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A B S T R A C T   

Transdermal drug delivery (TDD) is less invasive and avoids first-pass metabolism, making it an attractive 
method for treating various diseases such as diabetes and hypertension. However, current methods for evaluating 
TDD systems lack in vivo descriptions of drug distribution in the skin. In this study, we demonstrate the capa-
bility of the Transient Triplet Differential (TTD) method, a non-invasive and background-free photoacoustic 
imaging technique, for accurately mapping drug distribution and evaluating different TDD systems. Our findings 
show that the TTD method can provide high sensitivity and specificity for targeted drug extraction and visualize 
3D drug distribution in the skin. Furthermore, in vivo experiments confirmed the potential of the TTD method in 
evaluating the clinical performance of TDD. It’s predictable that the TTD method can be a reliable and non- 
invasive approach for evaluating TDD systems and offer valuable insights into TDD research and development.   

1. Introduction 

Transdermal drug delivery (TDD) has received much attention in 
recent years due to its unique advantages over oral administration and 
intravenous injection. Specifically, TDD enables sustained and 
controlled drug release without the first-pass effects and offers a mini-
mally invasive and patient-friendly administration method [1–4]. TDD 
has found widespread application in the treatment of skin disorders, 
such as eczema [5], cutaneous infections [6], and skin cancers [7], and 
holds promise for further development with the emergence of new TDD 
systems such as sonophoresis, electroporation and microneedles [8,9]. 
However, current methods for evaluating the performance of TDD sys-
tems, such as in vitro penetration experiments and optical imaging, have 
some limitations. These methods provide limited information about 
drug distribution and may not be optimal for evaluating the effects of 
various TTD systems [10]. 

Typically, the efficiency of TDD systems is evaluated using the Franz 
diffusion cell, which measures the diffusion of drugs across the skin to a 
receptor fluid reservoir [11,12]. However, it can only quantitatively 
describe drug permeation rate and the drug distribution in skin can’t be 
represented. The frozen sections of skin model are often supplemented 

to further show the effects of TDD systems. However, the skin sections 
can only provide a two-dimensional view of drug distribution ex vivo, 
making it impossible to observe drug distribution in vivo [13–16]. 

Optical imaging techniques, including Confocal Raman spectroscopy 
(CRS) have also been widely used to describe the distribution of topical 
drug and evaluate TDD systems. CRS allows for the acquisition of infor-
mation about the molecular structure of tissue components without using 
fluorescent labels or chemical stains, and can provide a 3D visualization 
of topical drug distribution with high spatial resolution in vitro and in 
vivo [17–20]. However, rapid attenuation of light in tissue limits its 
imaging depth with only probing several tens of micrometers of skin, 
while the thickness of human skin typically ranges from 0.5 mm to 4 mm. 

Photoacoustic imaging (PAI) may be an ideal solution. As a molec-
ular and non-invasive imaging technique, PAI shows a huge potential in 
evaluating the effect of transdermal drug delivery systems, which can 
map the distribution of targeted chromophore with high resolution and 
great penetration depth by collecting the photoacoustic signals gener-
ated by specific pulse laser [21–25]. However, the background signal 
from endogenous agent such as hemoglobin in the skin disturbs the 
imaging of the targeted chromophore, which reducing the reliability of 
the acquired image [26,27]. 
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To overcome this limitation, transient triplet differential (TTD) 
photoacoustic imaging has been developed as an attractive method that 
can suppress strong background signal [28,29]. TTD method can extract 
the transient photoacoustic signals from the triplet state absorption, 
which is a special characteristic of phosphorescence capable dyes and 
not normally present among intrinsic chromophores of biological tissue. 
This means TTD images is of high specificity and free of background 
signal intervention. However, the board application of TTD imaging is 
hindered by its long scanning time. In previous study we reported a 
novel automatic interleaved data acquisition method for TTD imaging 
and obtained 3D background-free TTD images [30]. The 3D TTD method 
can be a promising tool to evaluate the TDD systems by accurately 
acquiring the 3D distribution maps of model drug within the skin. 

In this study, we used 3D TTD photoacoustic imaging system to 
evaluate different transdermal delivery methods by visualizing the 3D 
distribution of model drug in skin. This innovative approach can obtain 
accurate drug penetration information in vivo and contribute to the 
development of advanced TDD systems. 

