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ABSTRACT 

 

Amidst the rapid growth of protein therapeutics as a drug class, there is an increased focus 

on designing systems to effectively deliver proteins to target organs. Quantitative monitoring of 

protein distributions in tissues is essential for optimal development of delivery systems; however, 

existing strategies can have limited accuracy, making it difficult to assess sub-organ dosing. Here, 

we describe a quantitative imaging approach that utilizes metal-coded mass tags and laser ablation 

inductively-coupled plasma mass spectrometry (LA-ICP-MS) to quantify the sub-organ 

distributions of proteins in tissues that have been delivered by polymeric nanocarriers. Using this 

approach, we measure nmol/g levels of proteins as delivered by guanidinium-functionalized 

poly(oxanorborneneimide) (PONI) polymers to various tissues, including the alveolar region of 

the lung. Due to the multiplexing capability of the LA-ICP-MS imaging, we are also able to 

simultaneously quantify protein and polymer distributions, obtaining valuable information about 

the relative excretion pathways of the protein cargo and carrier. This imaging approach will 

facilitate quantitative correlations between nanocarrier properties and protein cargo 

biodistributions. 
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polymer; inductively-coupled plasma 
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INTRODUCTION 

Proteins have emerged as an important class of therapeutic agents, with more than 200 

therapeutics having been approved by the FDA and even more in development.1,2 However, the 

failure rate for protein therapeutics vastly exceeds their success rate, which poses a significant 

challenge in the field.3  Vectors delivering protein therapeutics can overcome inherent challenges 

for protein therapeutics, including poor in vivo stability,4–6 limited half-lives,7 immunogenicity,8–

10 and limited membrane permeability.11,12  

Nanocarriers can augment protein stability, mitigate immunogenicity risks, and enhance 

cellular uptake.13–15 It is crucial to understand the spatial distributions of administered proteins to 

optimally develop potent nanocarrier-based protein therapies.16,17 However, it is difficult to predict 

the in vivo fate, and hence potency, of nanocarriers, where localized delivery depends on many 

factors such as vector size,18 charge,19,20 shape,21 and their in vivo identity arising from protein 

corona formation.22 Tissue-specific measurements of protein therapeutic distributions among 

different cell types in targeted and non-targeted tissues can provide a measure of the efficacy of 

delivery systems. Sub-organ information in the liver and kidney, for example, provides insight into 

excretion mechanisms.23,24 A method that can give site-specific quantitative information of protein 

therapeutics would yield dosing information to facilitate the development of potent and safe 

protein delivery systems. 

Fluorescence microscopy and nuclear imaging are commonly used techniques to monitor 

protein therapeutics in vivo.25 Fluorescence microscopy is widely used to monitor protein 

therapeutics because of its simplicity and high sensitivity.25–30 Numerous studies have used 

fluorescence imaging to track the delivery of protein therapeutics with systems ranging from lipid-

based nanocarriers to metal and polymer-based nanocarriers.31–34 Nuclear imaging techniques such 
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as positron emission tomography (PET) and single photon emission computed tomography 

(SPECT) are increasingly used to track proteins in vivo via radioactive probes attached to the 

proteins of interest.35–39 Numerous studies have used nuclear imaging to study the biodistribution 

of protein therapeutics delivered by protein and polymer-based nanomaterials.40,41  

Despite the broad usage of fluorescence microscopy and nuclear imaging for tracking 

protein delivery, each faces challenges for obtaining quantitative data. Fluorescence imaging has 

inherent limitations such as quenching, intrinsic interferences, and limited multiplexing 

capability.42–44 To advance the development of next-generation delivery vehicles, it is crucial to 

quantitatively track nanocarrier-associated cargos in vivo. Fluorescence signals are influenced by 

the local microenvironment of the fluorophore, and this characteristic can sometime lead to 

challenges in achieving absolute quantification in fluorescence imaging.45 Nuclear imaging 

approaches also face challenges in quantification due to a variety of artifacts caused by the 

instrumentation and reconstruction algorithms that are used, resulting in the techniques being most 

commonly used for the relative quantitation of therapeutics in diseased vs. healthy tissues.46 In 

addition, nuclear imaging techniques have stringent safety requirements, relatively modest spatial 

resolution (~ 1 mm), few readily available sources of radioisotopes, and a lack of broad 

accessibility to instrumentation.44 Hence, better methods that can more readily quantitate protein 

therapeutics with higher spatial resolution in animals are needed.  

