laser-treated samples, 2nd heat-up, 5 °C/min (colored)

Table 2. Morphological characteristics of the reference PLAs and the laser-treated samples (5 °C/min)

2"d heat-up cycle
Tg TCC AHCC Tm AHm xc XC'
Sample name °C °C Jg °C Iy % %
PLA ref 5% - 0 - 0 00 00

PLA caff ref 54 - 0o - 0 0.0 0.0
PLA_caff 1000 52 - 0 - 0 00 00
PLA_caff 2000 50 - 0 - 0 00 00
PLA caff 4000 43 - 0 - 0 00 00
PLA caff 6000 38 - 0 - 0 00 0.0
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Figure 3. The glass transition temperature as a function of the number of laser pulses

3.3. Laser treatment effect on the thermal stability of the films

To prove the modification of the amorphous polymeric carrier’s molecular weight via low energy
density laser-exposure, we characterized the thermal stability of the samples. The thermal stability of
polymers is classically quantified by initial degradation with the temperature corresponding to 5%
weight reduction (Tse [°C]), the temperature corresponding to 50% weight reduction (Tso% [°C]), and
the temperature of the maximum of the weight change rate (Tgremax [°C]). In our case, we modified these
values. We found that due to solvent casting, residual volatile content is released between 60-100 °C,
and this is the first weight loss step. An additional, second weight loss was registered from 90 °C to
230 °C, which indicated the degradation of the caffeine content (Figure 4). The cast film sample that
contains caffeine has a slightly higher thermal stability than the neat PLA film 3%, Using this information,
we changed the evaluation of degradation characteristics. The initial degradation of the PLA with the
temperature corresponding to 15% weight reduction (T1se [°C]), the temperature corresponding to 60%



weight reduction (Teow [°C]), and the temperature of the maximum of the weight change rate
(Taremax [°C]) remains the same (Table 3). Figure 5 shows the effect of laser treatment. The initial
degradation temperature (T1se) of PLA after 1000 laser pulses is not different from that of PLA_caff_ref.
However, as the number of laser pulses increase, Tisy decreases, and so does the energy absorbed by
the polymer. The weight loss curves of samples treated with 1000 and 2000 laser pulses show lower
degradation temperatures than the reference curve (Figure 5 a). However, the Teoy, Values of samples are
only slightly different. Samples treated with 4000 and 6000 pulses have a significantly reduced Teow
(306 °C and 300 °C, respectively). This result indicates with great certainty that the molecular weight
of the samples was successfully reduced. The dTG curve of the PLA caff 6000 sample (Figure 5 b) has
a bimodal characteristic; this is probably because the PLA_caff_6000 sample has a bimodal molecular
weight distribution as well. We also investigated the thermal stability of the drug (Figure 6). According
to the TGA results, caffeine was not degraded by laser treatment.
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Figure 4. TGA results of caffeine, neat PLA and PLA with caffeine (10 °C/min) (colored)
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Table 3. Thermal decomposition characteristics of the reference and laser-treated samples (10 °C/min)

Tis% Teo% TdTGmax
°C °C °C
PLA caff ref 283 328 334

PLA caff 1000 283 324 326

PLA caff 2000 278 326 335

PLA caff 4000 266 306 312

PLA caff 6000 254 300 293
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Figure 6 TGA results of non-laser treated and laser treated caffeine sample (10 °C/min)

3.4. Laser treatment effect on the molecular weight distribution of the films

To determine the chain scission of the polymer carrier due to the laser treatment, we determined the
molecular weight distribution of the polymer using gel permeation chromatography. The molecular
weight distributions are shown in Figure 7 and the evaluated My, My, M, and PD values are presented
in Table 4. As a result of 1000 laser pulses, M, decreased significantly, by 72 400 g/mol, and
polydispersity increased from 1.83 to 2.92. With a higher number of laser pulses, photodegradation went
further and became more intensive. 2000 laser pulses caused M, to decrease from 150 600 g/mol to
142 900 g/mol and polydispersity increased further to 4.09. Samples PLA_caff 4000 and
PLA caff 6000, suffered more photodegradation than PLA caff 1000 and PLA_ caff 2000, and the
weight average molecular weight decreased from 142 900 g/mol to 34 200 and 46 000 g/mol
respectively. We used the Chi-square test to evaluate whether there is any significant difference between
PLA_caff 4000 and PLA_caff 6000 or not. The y 2t value is higher than 233.9, the degree of freedom
is 569 and 1-p=0.05. Our calculated y?value is 8.9, which is lower than y 2 It means that the difference
between the molecular weight distribution of sample PLA_caff_4000 (Observed) and PLA_caff_6000
(Expected) is not significant. This probably means that we reached a plateau in the degradation of the
PLA polymeric carrier. In sum, the molecular weight distributions correlate well with the previously
presented glass transition temperature decreases (DSC), the decreasing weight loss temperature and the
bimodal nature of dTG (TGA).
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Figure 7. The molecular weight distribution of reference PLAs and the laser-treated samples (colored)

Table 4. The results of the GPC test of the reference PLA and the laser-treated samples

Peak no. Mp M Mw PD
- g/mol g/mol g/mol My /M,
1 90 90 91 1.01
PLA ref reference 1 208 000 122000 209 000 171
PLA caff_ref reference 1 236 000 122000 223000 1.83
PLA caff 1000 laser treated 1 167000 51600 150600 2.92
1
2
2

