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ABSTRACT 17 

Once manufactured or implanted polyester release kinetics tend to be fixed with little 18 

modulation possible for optimal local chemical concentrations.  Here a typical implantable 19 

polyester (PLGA) was fabricated into thin films (~50 µm thick) with additives of 20 

photocatalytic ZnO nanoparticles, doped LiYF4 nanoparticle upconverting nanoparticles, or 21 

combination thereof and irradiated with either 6 mW ultraviolet (365 nm) light emitting 22 

diodes or 50 mW near infrared (980 nm) laser diodes to induce polymer photooxidation. 23 

Irradiated polyester films with the aforementioned photoadditives had enhanced release 24 

kinetics up to 30 times more than non-irradiated, neat films with extended release times of 28 25 

days. Near infrared, ZnO-mediated photocatalysis had the highest light on/light off ratio 26 

release kinetics of 15.4 while doped LiYF4 upconversion nanoparticles paired with ZnO 27 

nanoparticles had the highest linear R
2
 correlation of 0.98 with respect to duty cycle and 28 

release kinetics. Future applications of the technology will aim toward modulation of 29 

previously developed polymeric reagents/drugs for real-time, feedback optimized release. 30 

 31 

 32 

 33 

 34 
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TEXT 36 

Maintaining local chemical concentrations from biodegradable chemical delivery systems 37 

is a considerable challenge to research scientists and pharmaceutical engineers. Numerous 38 

laboratories have demonstrated tailored chemical release kinetics of various small molecules 39 

chemicals from resorbable matrices, such as poly (D,L-lactic-co-glycolic acid) (PLGA) by 40 

changing the lactide/glyclolide ratio, molecular weight, porosity, additives, or polymer end-41 

group chemistry.
1-8

   42 

However, those methods create static formulations with fixed release profiles.  Others have 43 

continued to develop ‘smart polymers’ than can trigger chemical release upon external 44 

stimuli, including pH, temperature, and mechanical activation. 
9-11

.  However, these strategies 45 

rarely allow real-time control or tuning of the chemical concentration to be within a known 46 

therapeutic/toxicity range, aka therapeutic index as displayed in Figure 1A.  One strategy to 47 

allow variable dosing within the therapeutic index is to formulate a responsive chemical 48 

delivery formulation where the release kinetics can be controlled by an external stimulation.  49 

An internal biosensor could then be coupled for continuous feedback and adjustment of 50 

release kinetics to match chemical clearance rates.  The duty cycle can then be adjusted to 51 

determine the release rates required, as seen in Figure 1B.   The duty cycle represents the 52 

ratio in which the light source is activated in one cycle.  The one complete duty cycle is 53 

usually in milliseconds (10 ms in the Results below) and hence the a duty cycle of 0.3 54 

represents a repeating light source activation of 3 ms followed by 7 ms of inactivation. 55 

Near infrared (NIR) photo-stimulation is an ideal candidate, as the stimulation can be 56 

applied externally and the chemical delivery system ideally designed for environmental 57 

resorbability--allowing reduced risk of ecosystem or implant complications. Recent photo-58 

stimulated chemical release systems that take advantage of specific photoactive functional 59 

groups, including photocleavable O-nitrobenzyl 
12-14

 and coumaryl group polymers 
15-17

 have 60 
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been described. Alternatively, the gold photothermal effect can be employed for photo-61 

stimulated chemical delivery incorporating thermal sensitive polymers 
18

. These photo-62 

stimulated strategies suffer from photo-chemical pairings that limit them to photo- or 63 

thermal-susceptible crosslinking or functional groups.  64 

A more general method could be employed across all resorbable matrices through 65 

incorporation of free-radical mediated degradation--through photocatalytic or photooxidative 66 

mechanisms.  These methods accelerate polymer backbone cleavage resulting in increasing 67 

oligomer solubility and ultimately raising small molecule release kinetics as oligomers 68 

diffuse into medium
19

.  Photocatalytic TiO2 was incorporated into a biodegradable polymer 69 

for accelerated release of capsule contents--however TiO2 itself is not considered readily 70 

wastewater treatment friendly or resorbable.
20

 71 

The encapsulated small hydrophobic molecule used in this study was fluorescein diacetate 72 

(FDAC), which has been used as a reporter towards microorganism activity/cell viability in 73 

water and soil
21, 22

 and also as a hydrophobic drug mimic.
23

  74 

Herein we design and compare various methods of photo-stimulated chemical delivery 75 

systems whose components are known to be resorbable or biocompatible.  The designs 76 

considered have the advantage of a platform-ubiquity.  In theory, they could be applied across 77 

various biodegradable matrices e.g polyesters, polyanhydrides, polyamides, etc. We describe 78 

three variant methods of photo-stimulation, where release kinetics can be mediated by 79 

externally applied UV light, NIR light, or in situ UV light creation through upconversion 80 

nanoparticles (UCNPs).  It was our hypothesis that local free radical initiation by 81 

photocatalytic ZnO nanoparticles, UV-mediated photooxidation, or combination thereof 82 

allows tunable release kinetics through photon-dependent stimulation. 83 

 84 
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Figure 1. Schematic of an ideal photo-stimulated chemical delivery design that A) keeps the 

chemicals in therapeutic range and B) allows duty cycle controlled release kinetics.  