Mass spectrometry imaging (MSI) is emerging as a versatile technique to analyze the site-

specific biodistributions of proteins. Matrix-assisted laser desorption ionization (MALDI) MSI,47–

50 desorption electrospray ionization (DESI) MSI,51–53 and imaging mass cytometry (IMC)54–57 can 

measure the spatial distributions of proteins in tissues. For all of these MSI methods, however, 

quantitative measures of protein levels are not readily achievable, mainly due to variations in 
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protein ionization efficiencies as in the case of MALDI-MSI and DESI-MSI and the lack of 

appropriate standards for IMC. Overall, quantitative imaging of protein therapeutics with sub-

organ spatial resolution is still difficult. 

Here, we describe an approach that uses metal-coded mass tags (MMT)58 together with 

laser ablation inductively-coupled-plasma (LA-ICP) MSI to site-specifically quantify proteins in 

tissues that have been delivered by polymeric nanocarrier systems (Figure 1). Guanidinium-

functionalized poly(oxanorborneneimide) (PONI) polymers were used as a model delivery system 

 
Figure 1. Metal-coded mass tags (MMTs) for sub-organ measurements of the quantitative tissue 
distributions of protein cargo and polymeric carrier. (a) Polymer-protein nanocomposites used in this 
work. Enhanced green fluorescent protein (EGFP) with a 15 glutamate-residue tag was used as the model 
protein cargo, and guanidinium-functionalized poly(oxanorborneneimide) (PONI) polymers were used as 
the delivery system. (b) Structures of the MMTs that were conjugated to EGFP and PONI. (c)  
Experimental workflow for quantitatively measuring the sub-organ biodistributions of MMT-PPNCs in 
vivo.  
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as they can form polymer-protein nanocomposites (PPNCs) capable of delivering proteins directly 

into the cytosol of cells.59–62 Using MMTs and LA-ICP-MS imaging, we quantified the site-

specific tissue distribution of a model protein cargo. Using the inherent multiplexing capability of 

MS, we simultaneously quantified the protein and polymeric nanomaterial delivery system, 

providing quantitative information about the relative distributions of the carrier and cargo. This 

ability to image both vector and protein provides more insight into the relative fate of the delivery 

system and its protein cargo, affording quantitative correlations between nanocarrier structural 

properties and cargo biodistribution. 

RESULTS AND DISCUSSION 

MMTs Do Not Affect the Biophysical Characteristics of PPNCs 

MMT-PPNCs were self-assembled using a homopolymer P0 (MW 55 kDa) with 

guanidinium groups and a diblock polymer P1 (structures shown in Scheme 1a) with guanidinium 

and amine groups in the ratio 9:1 (MW 64 kDa) (see Figures S1 & S2 for polymer characterization 

results). The polymers were synthesized using previously reported procedures.59,63 Next, a Tb-

coded mass tag was loaded on P1 in two steps. First, DOTA was conjugated to P1 to yield P2. 

Then, Tb3+ was complexed to P2 to yield P3 (Scheme 1). After complexation, the excess-free Tb3+ 

was removed using Na2EDTA, followed by centrifugal filtration. The number of filtration steps 

required to remove noncomplexed Tb3+ was determined by comparing the signal of Tb (Figure 

S3a) associated with P2 and P0 (used as a control). Two wash cycles were found to be sufficient 

to remove nonspecifically bound Tb3+. Similarly, a Tm-coded mass tag was loaded on EGFP 

(Scheme 1). Three wash cycles (Figure S3b) were needed to remove nonspecifically bound Tm3+ 
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from the protein. LC-ESI-MS analysis indicated that 1.7 Tm on average were attached to each 

EGFP molecule (Figure S3c and d). 

