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A B S T R A C T   

Cancer microenvironment exhibits lower pH compared to healthy tissues, a characteristic which can be exploited 
using a pH-responsive needle to increase the accuracy of cancer biopsy. A needle, coated with pH-responsive 
polyaniline (PANI) nanoparticles (PANI-needle), is developed for the minimally invasive and quantitative pH 
analysis of tissue based on ratiometric photoacoustic (PA) imaging. The ratiometric PA signal from the PANI- 
needle within the 850–700 nm wavelength range shows a linear response as pH changes from 7.5 to 6.5. 
Owing to the high surface area of nanostructured PANI, the PA signal of PANI-needle exhibits a fast and 
reversible response of less than a few seconds. In a tissue-mimicking hydrogel phantom composed of two regions 
with different pH, PA ratios of PANI-needle successfully differentiate the local pH. The PANI-needle coupled with 
ultrasound-guided PA imaging is a promising technology for detection of malignant tissue through quantitative 
pH analysis during needle biopsy.   

1. Introduction 

For cancer diagnosis, needle biopsies have been widely used to 
determine the presence of malignant cells within a suspicious area. 
However, cancer biopsies have a critical limitation of missing the target 
region resulting in false negatives and multiple biopsy sessions [1]. Ul-
trasound (US) imaging can increase the accuracy of needle biopsies by 
guiding the needle to the target region and by providing diagnostic in-
formation [2]. Compared to other imaging modalities such as comput-
erized tomography (CT) [3] and positron emission tomography (PET) 
[4], US imaging has the outstanding advantage of real-time imaging 
without harmful ionizing radiation [5]. Although US imaging improves 
needle biopsies substantially, it is still limited by poor tissue contrast and 
a lack of functional information about the malignancy of lesions, leading 
to difficulties in detecting tumors and their boundaries [6,7]. For 
example, within approximately one million prostate biopsies performed 
in the United States annually, false-negative rates are 20–30% [8,9] 
leading to possible biopsy repeat and a missed opportunity to treat the 
cancer in the early stage. 

Image-guided needle biopsies could be further improved by using 

cancer tissue-targeted imaging methods. Integration of biopsy needles 
with physical or chemical sensors enables more accurate detection of 
cancer tissues because the needle is in direct contact with the tissue 
during the insertion. For example, a biopsy needle with an electrical 
impedance spectroscopy sensor showed a larger impedance for prostate 
cancer tissues than that of benign tissues [10]. However, the study noted 
that the electrical property of tissues is also affected by blood flow, 
cellular metabolism, temperature, and physical hydration level, and 
therefore, the sensor requires complex calibration for an accurate 
measurement. A biopsy needle sensor including photonic crystal fibers 
detected various biomarkers related to cancer cells based on 
surface-enhanced Raman scattering measurements, however, the 
approach is limited to liquid biopsies and cannot be used for solid tu-
mors [11]. A multimodal sensor array was also integrated with a biopsy 
needle for the detection of electrical conductivity, pH, and glucose 
concentration [12], but the fabrication of a physical/chemical sensor 
array on the small surface of the needle requires a sophisticated 
photolithography-based method. 

One of the key characteristics of the cancer microenvironment is a 
relatively low pH caused by the accumulation of lactic acid from the 
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high glycolytic activity of cancer cells [13–15]. While indicative of 
cancer cell presence, the pH level may also provide information about 
the proliferation and aggressiveness of cancer cells [16,17]. Efforts have 
been made to detect the deep-tissue pH in the cancer microenvironment 
through measurement of pH-responsive fluorescence in the second 
near-infrared window (NIR-II), however, NIR-II fluorophores suffer from 
low quantum yield and extinction coefficient, and reduced photo-
stability [18,19]. Miniaturized pH electrodes for local pH detection were 
also explored but pH electrodes require pre-calibration [20,21]. Using 
tissue-mimicking hydrogel phantom, it was shown that pH sensor inte-
grated with a biopsy needle can distinguish cancer from normal tissue, 
the fabrication process required sophisticated deposition of electrodes 
and sensing materials [12]. Therefore, it is desired to develop a simply 
fabricated sensor to measure the local pH level of the tissue, improving 
the accuracy of cancer biopsies. 