EXPERIMENTAL SECTION 85 

Materials. Poly (DL-lactide-co-glycolide) (PLGA 50/50) [cat# 18404] with inherent 86 

viscosity (i.v.) 1.03dL/g [~100kDa molecular weight (Mw), with methyl ester end group] was 87 

purchased from Purac, (The Netherlands). Dichloromethane (DCM) [cat# DS1432] was 88 

purchased from Tedia (USA). Fluorescein diacetate (FDAC) [cat# F7378] and ZnO [cat# 89 

544906] was purchased from Sigma-Aldrich. Light-emitting diodes (XSL-365-5E), peak 90 

wavelength 365nm, 6mW optical power, were purchased from Roithner Lasertechnik 91 

(Austria). NIR laser diodes (L9805E2P5), peak wavelength 980nm, 50mW optical power, 92 

were purchased from Thorlabs (China).  93 

Synthesis and Characterization of the Tm
3+

/Yb
3+

 Doped LiYF4 Upconversion 94 

Nanoparticles (UCNP). LiYF4:Tm
3+

 (0.5% (mol/mol)), Yb
3+

 (25% (mol/mol)) upconverting 95 

nanoparticles (UCNPs) were prepared using a slightly modified version of the thermal 96 

decomposition synthesis reported previously and described in detail in the supporting 97 

information.
24, 25

  98 

Preparation of ZnO/PLGA and UCNP/ZnO/PLGA Thin Films. Thin films of 99 

FDAC/PLGA (10% (w/w)) were manufactured as previously described. 
3, 23, 26

 Briefly, PLGA 100 

formulations with ZnO nanoparticles (Rh=254.58 nm), 8 mg of ZnO nanoparticles were 101 

directly added to 800 mg of dissolved PLGA (10% (w/w) in DCM), vortexed, and 102 

immediately knife casted to yield a final 1% (w/w) of ZnO/PLGA. Similarly, UCNP/PLGA 103 

and UCNP/ZnO/PLGA films had ratios of 1/1 (w/w) and 100/1/100 (w/w/w), respectively.  104 

High-Throughput In-Vitro FDAC Release Study. The high-throughput quantification of 105 

FDAC was previously published
23

.  106 
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Microplate Mounted UV LED and NIR Laser Diode Arrays. An 8x12 LEDs array with 107 

9mm pitch was made on a custom printed circuit board (PCB) to match the dimension of 96 108 

well plates. LEDs in each column are connected in series to a constant current sink (see 109 

Supplementary Information for LED schematic). The current was 20mA and 40mA for UV 110 

LEDs and NIR LED respectively. The average intensity of each column is individually 111 

controlled by a pulse width modulation (PWM) signal. The modulation frequency was 100Hz 112 

and the duty cycle had a resolution of 1000 steps.  113 

FDAC Release Through UV and NIR Activation. Reference film (no ZnO) and 114 

PLGA/ZnO films were irradiated at 365 nm (6 mW optical power, XS-365-5E LED from 115 

Roithner Lasertechnik, Austria) from 0.0 to 1.0 duty cycle at 100 Hz in pentuplicate.  The UV 116 

LED illuminated 100% of the 6 mm film punchout.  Liquid samples (20 uL) were taken 117 

periodically and quantified for FDAC release over 28 d.  Release medium was subsequently 118 

replaced. 119 

Reference film (no ZnO and UCNP), PLGA/ZnO, PLGA/UCNP, and PLGA/UCNP/ZnO 120 

films were irradiated at 980 nm (16 mW optical power, L9805E2P5 diode laser from 121 

Thorlabs, China) from 0.0, 0.3, and  1.0 duty cycles at 100 Hz in pentuplicate.  NIR laser 122 

diode illuminated 60% of the 6 mm film punchouts. Liquid samples (20 uL) were taken 123 

periodically and quantified for FDAC release over 28 d.  Release medium was subsequently 124 

replaced. 125 

Optical power (actual intensity at sample) was measured with a power meter (Newport 126 

Corp. Singapore, Model#  1918R) and a thermopile sensor (1.9cm separation) having a 127 

diameter of 9.5mm (model 919P-003-10).  Wavelength bands range from 363-370 nm (XS-128 

365-5E LED) and from 970-983 nm (L9805E2P5 diode laser). 129 
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Statistics. One-way ANOVA test was conducted to determine the significant difference 130 

between samples under various duty cycles, and post-hoc Tukey’s multiple-comparison test 131 

was carried out between pairs. A value of P < 0.05 was considered statistically significant. 132 

 133 

RESULTS 134 

Three methods of photostimulated chemical release based on zinc oxide (ZnO) 135 

photocatalysis, upconversion nanoparticles (UCNP), and combination thereof (ZnO + 136 

UCNP) as seen in Figure 2.  137 

 138 

Figure 2. Theoretical review for optical stimulated chemical delivery A) ZnO mediated 

photocatalysis generates free radicals under UV/NIR irradiation; B) upconversion 

nanoparticles (UCNP) converts NIR light to UV light; C) ZnO mediated photocatalysis by in 

situ UV generated from UCNP; D) overlap of the emission spectrum of UCNP at 980 nm 

excitation with the absorbance spectrum of ZnO nanoparticles. 

 139 

PLGA thin films (<50 µm thick) with additives of photocatalytic zinc oxide nanoparticles 140 

(ZnO), upconverting nanoparticles (UCNP), a combination thereof (ZnO+UCNP), or no 141 

additive (PLGA), were manufactured and photostimulated with either UV (365 nm) LEDs or 142 

NIR (980 nm) laser diodes.   The release kinetics of the non-fluorescent fluorescein diacetate 143 

(FDAC) acted as our model small molecule and was loaded at 10% w/w FDAC/PLGA in all 144 

films.  FDAC has similar release kinetics as hydrophobic drugs in PLGA films
23

 and it was 145 

insensitive to the UV or NIR intensities deployed in this manuscript (data not shown).  After 146 

release, FDAC was hydrolysed into fluorescein and correlated to the photo-dependent 147 

stimulation, aka duty cycle, as exemplified in Figure 1B.  Duty cycle was varied by pulsed 148 
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width modulation (f = 100 Hz) from UV or NIR LEDs mounted into 96-well microplates 149 

(wiring layout shown in Figure S3).  The computer controlled LED microplates were stacked 150 

directly on microplates containing the PLGA/FDAC/photoadditive formulations described 151 

above. 152 

Surface concentrations (µg.cm
-2

) of FDAC varied from batch to batch due to the slight 153 

differences in film thickness inherent in knife casting viscous polymer solutions to yield thin 154 

films.  To normalize chemical surface concentrations and the effects it plays on chemical 155 

release kinetics, we report the chemical delivery in per cent per day (%.d
-1

) in the tables and 156 

figures that follow, as it allows for a more accurate comparison across sample formulations.  157 