2. Material and methods 

2.1. Material 

The model drug we used in this work is methylene blue (MB), a 
phosphorescent dyes commonly used in transient triplet differential 
(TTD) method. MB is known to have a high phosphorescent quantum 
yield for triplet state transition and a long triplet lifetime, which enables 
the transient photoacoustic can be easily detected [30]. The lifetime of 
MB is influenced by the oxygen content and concentration [31]. In a 
standard aqueous solution with a concentration of 800 µmol/L, the life-
time of MB is approximately 1 microsecond (Fig. S1). MB shows a peak 
absorption at 665 nm, and the MB in the triplet state can be fully excited 
by the laser at about 840 nm (Fig. S2) [32]. At these wavelengths, tissue 
optical absorption is relatively low, allowing imaging at a larger pene-
tration compared to other materials. As shown in Fig. S3, the photo-
acoustic signal of MB is basically consistent within 15 min of irradiation 
with OPO pulsed laser, demonstrating its good photostability. Further-
more, MB is a commonly used FDA-approved water-soluble dye, enabling 
us to easily observe its distribution within the sample. 

2.2. The principle of the TTD method 

Fig. 1(b) illustrates the principle of the TTD photoacoustic imaging 
method. The pump laser is applied to pump the MB from ground singlet 
state to excited singlet state (S1 to S2). After intersystem crossing (ISC), 
MB transmits from excited singlet state to triplet state (S2 to T1). T1 will 
be excited by the probe laser to the other triplet state (T1 to T2). Then, 

MB generates a photoacoustic signal during the relaxation to T1 (T2 to 
T1). Notably, transient photoacoustic signals can be generated only 
when the pump and probe lasers are combined, and the background 
photoacoustic signals can be obtained when the pump or probe laser 
works alone. Thus, the TTD photoacoustic signal from the MB in triplet 
state (T1) can be calculated as: 

STTD = Spump+probe − Spump − Sprobe 

Here, Spump+probe is the photoacoustic signal obtained by co-excitation 
of pump and probe laser. Spump(Sprobe) is the background signal of pump 
(probe) laser. By such a transient triple differential method, the transient 
photoacoustic signal of the MB in the T1 state can be separated, which 
makes the TTD image highly specific and free from interference of other 
chromophores. 

2.3. TTD system set-up 

As seen as Fig. 2(b), TTD photoacoustic imaging system is primarily 
composed of two tunable OPO lasers, a digital delay/pulse generator 
(DG645, Stanford Research Systems, CA), a three-axis stepper stage, a 
7.8 MHz ultrasound linear transducer (L11–5v), and a 256/256 channel 
Verasonics ultrasound imaging system. One OPO laser (SpitLight OPO 
600 broad-band, pumped with 355 nm, 20 Hz) is operated at 665 nm for 
MB excitation, and the other OPO laser (SpitLight OPO 600 mid-band, 
Innolas, München, Germany, pumped with 532 nm, 20 Hz) was tuned 
to 840 nm. The pump and probe lasers were coupled into a 1 × 2 fiber 
bundle with a beam combiner. The output end of the 1 × 2 fiber bundle 
with a rectangular output shape, measuring 12 mm in length and 1 mm 
in width was fixed at the two sides of the ultrasound linear transducer. 
The resulted fluence on the sample was 5 mJ/cm2 for the pump laser and 
8 mJ/cm2 for the probe laser. 

2.4. Synchronization control and data acquisition 

Fig. 2(a) is the sequence diagram of the proposed system. As 
mentioned above, to get the TTD image, there are three sequences which 
need to be collected respectively: Spump+probe, Spump and Sprobe. Two OPO 
lasers should excite MB together to acquire the Spump+probe and work 
independently when collecting the Spumpand Sprobe. Instead of manually 
switching the state of the OPO lasers, we adjusted the fire time of two 
lasers periodically relative to data acquisition (DAQ) to get the three 
sequences as soon as possible. Here, Verasonics system sends out a 20 Hz 
pulse to synchronize the DDPG which controls OPO’s output by two 
pulses (Flash and Q-swtich), and the OPO emits laser upon the rising 
edge trigger of the Q-switch (QS) pulse. Specifically, when the DDPG is 
triggered by the first pulse, it makes the two lasers fire simultaneously at 