We next assessed the influence of the MMTs on the biophysical properties of the PPNCs. 

PPNCs were formulated by mixing varying proportions (0%, 5% and 100%) of P3 with P0 and 

EGFP-Tm (Figure S4a). Dynamic light scattering (DLS) measurements (in PBS, 150 mM NaCl, 

pH = 7.4) revealed that 5% P3 had no significant impact on the size (Figure S4b) or zeta potential 

 
Scheme 1. Structure and synthesis of polymers and EGFP used in this study. (a) Structure of synthesized 
homopolymer P0, diblock copolymer P1, and synthesis route to conjugate Tb-coded mass tag on P1. 
(b) Tm-coded mass tag conjugation on EGFP. The yellow curved line is the polyglutamate (E-tag) that 
has 15 glutamate residues. 
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(Figure S4c) of the nanocomposites. Additionally, 5% P3 did not affect the in vitro protein delivery 

efficiency unlike 100% P3, which notably reduced efficiency (Figure S4d-f).  

PPNCs were also subjected to shear force or heparin sulfate, which is a negatively charged 

competitor of EGFP-Tm, in 50% serum to evaluate their stability with conjugated MMTs. Native 

gel electrophoresis showed that 5% P3 did not compromise stability under shear force (Figure 

S4g). As a positive control, when exposed to heparin sulfate, some EGFP-Tm was displaced from 

the PPNCs with either 5% or 0% P3. Overall, these results indicate that 5% P3 does not affect 

PPNC properties or stability, allowing the MMTs to be used as a proxy of carriers and protein in 

Table 1. ICP-MS analyses of Tb (i.e., PONI) and Tm (i.e., EGFP) in PPNCs treated mice (n=3) 
organs. 

Organ Tb (ppb) Tm (ppb) Tm / Tb 

Injection samplea 11.90 ± 0.04 29 ± 1 2.4 ± 0.1 

small intestineb 4 ± 2 6 ± 1 1.5 ± 0.8 

large intestineb 4 ± 1 5 ± 1 1.3 ± 0.4 

lungb 44 ± 7 60 ± 20 1.4 ± 0.5 

heartb 6 ± 1 9 ± 2 1.5 ± 0.4 

kidneyb 30 ± 10 430 ± 90 14 ± 6 

spleenb 44 ± 4 70 ± 20 1.6 ± 0.5 

liverb 60 ± 20 34 ± 7 0.6 ± 0.2 

bloodb 6 ± 2 12 ± 2 2.0 ± 0.7 

aThe concentrations in injection sample represents Tb or Tm amount (ppb) present in injection sample 
volume (n=3). 
bThe concentrations were calculated by the Tb or Tm amount (nanograms) divided by organ weight 
(grams). 
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vivo. Notably, our previous work58 and other literature reports64–66 confirm the high stability of 

lanthanide DOTA chelates in various conditions, including human serum, so no metal loss is 

expected in vivo.  

LA-ICP-MSI Provides a Reliable In Situ Measure of PPNC Components 

After demonstrating that PPNCs with 5% P3 are stable and retain their physical and 

biological properties in simulated in vivo conditions, PPNCs (0.67 mg/mL of PONI, 8 µM of 

EGFP; total guanidinium (G) and glutamate (E) ratio or G/E = 20) with 5% P3 and EGFP-DOTA-

Tm were intravenously injected into mice. After 0.5 h, the mice were sacrificed, and organs were 

harvested, homogenized, and analyzed by ICP-MS (Table 1). As previously reported with 

analogous PPNCs,41 a significant amount of the tagged EGFP and PONI polymer accumulated in 

the lungs, highlighting the potential of this delivery system to target and treat lung diseases. 