For formulation design across laboratories, we also report the more practically useful µg.cm
-

158 

2
.d

-1
 kinetic rates in Figure 5. 159 

UV Stimulation of ZnO Additives Allows A Linear Correlation of Release Kinetics 160 

with Duty Cycle. PLGA films were manufactured with a 1% w/w of ZnO 161 

nanoparticles/PLGA and subjected to UV LED irradiation from 0.1 to 1.0 duty cycle (10-100% 162 

exposure) up to 28 d.  Representative cumulative FDAC release profiles of 0.1, 0.3, 0.5, and 163 

1.0 DC (duty cycle) are displayed in Figures 3A, 3B, 3C, and 3D, respectively.  For 164 

comparison, control films of PLGA without (w/o) ZnO and ZnO films at 0.0 DC were also 165 

included.  These films are important to account for background diffusional kinetics or kinetic 166 

rates via non-photon mediated pathways.  In this way, release kinetics can be corrected based 167 

on UV-mediated (PLGA, no additive) or ZnO mediated chemical mechanisms when 168 

subjected to various UV LED duty cycles.  Upon addition of the 1% ZnO nanoparticles, a 169 

large cumulative release profile shift was noted in the 3D graphs of FDAC release vs DC vs 170 

Time.  The large shift can be seen in the overlayed 3D contour graph seen in Figure 3E.  In 171 

general, the time needed to reach 30, 50, or 70% cumulative release was shifted 4-6 d earlier 172 

when compared at identical DC.  Figure 3E also illustrates the versatility of the UV-173 
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stimulated ZnO formulation--depending on the DC employed, 30% release could by tuned to 174 

day 7 or 25 and 70% release to day 11 or 28.  A plot of release kinetics of per cent per day 175 

(%.d
-1

) versus duty cycle had a linear R
2
 correlation of 0.966 and 0.997 for UV-mediated 176 

(PLGA, no additive) or ZnO mediated films, respectively. No statistical differences were 177 

noted at duty cycles of 0.0 (Off) or 0.1.  The linear correlation in the duty cycle range of 0.3 178 

to 1.0 suggests that the release kinetics are dose-dependent or photon-dependent--which is 179 

ideal for control of light stimulated chemical depots. 180 

 181 

  182 
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Figure 3. Cumulative release profiles (up to day 28) of fluorescein diacetate (FDAC) vs time 

from FDAC/PLGA thin films and FDAC/ZnO/PLGA thins film in control group (0.0 DC) 

and under UV light of A) 0.1 DC; B) 0.3 DC; C) 0.5 DC; D) 1.0 DC; E) tuned release profile 

by DC and addition of ZnO; F) comparison of release kinetics (up to day 15 days) of FDAC 

released from PLGA sample either with or without ZnO under various DC UV exposure. DC, 

duty cycle. 

 183 

Accelerated Chemical Release by NIR Activation and ZnO Photocatalyst. Cumulative 184 

release profiles of FDAC from PLGA films w/o and with ZnO under NIR irradiation of DC 185 

1.0 is represented in Figure 4A. Films with both formulations at 0.0 DC (no NIR light, 186 

reference) were also plotted. Again, the background release kinetics  was calculated from 187 

those reference PLGA films without any additives. Comparison of release kinetics for each 188 

film under NIR irradiation of 0.0, 0.3 and 1.0 DC is displayed in Table 1. Surprisingly, NIR 189 

light showed an acceleration effect on FDAC release from PLGA film w/o ZnO, as release 190 

kinetics increased 6- fold compared to PLGA film with no NIR stimulation. The release 191 

kinetics was enhanced with the presence of ZnO, regardless of NIR duty cycle. The ZnO 192 

additive raised the release kinetics more than 2x higher compared to reference PLGA film at 193 

both 0.3 and 1.0 DC. However, unlike UV-mediated release kinetics, the NIR-mediated 194 

release kinetics showed non-linear dose-independent or photon-independent behaviour. For 195 

example, there was no significant increase in release kinetics when the NIR duty cycle 196 

increased from 0.3 to 1.0 (p > 0.05).  The R
2
 correlation of release kinetics of per cent per day 197 

(%.d
-1

) versus duty cycle was 0.69 and 0.78 for NIR-mediated (PLGA, no additive) or ZnO 198 

mediated films, respectively, as listed in Table 3.   199 

Table 1 

 200 
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 201 

Figure 4. Cumulative release profiles (up to day 28) fluorescein diacetate (FDAC) vs time 

from FDAC/PLGA thin films and those incorporating with A) ZnO; B)UCNP; C) UCNP + 

ZnO in both control group (0.0 DC) and under NIR light of 1.0 DC; D) all films in control 

group (0.0 DC) up to day 16; E) all films under NIR light of 1.0 DC up to day 16; F) 

comparison of release kinetics (up to day 15 days) of FDAC released from PLGA sample 

either with or without UCNP and/or ZnO at 0.0, 0.3, and 1.0 NIR exposures. 

 202 

 203 

Table 2 

 204 

In Situ NIR to UV Emission Allows a Linear Release Profile through 28 Days. Figure 205 

4B represents cumulative FDAC release from PLGA film w/o and with UCNP under NIR 206 

irradiation. For simplicity, only 0.0 and 1.0 DC release profiles are displayed. Films at 0.0 207 

DC were regarded as background diffusion kinetics. Release kinetics for both films at 0.3 and 208 

1.0 DC are listed in Table 1. Similarly, both films showed dose-independent behaviour under 209 

NIR irradiation, as the release kinetics for PLGA film with UCNP increases only 7% when 210 

DC was elevated from 0.3 to 1.0. The R
2
 correlation of release kinetics versus DC is 0.78 for 211 

PLGA film with UCNP. A distinctive behaviour for PLGA film with UCNP is the linear 212 

release profile of FDAC through 28 d at 95% (1.0 DC) FDAC release with R
2
 correlation of 213 