Fig. 1. The principle of TTD method. (a), Molecular formula and absorption spectrum of methylene blue (MB). (b), The principle of TTD method. MB is excited by 
pump laser to a excited singlet state (S2). After intersystem crossing (ISC). MB in triplet state (T1) is generated. Then probe laser is applied to excite the T1 state to T2 
state for generating transient photoacoustic signals. 
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the timing of the DAQ to collect the Spump+probe. Then, when the DDPG is 
triggered by the second pulse after 50 ms, it makes the probe laser is 
fired one millisecond after the DAQ to collect the Spump. Because the time 
delay of the probe laser is much longer than the data acquisition length 
(130 μs) and the triplet lifetime (approximately 1 μs), only the back-
ground signal of the pump laser will be acquired. Similarly, when the 
third pulse occurs after 50 ms, only the pump laser is fired one milli-
second after the DAQ to collect the Sprobe. Finally, the whole process will 
cycle 50 times to average fluctuation of the laser energy. By this means, 
both OPO lasers are fired continuously at about 20 Hz and the process of 
the DAQ can be completed at once, which improves the efficiency and 
stability of data collection. 

2.5. 3D imaging method 

Ultrasound linear transducer was stabilized on a three-axis stepper 
stage and motorized horizontally to acquire 3D data. Specifically, the step 
size was carefully set to 0.2 mm with a scanning distance of 10 mm for 
imaging porcine skin, and 0.1 mm with a scanning distance of 6 mm for 
imaging hindlimbs. The acquisition process lasted for a duration of about 
8 min, with a total average of 50 scans performed. After data acquisition, 
2D images were reconstructed by the backprojection algorithm, then all 
images were normalized to their maximum values and imported into 
Amira (version 5.4.0, Thermo Fisher Scientific) for 3D reconstruction. 

2.6. Phantom model preparation 

In this study, two phantom models were prepared to validate the 
ability of TTD system to extract the dye and remove the background. In 
the first phantom model, two PVC tubes (2.2 mm outer diameter and 
1.6 mm inner diameter) filled with black ink and MB (800 µmol/L) 
respectively were buried in a phantom (5 % fat milk and 5 % agar pow-
der). Here, the black ink simulated a strong background signal, and the 
MB (800 µmol/L) was the target to be extracted. Furtherly, in the second 
phantom model, there are four PVC tubes filled with bovine hemoglobin 
and MB of different concentrations in a phantom. Here, the concentra-
tions of MB for the four tubes were 0, 100, 200, and 400 µmol/L and the 
MB was mixed with the same bovine hemoglobin solution (120 g/L) 
which simulated the blood except for the 400 µmol/L MB solution. 

2.7. Porcine skin model preparation 

To prove that the TTD method can accurately map the drug distri-
bution in skin and distinguish the characteristics of different trans-
dermal drug delivery systems, porcine skin models were prepared and 
imaged. First, fresh porcine skins (approximately 2 cm × 2 cm) were 
respectively injected with 100 μL MB solution (800 µmol/L) by four 
different transdermal drug delivery systems (ultrasonic microneedle 
array (USMA), microneedles, ultrasound import, and free diffusion).  
Fig. 3 is schematic diagrams of four transdermal drug delivery systems. 
Here, the microneedles system utilizes a 4 × 4 microneedle array (34- 
gauge needle model) with an inoculation area measuring 4 × 4 mm. The 
sonophoresis system primarily involves an ultrasonic transducer module 

with a central frequency of 118 kHz. The USMA system combines both 
the microneedle array and the ultrasonic transducer module, which 
share the same setup as sonophoresis and microneedles methods. In 
contrast, MB was dropped directly on the skin as a free diffusion system. 
Then, after continuous administration for 30 min to allow sufficient 
diffusion of the MB, porcine skins were wrapped in transparent poly-
ethylene film with their surfaces coated with ultrasonic coupling agent. 
Next, porcine skins were mounted on a horizontal acrylic holder and 
placed in water tank. After data acquisition with ultrasound linear 
transducer, porcine skins were sectioned and observed by optical mi-
croscope (WST-4KCH, 4KHD) to verify the TTD results. 