Interestingly, EGFP and the PONI polymer appear to have different excretion pathways as 

 
Figure 2. LA-ICP-MSI provides reliable information about the biodistribution of PPNC’s components. 
(a) Overlay of fluorescence and Tm ion image of lung tissue from mice injected with MMT-PPNCs. (b) 
and (c) are zoomed-in regions from Figure 2a, indicating excellent spatial correlation between 
fluorescence signals of EGFP and Tm ion signals of EGFP. (d) Correlation between the fluorescence 
intensity of EGFP and Tm ion intensity in 20 randomly selected spots, indicating a strong correlation 
between EGFP’s fluorescent signal and Tm ion signal. 
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indicated by their different amounts in the kidney and liver. Based on the results in the lung, 

kidney, and liver, these organs were chosen for quantitative imaging.  

We first compared the spatial distributions of EGFP in the lung as measured by its green 

fluorescence to the distribution of Tm signals from LA-ICP-MS imaging of the same tissue section. 

As shown in Figures 2a-c (and Figures S5a, c), we find excellent spatial correlations between the 

green fluorescence and Tm signal in the LA-ICP-MS, indicating that the metal is not lost in vivo 

and that LA-ICP-MS imaging provides a reliable measure of the metal-tagged components. 

Moreover, a comparison of the fluorescence and Tm signal levels from 20 randomly selected 

locations (Figures 2d and S5b, d) reveal a strong correlation. 

 

Simultaneous LA-ICP-MS Imaging of Polymeric Carrier and its Protein Cargo 

Because both EGFP and the PONI polymer are labeled with distinct MMTs, LA-ICP-MSI 

enables the simultaneous imaging of the bio-distributions of both the cargo and carrier, offering 

insights into their co-localization. EGFP (Figure 3a) and the PONI polymer (Figure 3b) are broadly 

distributed in the lung (Figure 3). An overlaid image of their distributions (Figure 3c) reveals that 

the protein and polymer are largely, but not perfectly, co-localized with a Pearson’s correlation 

coefficient of 0.8. Comparing the LA-ICP-MS images with an optical image (Figure 3d-j) enables 

a determination of the specific sub-organ regions where the polymer and protein are located. From 

this comparison, we find that both the EGFP and PONI polymer are primarily distributed in the 

alveolar region (Figure 3a, b). The materials are generally not found in the conducting or 

respiratory airways (Figure 3h-j). Moreover, there is no PONI polymer or EGFP in connective 

tissue, but there are detectable amounts of the PONI polymer in the pulmonary blood vessels, while 

no signal for EGFP is found there (Figures 3e-g). The LA-ICP-MSI measurements here provide 
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better site-specific information about the sub-organ regions where the polymer and protein localize 

in the lungs. Such site-specific information about how the components of delivery systems are 

distributed in the lung could be further utilized to optimize therapeutic delivery in the lung.  

 

 

Sub-organ Level Quantitative Imaging of Polymeric Carrier and Protein Cargo 

 
Figure 3. LA-ICP-MSI can be utilized to simultaneously image the biodistributions of protein and 
carrier in lung section of mice injected with PPNCs. (a) Tm image from LA-ICP-MSI, indicating 
distribution of EGFP. (b) Tb image from LA-ICP-MSI, indicating the distribution of the PONI polymer. 
(c) Overlay of the Tm and Tb signal, indicating the co-localization of EGFP and PONI. PONI is shown 
in red and EGFP is shown in green. The yellow color represents the region where both EGFP and PONI 
are co-localized. (d) Optical image of the lung tissue section prior to LA-ICP-MSI analysis. (e) Fe image 
from LA-ICP-MSI of the region highlighted by the black box in 3d. The high Fe signal shows the 
location of pulmonary blood vessel, whereas very low Fe signals indicate the connective tissue. (f) 
EGFP distribution from the Tm signal in the region highlighted by the black box in 3d. (g) PONI 
polymer distribution from the Tb signal in the region highlighted by the black box in 3d. (h) Fe image 
from LA-ICP-MSI of the region highlighted by the red box in 3d. The absence of Fe in the encircled 
regions indicates respiratory and conducting airways. (i) EGFP distribution from the Tm signal in the 
region highlighted by the red box in 3d. (j) PONI polymer distribution from the Tb signal in the region 
highlighted by the red box in 3d. 
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Site-specific concentrations of the delivery system components were further determined in 

the lung using our recently developed quantitative imaging approach (see Supporting Information 

for details).67 By applying an imaging calibration (Figure S6), the concentrations of the protein 

and polymer at any given location can be obtained (Figure 4). Considering that there are ~1.7 Tm 

per EGFP molecule (Figure S3d), we can calculate the moles of EGFP that are delivered to the 

different regions of the lung (Figure 4b and Figure S7). The heterogeneous distribution of the 