To meet the challenge, we used polyaniline (PANI), a conducting 
polymer that has pH-responsive light absorption properties in the near- 
infrared (NIR) region, good biocompatibility, and excellent environ-
mental stability [22]. Using human cell lines, previous studies have 
shown great biocompatibility and low toxicity of PANI nanostructures 
[23–25]. The molecular structure of PANI shifts from an emeraldine 
base (EB) to an emeraldine salt (ES) state in acidic environments, 
leading to a shift of its absorption peak to a longer wavelength [26]. 
Owing to its pH-sensitive light absorption and high biocompatibility, 
PANI has often been used as a photoacoustic (PA) contrast agent in 
conjunction with gold nanoparticles [27], bovine serum albumin [28], 
or iron-copper [29] to image gastric dysfunction or cancer tissues. The 
use of PA imaging enables deep-tissue pH detection, which is attributed 
to the low attenuation of sound waves as they propagate through tissue 
[30]. For the biomedical application, 

In this study, we developed a highly sensitive biopsy needle coating 
based on pH-responsive PANI nanoparticles (NPs) which can display a 
change in PA ratiometric signal within the cancer microenvironment. 
The ratiometric PA analysis showed great performance in the quanti-
tative measurement of pH surrounding the PANI NPs-coated needle 
(PANI-needle) without complex pre-calibration. Additionally, the PANI- 
needle had rapid and reversible responses to cyclic pH changes and 
showed accurate determination of pH when inserted into a tissue- 
mimicking hydrogel phantom. The US-guided PA imaging of PANI- 
needle represents a promising approach to increase the accuracy of 
cancer biopsies. 

2. Materials and methods 

2.1. Materials 

Aniline, ammonium persulfate (APS), dopamine hydrochloride (DA), 
hydrochloric acid (HCl), sodium hydroxide (NaOH), acrylamide (AAm), 
N,N′-methylenebisacrylamide (BIS), and isopropyl alcohol (IPA) were 
purchased from Sigma-Aldrich (MO, USA). Phosphate buffered saline 
(PBS) was purchased from VWR Chemicals (PA, USA), and N,N,N′,N′- 
Tetramethylethylenediamine (TEMED) was purchased from Beantown 
Chemical (NH, USA). The chemical compounds were used as received 
without further purification. Sandpapers were purchased from 3 M 
(401Q Imperial Wetordry, 1000 grit). 

2.2. Synthesis of PANI NPs 

PANI NPs were synthesized using chemical oxidative polymerization 
of aniline using APS without mechanical stirring [31]. Aniline monomer 
solution was prepared by adding aniline (50 µL) to HCl (1 M, 5 mL) 
solution. Then, APS aqueous solution (0.02 g mL− 1) was added, drop-
wise, to the aniline solution, and the reaction continued for 24 h. The 
PANI NPs were collected and washed by centrifuge (10000 rpm, 30 min) 
and redispersion in deionized (D.I.) water 3 times. 

2.3. Fabrication of PANI-needles 

The PDA-coated needles were prepared using oxidated self- 
polymerization of DA in an alkaline condition [32]. 30-gauge 
stainless-steel needles were washed by sonication for 10 min and dried 
with nitrogen gas. The needles were immersed into PBS solution (pH 
8.5) containing DA (2 mg mL− 1). The pH level was adjusted by adding 
NaOH and measured using a pH meter (Orion Star A215, Thermo Sci-
entific, USA). The reaction was done at room temperature with magnetic 
stirring for 24 h, and the PDA-coated needles were washed with D.I. 
water and dried with nitrogen gas. The PANI dispersion was then 
drop-casted onto the PDA-coated needle, and the PANI dispersion (160 
µL) was used for each needle. 

2.4. Preparation of hydrogel phantoms 

The pH of PBS buffer solution was adjusted by adding an appropriate 
amount of HCl or NaOH solution to the PBS buffer solution, and the 
adjusted pH level was measured using a pH meter. The cancer tissue- 
mimicking hydrogel phantom was prepared using a PAAm hydrogel 
and the PBS buffer solution with adjusted pH level. The APS solution in 
PBS (200 µL, 100 mg mL− 1) was added to the mixture of AAm (1.9 g), 
BIS (0.1 g), and PBS solution (18.231 mL), and 7 mL of the solution was 
poured into a silicone mold (2 × 2 × 2 cm3). The air bubbles were 
removed using a vacuum chamber for 60 s, and polymerization was 
started by adding TEMED (8.75 µL). After 20 min, the PAAm hydrogel 
was detached from the mold and immersed in the PBS solution with 
adjusted pH level before the measurement to stabilize the pH level and 
prevent drying of the solvent. 