2.8. In vivo model preparation 

The in vivo models were prepared with C57BL mice for about eight 
weeks. The hindlimbs of mice with hair removed were separately admin-
istered with 100 μL MB solution (800 µmol/L) by four transdermal drug 
delivery systems (ultrasonic microneedle array (USMA), microneedles, 
sonophoresis, and free diffusion). All transdermal drug delivery systems 
were the same as those employed for injecting porcine skin. The admin-
istration time lasted 15 min, which was just enough to prevent the drug 
from overflowing due to too fast injection and allow sufficient diffusion of 
the MB. After administration, the MB remaining on the skin surface was 
wiped off to only measure corresponding drug distribution in skin. Then, 
mice were fixed on a 45◦ tilted acrylic holder and imaged in water bank 
without the risk of submerging the mice, while being kept anesthetized 
with a 2 % isoflurane dose and a flow rate of approximately 0.6 L/min. All 
procedures involving the in vivo animal experiment were approved by the 
animal ethics committee of Central South University, China. 

3. Results 

Fig. 4 shows the advantages of the TTD method in removing back-
ground and demonstrates its capability for mapping the drug distribu-
tion after transdermal drug delivery. In the first phantom experiment, 
the optical absorption of the MB solution with a concentration of 
800 µmol/L is close to the black ink solution, so the tube filled with MB 
has a similar photoacoustic intensity as tube filled with the black ink, as 
seen in the conventional PA image of Fig. 4(a). However, the ink signal is 
dramatically suppressed with the TTD method by extracting the tran-
sient signal of the MB in T1 state. Numerical analysis shows that the 
peak signals ratio of MB to ink improved 7.7 times with the TTD method 
compared with that in the conventional PA image. In the second 
phantom experiment, as seen as the Fig. 3(b), the TTD peak signals of the 
tubes are proportional to the concentrations of the MB in tubes, which 
means that although the MB is mixed with the bovine hemoglobin so-
lution which has a high concentration of 120 g/L, the TTD method still 
only extracts the signal of the MB. Compared with conventional PA 
image in Fig. 3(b), the TTD image exactly describes the distribution of 
MB in the imaging plane. 

In Fig. 4(c), MB in porcine skin was imaged with conventional PA 
and TTD method. Here, MB was deliveried by ultrasonic microneedle 
array (USMA), a novel TDD system reported by our group [31]. As 

Fig. 2. The TTD photoacoustic imaging system. 
(a), The synchronization control of the data 
acquisition method. OPO lasers are triggered by 
two pulses, flash (FL) and Q-switch (QS), with 
an interval of 216 μs to ensure stable triggering. 
1 ms delay was applied to the probe (pump) 
laser when we only needed to acquire the 
Spump(Sprobe). (b), The schematic of the system. 
The system mainly includes two OPO lasers, 
one Verasonics data acquisition system, one 
DDPG (digital delay/pulse generator), and one 
transducer array.   
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shown in the section of porcine skin, it can be seen that the MB at the 
core area where the MB was injected would be delivered to the depth. 
Compared with the conventional PA image, the TTD image is closer to 
the section. Background signals from the porcine skin (such as protein, 
lipid and melanin) disturb the mapping of the MB in PA image, seeing 
that almost all the strong signals are in a thin layer at the surface. 
Notably, the difference between both methods when imaging the 
porcine skin is not remarkable as before, due to lack of strong back-
ground like blood. 

Fig. 5 demonstrates the ability to obtain 3D TTD images and evaluate 
performance of various transdermal drug delivery system. As seen as 
Fig. 5(a)-(d), different 3D distribution of MB in porcine skin is displayed, 
corresponding to four transdermal drug delivery system: ultrasonic 
microneedle array (USMA), microneedles, sonophoresis, and free 
diffusion. In the free diffusion group, MB mainly distributed on the 
surface of the skin. In the sonophoresis group, more MB entered the 
superficial skin layer, but there was almost no distribution of MB in the 
deep skin layer. In the microneedles group, the penetration depth of MB 
was deeper. In the USMA group, under the combined effect of the ul-
trasound field and microneedle penetration, much MB was delivered to 
the deeper layers of the porcine skin. This result is consistent with the 
effects of the three TDD methods in animal and clinical studies [33], and 