EGFP (i.e., Tm ppb) (Figure 4b) emphasizes the value of determining local concentrations. 

Clearly, the protein cargo is not distributed equally throughout the alveolar regions but rather is 

concentrated in certain regions. Considering all the pixels from three separate lung tissue sections, 

we find local protein amounts as low as 5 and as high as 290 attomoles, which correspond to 

concentrations from 0.3 to 19.6 nmol/g, but most pixels with detectable protein have a 

concentration around 0.6 ± 0.1 nmol/g (Figure S8). Studies have shown that 0.03 nmol/g to 3 

nmol/g concentrations of antibodies can have a therapeutic effect when present in tissues,68,69 

suggesting that the amount of protein delivered by the PPNCs in our experiments provides dosing 

 
Figure 4. LA-ICP-MSI can determine site-specific concentrations of protein cargo and its carrier. (a) 
Optical image of the lung tissue from a mouse injected with PPNCs. (b) Tm (ppb) and corresponding 
EGFP concentration (nmol/g) distributions in the lung. See the Supporting Information for the 
calculation that converts Tm concentration to EGFP concentration. (c) Tb (ppb) and corresponding 
PONI polymer concentration (mg/g) distributions. See the Supporting Information for the calculation 
that converts Tb concentration to mg/g of PONI polymer. (d) Image showing the ratios of EGFP (Tm) 
to PONI polymer (Tb). White pixels represent a Tm/Tb ratio of 2.4, which was the injected ratio. Dark 
blue pixels corresponding to Tm/Tb ratio of 0 represents places where EGFP and/or PONI polymers 
were below the limit of quantification (LOQ). 
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in a meaningful window. Likewise, the quantitative spatial distributions of the PONI polymer can 

also be determined from the Tb signals (Figure 4c). The polymer concentrations range from 0.1 to 

1.0 mg/g. The relative quantitative distributions of Tm and Tb provide additional insight into the 

release of EGFP from the PPNCs. Locations in the lung with Tm/Tb ratios greater than the injected 

ratio of 2.4 (white in Figure 4d) likely indicate the presence of free (or released) EGFP. 

Considering the images of the lung sections in Figures 4 and S7, 15% of the pixels with 

quantifiable protein have ratios above 2.4, indicating these regions have released protein. Of 

course, this percentage should be considered a lower limit of sites with free protein, as pixels with 

values less than 2.4 could also have released protein. 

 
Figure 5. EGFP and the PONI polymer have distinct quantitative distributions in the kidney, indicating 
different renal excretion behavior. (a) Autofluorescence image of a kidney section from a mouse injected 
with PPNCs, highlighting the different sub-organ regions in the kidney. (b) Tm (ppb) and corresponding 
EGFP concentrations (attomoles) in the kidney, showing that EGFP is primarily present in the cortex 
region of the kidney. (c) Tb (ppb) and corresponding PONI polymer concentrations in the kidney, 
showing that PONI is more broadly distributed in the kidney. (d) Expanded region of the 
autofluorescence image within the highlighted solid yellow box from 5a. (e) Expanded region showing 
the Tb and corresponding PONI polymer distribution within the highlighted solid yellow box from 5a. 
High levels of Tb in the glomeruli (circled in white) indicate that the PONI polymer is relatively enriched 
in the glomeruli. (f) Expanded region of the fluorescence image within the highlighted red box from 5a. 
The renal pelvis is circled by a white dashed line. (g) Expanded region showing the Tm and 
corresponding EGFP distributions within the highlighted red box from 5a. (h) Expanded region showing 
the Tb and corresponding PONI polymer distribution within the highlighted red box from 5a. Measured 
Tb in the renal pelvis indicates that the PONI polymer is being excreted via urine, whereas EGFP is not. 
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Kidney sections were also imaged by LA-ICP-MS to track renal excretion of the PPNCs. 