0.981.  214 

ZnO and UCNP Photoadditives Combination Shows DC-dependent Kinetics and 215 

Linear Release. The cumulative release profiles for FDAC from PLGA films w/o and with 216 

additives irradiated under 0.0 DC and 1.0 DC NIR laser diode are shown in Figure 4C. The 217 

release kinetics for both film with 0.0 DC, 0.3 DC, and 1.0 DC are listed in Table 2. The 218 
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calculated result showed that the release kinetics for PLGA film with both UCNP and ZnO 219 

additives is linearly correlated with NIR duty cycle. The release kinetics increased 71% when 220 

NIR irradiation varied from 0.3 DC to 1.0 DC, ~60% more increment compared with PLGA 221 

films with either photoadditive. The R
2
 correlation of 0.98 of release kinetics to DC suggests 222 

irradiation dose-dependent behaviour, indicating the potential application of NIR light 223 

controlled chemical delivery with the presence of both additives. Linear release behaviour 224 

throughout 28 days was also observed. 225 

For comparison, Figure 4D and 4E display release profiles of FDAC from reference PLGA, 226 

ZnO/PLGA, UCNP/PLGA and UCNP+ZnO/PLGA films when the NIR was off (DC 0.0) or 227 

completely on (1.0 DC).  PLGA film with ZnO showed lowest background release (DC 0.0), 228 

not significantly different from reference PLGA film; while PLGA film with UCNP showed 229 

highest background release, more than 8 times higher than the reference PLGA film. Films 230 

showed same trend when exposed to NIR light. Figure 4F compares release kinetics of those 231 

films under NIR irradiation of 0.0, 0.3 and 1.0 DC. For PLGA w/o additives, the release 232 

kinetics can be varied in a small range from 0.15%.d
-1

 to 0.98%.d
-1

 with NIR irradiation in an 233 

on/off event, hence the on/off ratio, which is defined as the ratio of release kinetics when the 234 

NIR irradiation is completely on (DC 1.0) and off (DC 0.0), would be 0.98/0.15=6.5. PLGA 235 

with 1% w/w ZnO additives only enhances release kinetics up to 2.18%.d
-1

 with NIR 236 

irradiation, similarly, in a dose-independent way.  However it had the highest on/off ratio of 237 

15.6 among all the films. PLGA with UCNP additives can vary the release kinetics 238 

dramatically up to 4.7%.d
-1

 under NIR light non-linearly; the on/off ratio of 3.6 was relatively 239 

small due to the high background release kinetics. PLGA with both additives showed the NIR 240 

dose-depended release kinetics ranges up to 3.6%.d
-1

 with the on/off ratio of 4.7. 241 

Figure 5 compares both relative (%.d
-1

) and real (μg.cm
-2

.d
-1

) release kinetics for all the 242 

formulations mentioned above under varied stimulation conditions. 243 
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Figure 5. Comparison of release kinetics (up to day 15 days) of fluorescein diacetate (FDAC) 

released from neat PLGA sample either with or without UCNP and/or ZnO under UV or NIR  

irradiation. Release kinetics in terms of %.d
-1

 A) without any additives (neat PLGA, 

reference); C) ZnO additive; E) ZnO + UCNP additives combined; Release kinetics in terms 

μg.cm
-2

.d
-1

 for films B) without any additives (neat PLGA, reference); D) ZnO additive; F) 

ZnO + UCNP additives combined. 

 244 

DISCUSSION 245 

UV and NIR Irradiation Accelerates Polyester Degradation and Subsequently 246 

Increases FDAC Release Kinetics Even Without Photoadditives. Hydrophobic small 247 

molecules, such as FDAC and paclitaxel (both have logP of 4), strongly absorb into the 248 

biodegradable polyester matrices, making diffusion based release strategies difficult to 249 

control by formulation (with the exception of nanoparticles), and nearly impossible to 250 

modulate once implanted.  It is generally accepted that these hydrophobic chemicals are 251 

shuttled from the bulk polymer matrix by degraded soluble oligomer fragments (~1 kDa), or 252 

if added as an additive, by amphiphilic molecules such as PEG
19, 26, 27

.  Thus, by controlling 253 

rates of polyester erosion, one should be able to control the release kinetics of encapsulated 254 

hydrophobic chemicals.  255 

In this manuscript, we demonstrated how ultraviolet (UV) and near infrared (NIR) light 256 

proved to be an effective way of modulating the release kinetics of FDAC in a variety of 257 

formulations, with and without additives that induce photooxidation (herein photoadditives) 258 

of PLGA. Changes in light intensity directly affect the reaction mechanisms and reaction 259 

rates of photocatalysis and photooxidation; therefore we chose to normalize the light intensity 260 

and modulate the release kinetics on duty cycle alone. 
28, 29

 This is foreseen as a simpler 261 

method of controlling release kinetics and easier to implement in future medical devices.   262 
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Both UV light and NIR light alone was found to induce photooxidation of the 263 

PLGA/FDAC films and enhance the FDAC release kinetics. UV light emitting diodes (LED, 264 

365 nm peak) used in this experiment was able to generate ionizing UV-A radiation (350-400 265 

nm), leading to polymer degradation by photooxidation.   The NIR laser diode (980nm) was 266 

also capable of accelerating degradation, either by photo- or thermal-oxidation
30-32

.  It is also 267 

possible that the water uptake by PLGA matrix was heated by NIR light via vibrational 268 

absorption of the molecules thus further accelerating the degradation of carrier.
33

 When 269 

compared side-by-side, the 6 mW UV LED had ~4 times the release kinetics than the 50 mW 270 

NIR laser diode at 1.0 DC. A strong linear correlation (>0.9) with respect to duty cycle and 271 

release kinetics (%.d
-1

) was present for UV LED stimulated release, but not for the NIR laser 272 

diode.   273 

However, the poor penetrability of UV wavelengths through biopolymers (e.g. proteins, 274 

polyesters) compared to NIR light makes the latter a more preferable triggering source. The 275 

NIR laser diode source had a measured optical power of  42 mW/cm
2 

(at sample), which is 276 

below the limit set for human skin exposure (726 mW/cm
2
 at 980-nm).