2.5. Characterization of PANI NPs 

The morphology of PANI NPs was observed using a scanning electron 
microscope (SEM, SU8230, Hitachi, Tokyo, Japan). To reduce electron 
charging on the sample surface, Au sputtering (Hummer 6 sputter 
coater, USA) was performed with 30 mA for 60 s. The light absorption 
spectra of PANI dispersions were measured using a UV-Vis-NIR spec-
trophotometer (Evolution 220, Thermo Scientific, MA, USA). The 
Raman spectra of PANI- and PDA-coated needles, and PANI-needle were 
measured using a confocal Raman microscope (Renishaw, UK). The 
Raman spectra were obtained using 5 accumulations, 10 s of integration 
time, and 0.064 mW intensity of 488 nm laser source. 

2.6. US/PA imaging of PANI dispersions and PANI-needles 

A tube phantom was prepared using polyethylene tubes (1.14 mm 
inner diameter, 1.63 mm outer diameter) fixed in a 3D-printed frame. 
For the US/PA imaging of PANI dispersions, each tube contained 35 µL 
of PANI dispersion. The US/PA images were obtained using a Vevo 
2100/LAZR imaging system (FujiFilm VisualSonics, Toronto, Canada). 
The system was operated with an LZ250 US transducer (fc = 21 MHz) 
with integrated fiber optic light delivery. Laser was generated from a Q- 
switched Nd:YAG laser (1064 nm) pumping an optical parametric 
oscillator (OPO), giving a 7 ns pulse width and a 10 Hz pulse repetition 
frequency. The PA spectra of PANI were obtained using the OPO 
wavelength range from 700 to 950 nm at 5 nm interval. The PA data 
were processed using VevoLAB 2.2 and MATLAB R2021a (Mathworks, 
USA). For the US/PA imaging of PANI-needles, each tube had 35 µL of 
pH-adjusted PBS solution, and the PANI-needles were placed inside the 
tubes. For the preparation of the hydrogel phantom with two different 
pH levels, two PAAm hydrogels were wrapped with a parafilm (Bemis, 
USA) to block the diffusion of the different pH solutions. 

3. Results and discussion 

As a nanosecond laser pulse irradiates the PANI-needle inserted into 
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tissue, PANI NPs absorb the incident light to generate PA signals 
depending on the surrounding pH (Fig. 1a, left). Acidic conditions 
induce the increase and decrease of PA signals at 850 nm (PA850) and 
700 nm (PA700), respectively (Fig. 1a, right) thus enabling the detection 
of tumor tissues based on the analysis of PA850/PA700 ratio in real time. 
The ratiometric PA imaging allows an accurate detection of pH sur-
rounding the PANI-needle by eliminating the interference caused by the 
unstable excitation intensity [33]. The scanning electron microscopy 
(SEM) images show the PANI-needle having uniformly coated PANI NPs 
and short fibrous morphology of PANI NPs (Fig. 1b-c). 

The extracellular pH of tissues in the human body is approximately 
7.5, decreasing in cancer microenvironments to as low as 6.5 [15]. Ac-
cording to the established pH range of healthy and cancerous tissues, the 
light absorption spectra of PANI NP dispersions (PANI dispersions) 
prepared with pH-adjusted phosphate buffered saline (PBS) solutions 
were analyzed from pH 6.5–7.5 at intervals of 0.25 (Fig. 2a). When pH 
was decreased from 7.5 to 6.5, the light absorption peak at approxi-
mately 700 nm gradually shifted to 850 nm, indicating the change of 
molecular structure of PANI from the EB to ES state [26]. When 
comparing the absorbance intensities at 700 and 850 nm wavelengths as 
pH is reduced from 7.5 to 6.5, the intensity at 700 nm linearly decreases 
from 0.67 to 0.63 while the intensity at 850 nm linearly increases from 
0.56 to 0.69 (Fig. 2b). Therefore, the absorbance ratio of 850–700 nm 
linearly increases by 31% from 0.83 to 1.09 when pH is decreased from 
7.5 to 6.5 (Fig. S1). 