From measurements of tissue homogenates (Table 1), we find that protein levels in the kidney are 

significantly higher than polymer levels. However, LA-ICP-MSI reveals that EGFP (Figure 5b) 

and the polymer (Figure 5c) have different distributions (Pearson correlation = 0.5) in the kidney, 

with EGFP primarily distributed in the cortex region and the PONI polymer more heterogeneously 

distributed. Polymer and protein levels were quantified in the glomeruli, renal pelvis, and blood 

vessels (Table 2). The glomeruli and renal pelvis can be readily identified by comparison with 

autofluorescence images (e.g., Figures 5d & 5f). The blood vessels can be located either optically 

or by measuring the Fe signals in LA-ICP-MS images (e.g., Figure S9). The polymer is relatively 

enriched in the glomeruli (Figure 5e) and renal pelvis (Figure 5h) with average concentrations of 

0.04  0.02 mg/g and 0.03  0.01 mg/g, respectively. While EGFP is more abundant than the 

polymer in the cortex and has an average concentration of 1.3 ± 0.5 nmol/g in the glomeruli, there 

is no quantifiable EGFP in the renal pelvis (Figure 5g). These results indicate that the polymer is 

being excreted more rapidly through the kidney than EGFP, which is an important insight because 

it can be difficult to predict the renal clearance for a given nanomaterial as it depends on multiple 

factors such as its size,70 charge,71 and shape.72  

A comparison of the EGFP and polymer levels in the kidney cortex provide further insight 

into PPNC excretion. The Tm:Tb (protein:polymer) ratios in the cortex are generally higher than 

the Tm:Tb ratio in the injected sample (Figure S10), indicating that the PPNCs are disassembled 

when present in the kidney cortex. This disassembly behavior aligns with previous kidney 

distribution findings for polymer/siRNA delivery systems.73 Moreover, anionic polymers based on 

oligo(ethylene glycol) methyl ether methacrylate have been shown to selectively accumulate in 

the cortex of the kidney,74 analogous to our observations with negatively-charged EGFP in our 
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experiments here. Interestingly, there is no quantifiable polymer or EGFP in blood vessels (Table 

2), which is consistent with the low levels of the PONI polymer and protein measured in the blood 

after 0.5 h (Table 1). 

A comparison of PONI polymer and EGFP distributions in the liver (Figure 6) indicates 

that the PONI polymer is more broadly distributed than EGFP, but the polymer has a narrower 

range of concentrations. Polymer levels vary from 0.018 mg/g, which is the limit of quantitation, 

up to 0.087 mg/g. The amounts of EGFP vary from 0.03 to 0.15 nmol/g. These protein 

concentrations are much lower than the protein concentrations found in the alveoli of the lung or 

the cortex of the kidney.  The punctate distribution of EGFP (Figure 6b), along with a Pearson 

correlation of 0.6, suggests that PONI and EGFP are not co-localized as well in the liver as they 

are in the lung. Upon comparing autofluorescence and LA-ICP-MS images of the liver (Figures 

6d-g), we find that both the PONI polymer and EGFP are found primarily in the liver parenchyma 

and are not present in the blood vessels or portal triads. These distributions suggest that the PPNCs 
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are rapidly taken up in surrounding tissue and are cleared from circulation. Some reports have 

suggested that polymeric delivery systems that rely on electrostatic assembly, like the PPNCs in 

our work, can dissociate and distribute differently in the liver due to the presence of collagen and 

heparin sulfate in the extracellular matrix of hepatic sinusoids.75,76 Positively-charged carrier 

materials are readily taken up into hepatocytes, while negatively-charged cargo tend to distribute 

into Kupffer cells.76,77 The distinct distributions of the PONI polymer and EGFP in the kidney and 

liver indicate that the carrier and cargo are being excreted via different mechanisms, underscoring 

the effectiveness of our method in providing more insight on the excretion dynamics of delivery 

systems.  