34
 Higher intensity 277 

NIR laser diodes are available and our future work aims to investigate which intensities are 278 

optimal.   279 

UV Irradiation of ZnO Nanoparticle Additives Demonstrate ZnO-mediated 280 

Photocatalysis While The Mechanism of Polymer Degradation Displays a Duty Cycle 281 

Dependence. Zinc oxide nanoparticles (ZnO), will generate free radicals (mainly hydroxyl 282 

radicals, •OH) upon exposure to UV light (aka photocatalysis).
35-38

 The reactive hydroxyl 283 

radicals initiate oxidative degradation of the polymeric matrix via production of free radicals 284 

on the polymer backbone through hydrogen abstraction
39

. Hence, the inclusion of ZnO 285 

photoadditives into polyester matrices should modulate the release kinetics based on changes 286 

in UV or NIR duty cycle (discussed below).  A parallel slope between two curves in Figure 287 
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3F would have been expected if the photonic catalyst nature of ZnO nanoparticles was 288 

ineffectual under these conditions. However, the statistical increase in slope with 1% w/w 289 

ZnO/PLGA (6.5±0.2 vs. 4.0±0.4) compared with PLGA alone suggests in situ photocatalysis 290 

was activated within the polyester matrix. It should be noted that ZnO may act as a lewis acid 291 

through dissolved Zn
2+ 

cations and acid catalyze the hydrolysis of PLGA.
40

 An increase in 292 

kinetics was noted in some PLGA thin film batches, but not all, giving no clear indication of 293 

cation mediated hydrolysis.   294 

To simplify the duty cycle contribution to the main mechanisms likely responsible for 295 

polymer degradation, we assume that the release kinetics (after subtraction of background, 296 

see Table 3) were the result of 1) UV-mediated photooxidation and 2) ZnO-mediated 297 

photocatalysis.  Other light dependent mechanisms may be present, such as glass transition 298 

temperature effects, as discussed below.  At low duty cycles, 63% of the release kinetics was 299 

dominated by photocatalysis and 37% by UV-mediated photooxidation. This can also be 300 

qualitatively seen in Figure 3E at the 10% cumulative release lines; at low duty cycles from 301 

0.1-0.5, a large time shift resulted from the addition of ZnO due to the presence of 302 

photocatalysis, however as the duty cycle increased past 0.5, little difference existed between 303 

the formulations with or without ZnO because the UV-mediated photooxidation was the 304 

dominant degradation mechanism.  This underscores the necessity of employing duty cycle as 305 

a method of mediating release kinetics--it may allow control of both chemical release 306 

kinetics, and a degree of control by which degradation pathway the polymer is undergoing 307 

autooxidation. 308 

Table 3 

 309 

PLGA Release Kinetics Was Increased up to 30 times through The Inclusion of NIR 310 

Activated Photoaddtives ZnO, UCNP, or Both. We assumed there would be minimal 311 
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difference in release kinetics when PLGA was exposed to NIR light. PLGA has little 312 

absorbance in the NIR range and NIR isn’t likely to appreciably drive photocatalysis due to 313 

the large differences in the conduction and valance band energies of ZnO at 3.3 eV, similar to 314 

titanium oxide at 3.2 eV
41, 42

. To our surprise ZnO additives displayed significantly faster 315 

release kinetics, which was non-linearly dependent on the diode duty cycle, as seen in Table 316 

1. This effect likely results from the increase in optical density of the PLGA/ZnO films, as 317 

the ZnO scattering coefficient is known to increase the light scattering efficiency of 318 

polymer/ZnO composites. 
43, 44

 Materials with sufficient optical density have been seen to 319 

increase in temperature up to 1°C under NIR stimulation.
45

 Drug release kinetics can change 320 

dramatically if temperature transitions are near the polymer glass transition temperature 321 

(Tg),
46

 as is the case for PLGA Tg (36-40°C). Supporting this mechanism was the increase in 322 

per cent (NIR Scattering, Table 2) as the duty cycle was raised from 0.3 to 1.0--an increase in  323 

light scattering would shift temperature even more. 324 

ZnO is known as a biocompatible and bioresorbable additive
47

, a key advantage for for 325 

environmental applications or implantable medical devices, especially when compared to 326 

other efficient photocatalysts such as titanium dioxide.  Even with small loading amount of 1% 327 

w/w ZnO/PLGA, it had the highest on/off ratio of 15.4 and increased chemical delivery ~23 328 

times more at 1.0 duty cycle than neat PLGA under no activation conditions.  Another 329 

advantage was the ZnO’s low background release kinetics under no light conditions, but this 330 

was subject to batch-to-batch differences.  However, one downside was that these 331 

formulations did not exhibit a strong linear correlation with the NIR duty cycle. Although 332 

improbable, the photocatalytic mechanism creates the possibility that long-lived free radicals 333 

could diffuse out of the PLGA matrix and disturb the surrounding environment (i.e. 334 

inflammation of soft tissues).  335 
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Lanthanide nanoparticles have been reported to have fluorescent emissions at wavelengths 336 

shorter than their excitation wavelengths--a phenomenon known as upconversion
48

. Doped 337 

LiYF4 based upconversion nanoparticles (UCNP) are unique in that 1) they emit UV 338 

wavelengths and 2) their UV intensity is as bright as the NIR emissions, as seen in Figure 2D. 339 

The in situ generated UV light was employed herein for PLGA photooxidation and 340 

subsequent modulation of release kinetics with (see below) and without ZnO. 341 

The highest release kinetics (%.d
-1

) of any of the NIR activated films were observed with 342 

the UCNP photoadditives, with release kinetics 30 times faster than non-irradiated PLGA.  343 