verified by porcine skin sections in Fig. 5(e)-(h). 
To further verify 3D TTD imaging, we carefully examined the spatial 

distribution of MB throughout the entire space. Fig. 5(i) presents an 
isometric 2D slice of the 3D TTD image in the XZ plane, showing the 
distribution of MB in different cross-sections throughout the adminis-
tration area. Fig. 5(j) shows the actual distribution of MB in different 
cross-sections of porcine skin. Compared Fig. 5(i) and Fig. 5(j), we can 
see that the spatial distribution of MB exhibited by 3D TDD imaging is 
highly consistent with the actual distribution of MB in porcine skin. 
Here, most of the MB distributed in central area of administration, and 
the penetration depth of MB noticeably decreases from the center of the 
administration area towards the two sides. 

To validate the effectiveness of TTD in evaluating the efficacy of TDD 
in vivo, we conducted tests using mice. Fig. 6(a) shows the hindlimbs of 
mice which administrated with MB using different TDD systems: ultra-
sonic microneedle array (USMA), microneedles, sonophoresis, and free 
diffusion. Fig. 6(c), (g), (k) and (o) are the 3D ultrasound images 
showing the scan area, while Fig. 6(d), (h), (l) and (p) are the corre-
sponding TTD results. Additionally, the peak intensity of TTD results in 
Fig. 6(b) were compared. A comparison of these results reveals distinct 
differences in the penetration and distribution of MB among the 
different TDD systems. Specifically, the USMA and microneedles group 

Fig. 3. The schematic diagrams of four transdermal drug delivery systems. Here, ultrasonic microneedle array (USMA) consists of the microneedle array and the 
ultrasonic transducer module, which share the same setup as sonophoresis and microneedles. 

Fig. 4. The advantages of the TTD method in extracting the MB and removing the background. (a), The TTD and conventional PA (665 nm) results of the first 
phantom experiment. Here, the peak signal ratio between methylene blue and ink is significantly improved from 0.91 in conventional PA image to 6.99 in TTD image. 
(b), The TTD and conventional PA (665 nm) results of the second phantom experiment. A strong correlation (R2 = 0.97) was observed between the peak signal 
intensity ratio among the four tubes and the concentration of MB within the tubes, while effectively suppressing the background signal from hemoglobin (HGB). (c), 
2D distribution maps of MB in porcine skin with conventional PA (665 nm) and TTD method. The porcine skin section image is used to test the results, and blue color 
channel was isolated from the original section image to highlight MB. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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exhibit more pronounced and stronger MB signals, indicating a deeper 
penetration facilitated by the microneedle array. Notably, the combined 
effect of ultrasound and microneedle penetration in the USMA group 
demonstrates the most effective drug delivery, as evident in Fig. 6(b). In 
contrast, the sonophoresis and free diffusion groups show relatively low 
penetration, with MB primarily localized in the superficial layer of the 
skin. Besides, Fig. 6(f), (j), (n), and (r) intuitively show the distribution 
of MB at different depths corresponding to the four TDD systems, with 
the USMA having the deepest penetration, followed by the micro-
needles, and then the sonophoresis and free diffusion. Importantly, the 
results obtained from in vivo experiments align well with those obtained 
from the porcine model, enhancing the reliability of the different TDD 
systems’ performance evaluation. 

4. Discussion 

Evaluating delivery efficiency and monitoring penetration effect are 
critical for developing advanced transdermal drug delivery (TDD) sys-
tems. In this study, we have demonstrated the capability of the TTD 
method, a background-free photoacoustic imaging technique, to accu-
rately map the drug distribution in skin and evaluate different TDD 
systems. 

The results of phantom experiments show that TTD method is highly 
sensitive to the targeted model drug without interference from endog-
enous contrast agents such as melanin and hemoglobin, which is a sig-
nificant improvement over conventional photoacoustic imaging 
techniques and ensures reliability of the TTD methods in evaluating the 
effect of transdermal drug delivery systems. In addition, our in vitro 
experiments with porcine skin demonstrated the accurate presentation 
of the 3D distribution maps of drug and the ability to intuitively 
distinguish the characteristics of different TDD systems. Besides, we 
have proved that the TTD method can evaluate effectiveness of TDD 
systems in vivo. 