Table 2. Quantitative analysis of LA-ICP-MS images (n=3) of PONI polymer and EGFP in 
different sub-organs of the kidney. 

Sub-organ of Kidney 
PONI polymer 

(mg/g)a 
EGFP (nmol/g)b 

Glomerulic 0.04 ± 0.02 1.3 ± 0.5 

Renal Pelvisd 0.03 ± 0.01 __e 

Blood Vesself __g __e 

aThe PONI polymer concentrations were determined from average Tb (ppb) concentration (see 
Supporting Information for more details) contained in all pixels corresponding to glomeruli, renal 
pelvis, and blood vessels. 
bThe EGFP concentrations were determined from average Tm (ppb) concentration (see Supporting 
Information for more details) contained in pixels corresponding to glomeruli, renal pelvis, and blood 
vessels. 
cPixels associated with glomeruli were found manually by comparing glomeruli identified in 
autofluorescence images (e.g. Figure 5a) with the corresponding locations in the LA-ICP-MS images 
(e.g. Figure 5b and c).  
dPixels associated with renal pelvis were found by comparing autofluorescence images (e.g. Figure 5a) 
and LA-ICP-MS images (e.g. Figure 5b and c).  
eBelow the LOQ of Tm, which was 70 ppb as determined from 10 times the signal of background.  
fPixels associated with blood vessels were found by comparing optical images and LA-ICP-MS images 
of Fe, as shown in Figure S9.  
gBelow the LOQ of Tb which was 25 ppb as determined from 10 times the signal of background. 
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CONCLUSIONS 

We have developed an imaging method that can determine the absolute site-specific 

concentrations of proteins and their nanocarriers in tissues. This method utilizes 

thermodynamically stable and kinetically inert DOTA-lanthanide chelates as mass tags that 

reliably report the spatial distributions of both cargo and carrier. Site-specific quantitation of the 

protein cargo and its carrier are possible via the use of quantitative LA-ICP-MS imaging. 

Application of this method demonstrates that PONI polymer carriers deliver protein to the alveolar 

region of the lung at therapeutically relevant doses, confirming the potential of these delivery 

systems for treating lung disease. Moreover, using the multiplexing capability of LA-ICP-MS 

imaging, we find that the polymer carrier and protein are mostly co-localized in the lungs, but they 

 
Figure 6. EGFP and the PONI polymer have distinct quantitative distributions in the liver, indicating 
different excretion behavior. (a) Autofluorescence image of a liver section from a mouse injected with 
PPNCs. (b) Tm (ppb) and corresponding EGFP concentrations in the liver, showing a punctate 
distribution of protein. (c) Tb and corresponding PONI polymer concentration in the liver, showing a 
broad distribution of the polymer in the liver parenchyma. (d) Expanded region of the autofluorescence 
image within the highlighted white box from 6a. The vein is circled by a dashed white line, and the 
portal triad is circled by a dashed yellow line. (e) Fe image from LA-ICP-MSI of the region highlighted 
by the white box in 6a. The relatively high Fe signal shows the location of vein. (f) Expanded region 
showing the Tm and corresponding EGFP distribution within the highlighted white box from 6a. The 
absence of Tm in the vein (shown by dashed white line) and the portal triad (shown by dashed yellow 
line) indicates that EGFP is only present in liver parenchyma. (g) Expanded region showing the Tb and 
corresponding PONI polymer distributions within the highlighted white box from 6a. The absence of 
Tb in the vein (shown by dashed white line) and the portal triad (shown by dashed yellow line) indicates 
that PONI polymer is only present in liver parenchyma.  
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are not co-localized in the kidney and liver, indicating they have different excretion pathways. 

Looking forward, we expect that our quantitative imaging approach will be able to provide 

critically important pharmacokinetic and pharmacodynamic data for protein therapeutics, while at 

the same time yielding sub-organ information that will help evaluate tissue penetration and 

possible off-target effects.   