The emission of UV light from UCNP directly initiated NIRUV photooxidation and 344 

subsequent polymer cleavage reactions--a key advantage of this setup is that the in situ UV 345 

light generated is absorbed within the PLGA matrix and has little probability of affecting the 346 

surrounding environments.  We base our speculation on this since the UV intensity decreases 347 

exponentially from the UCNP sources and due to the relatively high UV absorbance of 348 

polyesters and encapsulated chemical.  The UCNPs also brings a variety of engineering and 349 

sensing advantages other than high release kinetics. Stimulation of UCNPs at 980 nm allows 350 

various spectral emissions that can be used to drive photocatalysis of metal oxides (ZnO), 351 

while the higher wavelengths maybe of equal importance for use as a biosensor i.e. feedback 352 

of NIR laser positioning. UCNP additive linear R
2
 correlation with respect to release kinetics 353 

and duty cycle was higher than the ZnO additives, but still not considered strong, as seen in 354 

Table 3. Large amounts (> 1 %.d
-1

) of background release were present as well, likely due to 355 

the high loading of 1/1 w/w UCNP/PLGA--this was deemed necessary for the activation of 356 

ZnO, discussed next and due to their small diameter ~ 77 nm.  Other limitations of this new 357 

technology include questions on their bioresorbility and biocompatibility, which have not 358 

been fully characterized, especially in primates
49

.  Where bioresorbility and biocompatibility 359 
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are of prime importance, we suggest employing formulations based on the ZnO, PLGA, and 360 

the drug of interest.   361 

Alternatively, the UCNP UV emission can be coupled to ZnO to generate free radicals, as 362 

the ZnO UV absorbance overlaps with the UCNP UV emissions, as seen in Figure 2D.  The 363 

combination of UCNP and ZnO photoadditives lead to an exceptional improvement in 364 

modulating release kinetics by duty cycle as the linear R
2
 correlation was higher at 0.98 than 365 

either photoadditive alone, as seen in Table 3.  However, both additives together failed to 366 

show any synergistic behaviour--they had slower release kinetics combined compared with 367 

with each additive separately, making it difficult to conclude the presiding oxidation pathway.  368 

This system was also the most complex formulation--both additives and the additive ratios 369 

will need to be optimized for best performance in our future work.  370 

Cross Platform Application with Existing Polymeric Matrices towards Novel 371 

Therapeutics and On-line Water Monitoring System.  Other groups have also developed 372 

photo-triggered chemical delivery systems, linking chemicals with nanoparticles via 373 

photoactive functional groups, using either UV, NIR, or NIRUV activation strategies 
13, 14, 

374 

16, 17, 50, 51
. Upconverting nanoparticles of various designs have also been applied towards NIR 375 

triggered chemical or prodrug delivery
50, 52, 53

.  While these investigations display great 376 

strides in targeting specific tissues, their designs limit them to controlled release on the hour 377 

timescale and often require continuous illumination (DC 1.0) with extremely high NIR laser 378 

intensities (> 1W.cm
-2

).  The latter maybe needed for in vivo activation.  The strengths and 379 

novelty of the thin film additive formulations described herein allow minimal changes in 380 

design to already known chemical delivery systems, such as polymeric drug matrices based 381 

on antimicrobial and anti-inflammatory drugs 
54, 55

.  We foresee applications of this 382 

technology where local, near-surface tissues would benefit from long term delivery.  Such 383 

applications might include therapeutic medical devices or environmental monitoring systems, 384 
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for example, vasoconstriction disorders (e.g. Raynaud’s phenomenon), inoperative local 385 

malignancies, or on-line micro-organism monitoring with variable/controllable detection 386 

limits with FDAC as the probe. 387 

CONCLUSION 388 

Herein we have demonstrated how UV, NIR, and in situ NIRUV irradiation can be 389 

employed to modulate drug release kinetics from PLGA films. PLGA (with no 390 

photoadditives) responds to both UV LED and NIR diode laser stimulation, although only 391 

UV-mediated photooxidation displayed a high linear R
2
 correlation with respect to release 392 

kinetics and duty cycle.  Inclusion of photoadditives allowed accelerated polymer degradation 393 

and subsequent chemical release through ZnO-mediated photocatalysis and UCNP-mediated 394 

photooxidation.  The NIR irradiated photoadditives increased release kinetics by up to 30 395 

times versus that of non-irradiated PLGA films.  In terms of biocompatibility and 396 

bioresorbability, ZnO additives maybe the safest for in vivo medical devices but the 397 

combination of ZnO + UCNP displayed the highest linear correlation of light dose and 398 

release rates.  Future applications of the technology will aim toward modulation of previously 399 

developed polymeric drugs and similar chemical delivery devices.  400 
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TABLES 526 

Duty cycle 

(DC, UV) 

PLGA
a
   

(%.d 
-1

) 

PLGA: 

photox.
b
 

ZnO
a
  

(%.d 
-1

) 

ZnO: 

photox. + 

Photocat
b
 

ZnO 

Photo-

catalysis
c
 

UV 

photox. 

(%) 

Photo-

catalysis 

(%) 

0.0 (off) 0.54±0.03 0.00±0.04 0.76±0.02 0±0.04 0.00±0.06 NA NA 

0.1 0.92±0.05 0.38±0.06 1.01±0.04 0.25±0.05 -0.13±0.08 NA NA 

0.3 0.85±0.04 0.31±0.05 1.59±0.06 0.83±0.07 0.52±0.08 37 63 

0.5 1.30±0.06 0.76±0.07 2.8±0.1 2.0±0.1 1.3±0.1 37 63 

0.7 2.4±0.1 1.9±0.1 4.1±0.1 3.3±0.1 1.5±0.2 56 44 

0.9 3.2±0.1 2.7±0.2 5.5±0.2 4.7±0.2 2.1±0.3 56 44 

1.0 (on) 3.7±0.1 3.2±0.2 6.3±0.2 5.5±0.2 2.4±0.3 57 43 

Table 1. FDAC release kinetics for PLGA and ZnO/PLGA films subjected to various UV LED duty cycles. 
a
per cent 

per day (%.d 
-1

). Linear correlation (R
2
) was > 0.98 for all samples through day 15. 

b
Release kinetics after 

subtraction of background (0.0 DC)  determined under light off conditions. 
c
Release kinetics determined by 

subtracting PLGA: photox.+ from ZnO: photox.+ Photocat. NA, not applicable. Photox = photooxidation. 
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 547 

Duty cycle 

(DC, NIR) 

PLGA
a 

(%.d 
-1

) 
PLGA: NIR 

photox.
b 

ZnO
a
  

(%.d 
-1

) 

ZnO: NIR 

photox. 