Sample name

caffeine reference

PLA caff 2000 laser treated 172000 34900 142900  4.09
PLA caff 4000 laser treated 27 700 6 800 34 200 5.03
PLA caff 6000 laser treated 43100 7200 46000 6.39

3.5. Fourier-transform infrared spectroscopy

We performed infrared spectroscopy to determine the changes in the chemical composition of the
materials. The typical FTIR spectrum of caffeine has a characteristic spectrum with the main bands
located between 1800 and 1500 cm™. The 1710, 1659, and 1554 cm bands are the most intense.
Intensity peaks at 1710 and 1695 cm are due to the presence of two carbonyl groups. The peak at
1659 cm*, which is the strongest band in the middle IR, is the most interesting for the determination of
the presence of caffeine “°. The FTIR spectrum of PLA has intensity peaks: —CH- stretching modes
(2997, 2946 cm™ and 2877 cm™), a —C=0 stretching region (strong 1759 cm), -CHs— deformation
(1456 cm™), —CH- deformation and asymmetric bands 1382, and 1365 cm*, -C-O- stretching of the
ester group 1225 cm, -C-O-C— asymmetric mode at 1090 cm™, and —C—-C- stretch (871 cm™) 34,
Figure 8 a) shows the registered spectra of references (PLA, caffeine), the PLA_caff_ref and the laser-
treated samples. In Figure 8 b) we focused on 1800-1500 cm™, where the most import bands are located,
Major peaks at 1660 and 1705 cm* are related to the stretching vibration of carbonyl groups “*4. In
contrast, neat PLA has no intensity peaks between 1725 and 1600 cm™*. When caffeine was added to
PLA (PLA_caff_ref), the above-mentioned two characteristic peaks appear. As a result of the laser
treatment, the characteristic peaks disappeared because the free carbonyl groups ran out, due to the
crosslinked structure and increasing interaction between caffeine and poly(lactic acid).
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3.6. Dissolution test results

To determine the effect of controlled drug dissolution from the polymeric carrier via laser treatment, we
carried out a dissolution test. Caffeine in free, dissolved form was detected in the dissolution
measurement. The amount of released caffeine is presented as a function of time (Figure 9). Compared
to the reference marked with red (My 223 000 g/mol), the amount of dissolved caffeine in the case of
PLA caff 1000 (My 150 600 g/mol) is already higher at 10 minutes, but after 60 minutes, it reaches the
maximal released amount of caffeine. At the end, at 360 minutes, the amount of caffeine the reference
released was 7.1%, while PLA_caff 1000 released nearly 20%. PLA_ caff 2000, whose molecular
weight was even lower (My 142 900 g/mol) than that of PLA_caff 1000, released even more caffeine
(4.3%) in 10 minutes, and the amount of released caffeine is higher all along the measured range
compared to PLA_caff 1000 and PLA_caff_ref. Total dissolution at 360 minutes is 27.8%. Our results
indicate that as molecular weight decreases as a result of the increasing number of laser pulses, the rate
and amount of caffeine released increases.

However, we found a deviation from the expected trend for the samples PLA caff 4000 and
PLA caff 6000. The GPC test showed that molecular weight distributions shifted toward lower values
because of the increasing interaction between the caffeine and polymer. On the positive side, the
dissolution curves overlap, which supports that molecular weight distributions are very similar.
However, the dissolution rate and amount of released caffeine are lower than for samples
PLA_caff_1000 and 2000 and do not fit the trend. This may be because the concentration of released
caffeine was determined from the intensity of the absorption peak measured at 273 nm. However, based
on the FTIR results presented earlier, there is a presumed shift in the caffeine spectrum so that the
concentration at 273 nm does not indicate the amount of caffeine actually released. The results show in
the case of 1000 and 2000 laser pulses, dissolution follows the expected trend. In the case of 4000 and
6000 laser pulses, caffeine is not recommended because there was a change in its structure. These
structural changes made UV detection difficult; for this reason, the curve runs lower in both cases. These
findings are not limitations of the technology; it is merely the function of the active ingredient's material
quality.
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5. Conclusions

In this study, we presented the effect of a laser treatment of a polymeric drug carrier as a function of the
irradiated energy to control the drug release of medicines. We successfully decreased the molecular
weight of the polymeric carrier with an increasing number of laser pulses, as shown by DSC, TGA and
GPC results. The DSC tests showed that the glass transition temperature decreased with an increasing
number of laser pulses. The TGA results indicated that the initial degradation temperature (T1s%) of PLA
did not change after 1000 laser pulses compared to the reference PLA _caff_ref sample. A further
increase in the number of laser pulses, however, caused Tisy to decrease. In the case of the
PLA caff 6000 sample, the dTG curve has a bimodal characteristic; this is due to the bimodal molecular
weight distribution of the sample. The GPC results showed that an increase in the number of laser pulses
caused increasing photodegradation, which resulted in a decrease of the molecular weight of PLA, up
to 4000 laser pulses. The results indicate that with a decrease of the molecular weight caused by the
increasing number of laser pulses, the rate and amount of caffeine released increases up to 2000 laser
pulses. 2000 laser pulses is a limit of the chosen model drug. For other drugs, it is presumably possible
to control the kinetics of drug release up to 4000 laser pulses in parallel with the molecular weight. The
method presented for PLA can be used successfully for controlling of drug release for implants under
the skin or long-release formulations for vaginal applications.
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