The PA response of PANI NPs to pH changes was first evaluated in the 
dispersion state. For US-guided PA (US/PA) imaging, PANI dispersions 
at different pH levels were prepared and placed inside of the poly-
ethylene (PE) tubes fixed in a 3D-printed frame (Fig. S2). The pH- 
responsive US/PA images of PANI dispersions at 700 and 850 nm 
pulsed laser wavelengths are shown in Fig. 2c (i) and (ii), respectively. 
The noticeable PA intensity of PANI dispersion compared with that of 
water reference is attributed to the great light absorption property of 
PANI NPs. In particular, Fig. 2c (iii) displays a gradual increase of the 
intensity of PA850/PA700 as pH is decreased from 7.5 to 6.5. The PA ratio 
values also showed a linear increase with a sensitivity of 0.21 pH− 1 and 

a high R-Squared value of 0.98 as pH is decreased from 7.5 to 6.5 
(Fig. 2d). The PA ratio values were calculated from the PA spectra of 
PANI dispersions at different pH levels (Fig. S3). In the PA spectra of 
PANI dispersions, the signal intensity at longer wavelengths gradually 
decreased as the pH was reduced, which is well-correlated to the pH- 
dependent change in light absorption spectra shown in Fig. 2a. 

To maximize the sensitivity to pH changes, the wavelengths used for 
the absorbance and PA ratios were empirically selected as 700 and 
850 nm. The light absorption peak of PANI dispersion shifts from 700 to 
850 nm as the pH is reduced from 7.5 to 6.5 (Fig. 2a). The slope of 
PA850/PA700 with respect to pH was higher than that of PA800/PA700 and 
PA900/PA700, indicating the former wavelength pair is the most sensitive 
to pH changes (Fig. S4). For future in vivo experiments, however, the 
effect of tissue scattering may require further adjustment of the selected 
wavelengths [34]. 

As described in the Experimental Section, the pH-responsive PANI- 
needle was fabricated using the PDA-coated needle prepared by in-situ 
oxidative self-polymerization of dopamine on the stainless-steel nee-
dle. The PDA layer improves homogeneity of PANI coating based on the 
strong adhesive force of amine and catechol groups in the PDA molecule 
and the π-π interaction between PDA and PANI molecules (Fig. 3a). 
Compared to a PANI NPs-coated bare needle, the PANI-needle prepared 
with the PDA-coated needle had a more uniform PANI layer (Fig. S5). 
The PA intensity of the PANI-needle was observed through US/PA im-
aging compared to the bare and PDA-coated needles at 700 nm under 
the same pH level (Fig. 3b). Owing to the great light absorption property 
of PANI NPs, the average PA intensity of the PANI-needle was 3.07 and 
1.86 times higher than those of the bare and PDA-coated needles, 
respectively (Fig. S6). Moreover, the homogeneity of coated PANI NPs 
was analyzed using the US/PA image of PANI NPs coated on bare, 
sanded, and PDA-coated needles. The rough surface of a sanded needle 
can increase the surface hydrophilicity due to an increase in the overall 
surface area [35], decreasing the contact angle of aqueous PANI 
dispersion. Nevertheless, the PDA layer remained the most effective 
method to obtain a homogeneous PANI coating as the PANI-needle 
prepared with the PDA-coated needle showed more uniform and 

Fig. 1. Imaging of the cancer tissue using a needle coated by pH-responsive polyaniline nanoparticles (PANI NPs). (a) Scheme of ultrasound-guided photoacoustic 
(US/PA) imaging of PANI NPs-coated needle (PANI-needle). PA850/PA700 denotes the PA ratio of 850–700 nm. Scanning electron microscopy (SEM) images of (b) the 
PANI-needle and (c) PANI NPs coated on the needle. 
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higher PA intensity compared to PANI-needles which were prepared 
using bare and sanded needles (Fig. S7). 