+Scattering
b
 

ZnO 

Scattering
c
 

NIR 

photox.  

(%) 

NIR 

Scattering 

(%) 

0.0 (off) 0.15±0.01 0.00±0.01 0.14±0.01 0±0.01 0.00±0.01 NA NA 

0.3 0.98±0.06 0.83±0.06 2.0±0.1 1.9±0.1 1.0±0.1 45 55 

1.0 (on) 0.92±0.06 0.77±0.06 2.18±0.09 2.04±0.09 1.3±0.1 38 62 

 

 

PLGA
a 

(%.d 
-1

) 

PLGA: NIR 

photox.
b
 

UCNP
a
  

(%.d 
-1

) 

UCNP: NIR 

+ NIRUV 

photox. 
b
 

UCNP 

NIRUV  

photox.
d
 

NIR 

photox.  

(%) 

UCNP 

NIRUV 

photox. 

(%) 

0.0 (off) 0.15±0.01 0.00±0.01 1.30±0.04 0.00±0.04 0.0±0.04 NA NA 

0.3 0.98±0.06 0.83±0.06 4.4±0.3 3.1±0.3 2.3±0.3 27 73 

1.0 (on) 0.92±0.06 0.77±0.06 4.7±0.3 3.4±0.3 2.6±0.3 23 77 

 

  

PLGA
a 

(%.d 
-1

) 

PLGA: NIR 

photox.
b
 

UCNP+ 

ZnO
a
  

(%.d 
-1

) 

UCNP+ 

ZnO
b
 

UCNP&ZnO  

photox. + 

photocat.
 e
 

Synergistic 

Increase
f 

 

0.0 (off) 0.15±0.01 0.00±0.01 0.76±0.05 0.00±0.05 0.00±0.05   

0.3 0.98±0.06 0.83±0.06 2.1±0.1 1.3±0.1 0.5±0.1   

1.0 (on) 0.92±0.06 0.77±0.06 3.6±0.2 2.8±0.2 2.1±0.2 60%  

Table 2. FDAC release kinetics for PLGA and photo-additives of ZnO, UCNP, and combination thereof subjected to various 

NIR laser diode duty cycles. 
 
Linear correlation (R

2
) was > 0.97 for all samples through day 15. 

a
per cent per day (%.d 

-1
). 

b
Release kinetics after subtraction of background (0.0 DC) determined under light off conditions. 

c
Release kinetics 

determined by subtracting PLGA: NIR photox.
 
from ZnO:NIR photox.+Scattering. 

d
Release kinetics determined by 

subtracting PLGA: NIR photox. from UCNP: NIR + NIRUV photox. 
e
Release kinetics determined by subtracting 

PLGA: NIR photox.
 
from UCNP&ZnO  photox. + photocat. Synergistic increase calculated from % increase from 0.3 DC 

to 1.0 DC, minus the ~10% NIR radiation kinetic increase as seen with either photo-additive from 0.3 DC to 1.0 DC.   NA, 

not applicable. Photox., photooxidation. 
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PLGA/photo-

additive 

formulations 

R
2
 correlation  

@ NIR (980 nm) 

%.d 
-1

 vs DC 

R
2
 correlation  

@ NIR (980 nm) 

µg.cm
-2

.d 
-1

 vs DC 

R
2
 correlation  

@ UV (365 nm) 

%.d 
-1

 vs DC
 

R
2
 correlation  

@ UV (365 nm) 

µg.cm
-2

.d 
-1

 vs DC 

PLGA neat  0.689 0.762 0.906 or 0.966
†
 0.966 

ZnO  0.775 0.775 0.974 or 0.997
†
 0.981 

UCNP 0.781 0.829 ND ND 

ZnO + UCNP 0.983 0.950 ND ND 

Table 3. R
2
 correlation of release kinetics (%.d 

-1
) and (µg.cm

-2
.d 

-1
) versus duty cycle at 365 and  980 nm from 550 

0.0 to 1.0 duty cycle, where applicable. ND, not determined. DC, Duty Cycle. 
†
As calculated from 0.3 to 1.0 551 

duty cycle.  552 
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FIGURES 576 

FIGURE 1 577 
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FIGURE 2 594 
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FIGURE 3 597 
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FIGURE 4 600 
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FIGURE  5 603 

 604 
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Tunable chemical release from polyester thin film by photocatalytic zinc oxide and doped 

LiYF4 upconverting nanoparticles   

Supplementary Information 

Materials and Methods 

Synthesis of LiYF4 UCNPs - LiYF4:Tm3+ (0.5 mol%), Yb3+ (25 mol%) upconverting 

nanoparticles (UCNPs) were prepared using a slightly modified version of the thermal 

decomposition synthesis reported previously [1, 2]. In the first step, stoichiometric quantities of 

ultra-pure Ln2O3 (Ln = Y, Tm, Yb) reagents were mixed in a 50/50 water/trifluoroacetic acid 

(CF3COOH) solution and refluxed overnight in order to obtain the corresponding metal 

trifluoroacetate (CF3COOLn) precursors. To synthesize the UCNPs, 2.5 mmol of lithium 

trifluoroacetate was added to the obtained metal trifluoroacetates along with 7.5 mL of oleic acid 

and 7.5 mL of 1-octadecene and heated to 120 oC for 30 min using a vacuum pump to remove 

any excess water and/or gases. In a separate 100 mL three neck round bottom flask, 20 mL each 

of oleic acid and 1-octadecene were also degassed at 120 oC for 30 min. This flask was placed in 

a heating mantle attached to thermocouple and a temperature controller and its temperature was 

raised to 325 oC. When the solution reached the desired temperature, the precursor solution 

previously prepared was injected using an infusion syringe pump (Harvard Apparatus) at a rate 

of 1.5 mL/min. Following the injection, the solution was allowed to react for 60 min (at 325 oC) 

with vigorous stirring under an inert atmosphere (Ar gas). After 60 min, the solution was slowly 

cooled to room temperature. The nanoparticles were was washed at least twice by precipitating 

with ethanol, centrifuging, and redispersing in hexane. The subsequently nanoparticles were 

stored in a 10 wt% solution in toluene. 