Although there are many mature methods that can be used to eval-
uate TTD systems such as Franz diffusion cell, frozen sections of skin 
models and confocal Raman spectroscopy technique, TTD methods still 
offers distinct advantages. Firstly, the TTD method can non-invasively 
extract the target with high specificity, which makes it more appli-
cable in vivo experiments. Secondly, attributed to the superior deep 
penetration capability of photoacoustic imaging, the TTD method allows 
for the identification and imaging the target within the entire skin, 
whose thickness typically ranges from 0.5 mm to 4 mm. In contrast, the 
Confocal Raman spectroscopy has a limited imaging depth, as it can only 
probe the top few micrometers of the skin. Finally, the TTD method can 

Fig. 5. 3D distribution maps of MB corresponding to different transdermal drug delivery methods, imaged using the TTD system. (a)-(d),The 3D distribution of MB in 
porcine skin at three views after injection using ultrasonic microneedle array (USMA), microneedles, sonophoresis, and free diffusion. (e)-(h), Porcine skin sections at 
the central region corresponding to (a)-(d). (i), TTD slices obtained from eight equally spaced XZ plane sections of (a). (j), The porcine skin sections through the 
whole injected area corresponding to (i), and red dashed lines correspond to the images from left to right. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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Fig. 6. 3D distribution maps of MB in vivo corresponding to four different TDD methods. (a), Photos of the mice’s hindlimb after injection with four TDD systems: 
ultrasonic microneedle array (USMA), microneedles, sonophoresis, and free diffusion. (b), The peak intensity of four TTD results. (c), 3D ultrasound images of 
hindlimb for USMA group. (d), 3D TTD images of hindlimb for USMA group. (e), Overlayed images of (d) onto the ultrasound image (c). (g)-(i), 3D images of 
hindlimb for microneedles group. (k)-(m), 3D images of hindlimb for sonophoresis group. (o)-(q), 3D images of hindlimb for free diffusion group. (f), (j), (n), and (r) 
distribution of pixel points of TTD images in the depth direction. Here, the maximum pixel values for each column of TTD intensity were selected and aligned in the 
same row. Then, effective pixel coordinates were extracted using a threshold of 0.1 times the peak intensity and plotted in a 3D scatter plot. 
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conveniently provide 3D drug distribution maps, which directly reflects 
the characteristics and effects of TDD systems. This is in contrast to the 
cumbersome process of frozen sections, which requires sectioning the 
tissue and staining it before imaging. It is mentioned that Confocal 
Raman spectroscopy also can present a 3D drug distribution, but it is 
limited by the imaging speed due to point-by-point scanning mode. 

However, the TTD method dose have some limitations that should be 
acknowledged. Firstly, exogenous contrast agents used in TTD must be 
phosphorescence-capable dyes, therefore, TTD cannot be used to eval-
uate the penetration effect of different drugs. Additionally, the TTD 
method requires an expensive laser system and complex synchroniza-
tion, which limits the board application of it. Meanwhile, the TTD result 
in this study had limited spatial resolution due to the low center fre-
quency of the transducer and large step size of the three-axis stepper 
motors. To address this limitation, future studies could use a higher 
center frequency transducer, particularly when only drug distribution 
within a depth of a few millimeters is of interest. 

Overall, the TTD method has shown promise in evaluating trans-
dermal drug delivery systems by providing reliable, non-invasive, and 
3D imaging of drug distribution. With continued development, it has the 
potential to become a valuable tool in the development and evaluation 
of advanced transdermal drug delivery systems. 

5. Conclusions 

In conclusion, the TTD method is a promising technique for evalu-
ating transdermal drug delivery systems. Its ability to provide reliable, 
non-invasive, and 3D imaging of drug distribution makes it a valuable 
tool for transdermal drug delivery research and development. Despite its 
limitations, the TTD method shows distinct advantages over traditional 
methods, such as the ability to get 3D distribution maps throughout the 
entire skin and non-invasive extraction of targeted drugs with high 
specificity, make it more applicable in vivo experiments. Furthermore, 
future studies may benefit from the use of higher center frequency 
transducers to achieve higher spatial resolution. Overall, We believe that 
the TTD method has the potential to become an important tool in the 
field of transdermal drug delivery research and development. 
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