The homogeneous coating of PANI is attributed to the PDA layer on 
the needle, inducing π-π stacking interaction between PANI and PDA 
molecules. To analyze the interaction between PANI and PDA mole-
cules, the Raman spectra were observed for the PANI-coated, PDA- 
coated, and PANI-PDA-coated needles (Fig. S8). The PANI-coated needle 
had representative maximum peaks at 1617 and 1491 cm− 1 for the C––C 
and C––N stretching vibration of quinonoid rings, respectively [36]. For 
the PANI-PDA-coated needle, the peak of C––C stretching vibration 
slightly shifted to 1621 cm− 1 due to the π-π interactions between the 
benzene rings of PANI and the catechol groups of PDA [37]. Addition-
ally, by comparing the relative intensity of C––C bond compared to that 
of C––N bonds in quinonoid units, the PANI-PDA-coated needle showed 
higher relative intensity for the C––C stretching vibration peak than the 
PANI-coated needle, proving the existence of PDA which has a broad 
Raman peak at 1580 cm− 1 from the stretching vibration of aromatic 
rings [38]. 

Fig. 3c exhibits the PA spectra of PANI-needles prepared with PDA- 
coating for pH levels between 6.5 and 7.5 at intervals of 0.25. As the 
pH was decreased, the PA intensity at the longer wavelength increased, 
caused by the pH-responsive shift of the light absorption peak (Fig. 2a, 
b). The pH-dependent PA ratio was calculated from the PA spectra; the 
PA ratio linearly increased with a sensitivity of 0.24 pH− 1 as the pH was 
decreased (Fig. 3d). The sensitivity of the PANI-needle was similar to 
that of the PANI dispersion due to strong light absorption properties of 
PANI NPs. Next, the ratiometric PA images of the PANI-needles were 

obtained over the pH range of 6.5–7.5 using the PA images at 700 and 
850 nm (Fig. S9). Similar to the pH-dependent PA ratio of PANI 
dispersion, the highest and lowest intensities of the PA ratio were 
measured at pH 6.5 and 7.5, respectively, and a gradual increase in the 
PA ratio intensity was also observed as the pH was decreased from 7.5 to 
6.5. 

The pH measurement performed by imaging the needle in the target 
region must be rapid because the cancer biopsy is performed within 
15–30 s [39]. To assess the response time of the PANI-needle, real-time 
monitoring of the PA signal at a single laser wavelength of 850 nm was 
observed while changing the pH level. As shown in Fig. 4a, the 
PANI-needle was placed inside the PE tube filled with the pH solution 
and the pH level was changed by injecting the different pH solution. The 
response time was defined based on the time required for the 
PANI-needle to reach 90% of its saturated PA intensity during both the 
response and recovery processes [40]. The pH level surrounding the 
PANI-needle was changed from 7.5 to 6.5 by quickly injecting the pH 6.5 
solution into the PE tube at approximately 60 s, followed by a 
re-injection of pH 7.5 solution at around 125 s to recover the original pH 
level (Fig. 4b). As a result, the PA intensity quickly increased and 
saturated after the injection of pH 6.5 solution and successfully recov-
ered to the original level after injecting pH 7.5 solution. The response 
and recovery times were 3.95 and 5.53 s, respectively, demonstrating 
rapid responses of PA signal to sudden pH changes which may occur as 
the needle passes through a cancerous tissue during a biopsy. The rapid 
response to pH changes is due to the large surface area of the nano-
structured PANI layer [22]. The reversible changes of pH-dependent PA 

Fig. 2. pH-responsive optical and PA properties of PANI dispersions. (a) UV–vis spectra of PANI dispersions at different pH levels. (b) pH-dependent absorbance 
change of the PANI dispersion at wavelengths of 700 and 850 nm. (c) US/PA images of water and PANI dispersions prepared with different pH solutions at (i) 
700 nm, (ii) 850 nm, and (iii) US image-combined ratiometric PA image of 850–700 nm. PA images were segmented to show regions of interest. (d) pH-dependent 
change of the PA ratio for PANI dispersions. Dotted lines of (b) and (d) denote linear fits. Error bars in (d) denote standard deviation from three different samples. 
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signal were also stable during 3 cyclic changes of pH between 7.5 and 
6.5 (Fig. 4c). 