Transmission Electron Microscopy - TEM analysis of the colloidal nanoparticle dispersion were 

carried out using a Philips CM200 microscope operating at 200 kV equipped with a charge-

coupled device (CCD) camera (Gatan). Prior to analysis, 10 l of a 1 mg/mL dispersion of LiYF4 

was evaporated on a formvar/carbon film supported on a 300 mesh copper grid (3 mm in 

diameter). Particle size distributions were obtained using the ImageJ software. 

Luminescence measurements - Upconversion luminescence emission measurements were 

recorded under 980 nm excitation using a Thorlabs fibre-coupled laser diode. The laser was 

focused on the sample using a lens to obtain a spot with a Gaussian intensity distribution with a 

0.4 mm diameter. The emitted light was collected using a lens in a 90° configuration, and then 

transferred to a spectrophotometer (Avaspec 2048L-USB2) through the use of an optical fiber. A 

1 wt% colloidal solution of the UCNPs was prepared in toluene and sonicated for a period of 10 

minutes to ensure proper dispersion. The dispersed nanoparticles remained in suspension for 

periods of excess of 48 hours following dispersion in toluene. The emission spectra were 

recorded allowing a total of a 10-second collection time. 

Microplate LED Array - A 8x12 LEDs array with 9mm pitch was made on a custom printed 

circuit board (PCB) to match the dimension of 96 well plates. LEDs in each column are 

connected in series to a constant current sink. The reference current is manually adjustable 

through a trimmer. The average intensity of each column is individually controlled by a pulse 

width modulation (PWM) signal. PWM commands are generated with a Raspberry Pi using the 

pi-blaster software (https://github.com/sarfata/pi-blaster). The modulation frequency was 100Hz 

and the duty cycle had a resolution of 1000 steps. 

Results and Discussion 



The thermal decomposition synthesis of the LiYF4 nanoparticles occurs following the 

addition of the trifluoroacetate precursors, dissolved in a mixture of oleic acid and 1-octadecene, 

into a secondary reaction flask containing the same solvent system at elevated temperatures. The 

decomposition process resulted in the formation of oleate-capped nanoparticles with a diamond-

like morphology as evidenced by TEM analysis (Supplementary Figure 1a). The oleate anion 

caps the nanoparticle surface through an electrostatic interaction between its negatively charged 

carboxylate oxygens and the positively charged nanoparticle surface [3-5]. The particles were 

observed to self-asemble on the copper grid and did not show any signs of agglomeration 

following deposition and drying on the TEM grid. Particle size distribution studies showed that 

the synthesized UCNPs followed a Gaussian size distribution with a mean particle size of 77.2 

+/- 9.4 nm along the longitudinal axis (Supplementary Figure 1b) and an aspect ratio of 1.7 

(longitudinal:transverse).  

Following 980 nm excitation, the upconversion emission spectrum was collected as 

shown in Supplementary Figure 2a. Four emission bands were observed in the UV to NIR region 

of the spectrum. Ultraviolet emission centered at 360 nm was assigned to the 3P0  3F4, 
1D2  

3H6 transitions. Blue upconversion emission was observed at 450 and 479 nm and assigned to the 

1D2  3F4 and 1G4  3H6 transitions, respectively, while red emission ascribed to the 1G4  3F4 

transition was centered at 650 nm. Finally, intense NIR emission emanating from the 3H4  3H6 

transition was centered around 800 nm. The mechanism of upconversion in Tm3+/Yb3+ co-doped 

NaGdF4 nanoparticles is shown below in Supplementary Figure 2b. A 980 nm photon will raise 

the Yb3+ ion to its 2F5/2 excited state after which an energy transfer to the Tm3+ ion will occur. 

The excited Yb3+ ion will non-resonantly transfer its energy to a Tm3+ ion thereby exciting it to 

the 3H5 intermediate excited state after which non-radiative decay to the 3F4 excited state will 



occur. A second energy transfer from Yb3+ will occur raising the Tm3+ ion to the 3F2 excited 

state. The Tm3+ ion may either decay nonradiatively to the 3H4 state where 800 nm radiative 

emission will occur or alternatively, a third energy transfer can excite the Tm3+ ion to the 1G4 

state. At this point, there are several possibilities namely 1G4  3H6 (blue), or 1G4  3F4 (red) 

emissions may occur. A fourth energy transfer from Yb3+ populates the 1D2 excited state of Tm3+ 

after which blue emission is observed through the 1D2  3F4 transition, or alternatively UV 

emission from the 1D2  3H6. Alternatively, a fifth energy transfer will induce excitation to the 

3P0 energy level where UV emission will be observed upon relaxation to the 3F4 intermediate 

state (not shown on Supplementary Figure 2b). 

 

 

Supplementary Figure 1. (a) TEM image of LiYF4: Tm3+, Yb3+ co-doped nanoparticles, (b) 

particle size distribution of the particles showing a predominant size ranging from75-90 nm. 

 



 

Supplementary Figure 2. (a) Upconversion emission spectrum of LiYF4: Tm3+, Yb3+ co-doped 

nanoparticles following 980 nm excitation. Shaded regions correspond to the color of the 

emission emitted and ascribed to the labelled transitions on the figure, (b) upconversion 

luminescence mechanism responsible for populating the various emitting states of thulium in the 

co-doped system. 

 

  



 

Supplementary Figure 3. Wiring schematic of LED microplate array. 
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