The pH-sensing ability of the PANI-needle was also validated using a 
tissue-mimicking polyacrylamide (PAAm) hydrogel phantom consisting 
of two PAAm hydrogel blocks at different pH levels, pH 6.5 and 7.5 
(Fig. 5a). The PAAm blocks were fabricated through crosslinking poly-
merization of acrylamide in the pH-adjusted PBS solution. For the US/ 
PA imaging, the two blocks were placed next to each other, with the 
interface between the blocks separated by a parafilm to prevent the 
diffusion of the different pH solutions. The PANI-needle was inserted in 
the hydrogel phantom, passing through both hydrogel blocks. Fig. 5b (i) 
shows the top-view US image of the PANI-needle in the hydrogel 

phantom, and Fig. 5b (ii) and (iii) shows top-view PA images at 700 and 
850 nm wavelengths, respectively. Using the PA images at two different 
wavelengths, the ratiometric PA image of 850–700 nm was calculated 
(Fig. 5b (iv)). As a result, the calculated ratiometric PA image showed 
higher PA850/PA700 intensity in the pH 6.5 hydrogel, a result well- 
correlated with previously observed trends. Considering clinical US- 
guided biopsies which have flexible imaging orientations, the ratio-
metric PA signal of PANI-needle should be observable and consistent in 
different views such as coronal or sagittal to navigate situations where 
the signal is impeded by bones or air pockets. For the same PANI-needle 
inserted in the hydrogel phantom of Fig. 5b, the side-view ratiometric 
PA image also showed higher values in the pH 6.5 hydrogel compared to 

Fig. 3. pH-responsive PA analysis of the PANI-needle. (a) Schematic illustration of the interaction between PANI and polydopamine (PDA) molecules on the needle 
surface. (b) US/PA image of the (i) bare needle, (ii) PDA-needle, and (iii) PANI-needle at 700 nm. (c) PA spectra of PANI-needles at different pH levels. The PA spectra 
were normalized by the maximum value of each plot and a moving average filter (n = 5) was applied. (d) pH-dependent change of the PA ratio for the PANI-needle. 
The dotted line is the linear fit of the data. Error bars in (d) denote standard deviation from three different samples. 

Fig. 4. Dynamic response of the PA signal from the PANI-needle as pH changes. (a) Scheme of the real-time PA measurement of the PANI-needle while changing the 
pH level. (b) Time-dependent PA intensity of the PANI-needle at 850 nm laser wavelength. The pH level was changed from 7.5 to 6.5 at 60 s and from 6.5–7.5 at 
125 s. The injection of pH solution took around 1 s (c) The reversible changes in PA intensity of the PANI-needle during cyclic changes in pH. A moving average filter 
(n = 19) was applied to the time-dependent PA intensity plots. The arrows indicate the injection time of different pH solutions. 
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the pH 7.5 hydrogel, providing consistency of pH-dependent ratiometric 
PA imaging (Fig. 5c). The ratiometric PA images demonstrate that the 
PANI-needle successfully detects the surrounding pH level of a tissue- 
mimicking environment in different views. 

4. Conclusion 

In conclusion, the pH-responsive biopsy needle coated with PANI 
NPs was successfully fabricated for PA imaging of tissue pH. The 
adhesion of PANI NPs to the needle was improved by coating the needle 
with PDA taking advantage of the π-π interaction between the benzene 
rings of PANI and the catechol groups of PDA. The pH-dependent PA 
signal amplitude ratio showed a linear increase with a sensitivity of 
0.24 pH− 1 as pH decreased from 7.5 to 6.5. Due to the high surface area 
of the nanostructured PANI layer, the PANI-needle had a fast response 
time of less than 4 s during pH changes. The pH-responsive change in PA 
intensity was also shown to be reversible, which is crucial for detecting 
whether the PANI-needle has reached cancerous tissue or has missed or 
traversed through the lesion. The PANI-needle also successfully detected 
the pH difference in a tissue-mimicking hydrogel phantom based on 
ratiometric PA images. Overall, our study suggests that ratiometric PA 
imaging of the pH-responsive PANI-needle can be used to measure the 
pH of suspicious tissues. 
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