 

EXPERIMENTAL SECTION 

Further details about the chemicals and materials used in this work, and the experiments 

conducted to evaluate the effect of MMTs on PPNC’s size, charge, stability, and cellular delivery 

can be found in the Supporting Information.  

Formulation of MMT – conjugated PPNCs. Using previously reported procedures59,63 

homopolymer P0 (MW 55 kDa) with guanidinium groups and diblock polymer P1 with 

guanidinium and amine groups (MW 64 kDa) were synthesized by ring-opening metathesis 

polymerization (Scheme 1; Figures S1 & S2). Next, the P1 polymer was conjugated with dodecane 

tetraacetic acid (DOTA) in dry dimethylsulfoxide (DMSO) to synthesize DOTA-conjugated 

polymer P2 (Figure S1). The resultant reaction mixture was dialyzed (Thermo 

Scientific™ SnakeSkin™ Dialysis Tubing, MWCO = 10 kDa) in water for 24 h. Then, as 

described in our previous work,58 the purified P2 polymer was complexed with Tb3+, 

ultracentrifuged to get rid of free Tb3+, and lyophilized to obtain the Tb-tagged polymer P3. The 

success of Tb3+ complexation was characterized by ICP-MS. 

Enhanced green fluorescent protein (EGFP) with a 15-residue glutamate tag at the C-

terminus was expressed as previously reported.78,79 Next, EGFP was conjugated with DOTA in a 
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sodium bicarbonate buffer (100 mM, pH 8-8.5) and stirred overnight at 4 °C (Scheme 1). Then, 

Tm3+ was complexed to EGFP-DOTA using the same procedure as used for polymers. Purified 

EGFP-DOTA-Tm was then buffer exchanged with Dulbecco's Phosphate Buffered Saline (DPBS) 

and stored at 4 °C until used for the PPNC formulations. High-performance liquid chromatography 

coupled with electrospray ionization HPLC-ESI-MS was used to determine the extent of Tm 

complexation to EGFP.  

PPNCs were generated by a “mix and wait” strategy as described previously.59 Briefly, 

polymer and protein were mixed making sure that the charge ratio (total guanidinium and 

glutamate ratio or G/E ratio) was 20. To create metal-tagged PPNCs, control polymer P0 was 

mixed with a given percentage of P3, and then EGFP-DOTA-Tm was added to the resultant 

mixture. After adding EGFP-DOTA-Tm, the mixture was left at room temperature for 10 minutes, 

and then the sample was diluted with DPBS or DPBS followed by cell culture media as needed to 

perform in vivo and in vitro experiments respectively. 

Evaluation of the effect of MMTs on PPNCs. The experimental details associated with the 

measurements of size, surface charge, stability, and in vitro uptake of PPNC with or without P3 

can be found in the Supporting Information. 

Intravenous administration of PPNCs in vivo. Details about the animal experiments and 

associated animal welfare protocols are provided in the Supporting Information.  

Microscopy Imaging. Prior to LA-ICP-MSI, tissue sections from treated mice were imaged by a 

Keyence BZ-X800 microscope. All tissue sections were imaged by brightfield optical microscopy 

and by autofluorescence in red, green, and blue channels. Tissue sections were imaged using either 

10x (for kidney and liver) or 20x (for lung) objective lenses. An overlay image of red, green, and 

blue channels was constructed using a BZ-X800 analyzer. Adobe Photoshop was used whenever 
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necessary for removing the background and adjusting the contrast of images. Optical images of all 

tissues were also acquired from a camera mounted in the laser ablation system. Fluorescence signal 

intensities of EGFP clusters were quantified using NIS element software (Nikon). 

LA-ICP-MS imaging and analysis. Tissue sections for LA-ICP-MSI were prepared as discussed 

in Supporting Information. LA-ICP-MSI experiments were conducted on a PerkinElmer NEXION 

300X ICP-MS using a Teledyne CETAC LSX-213 G2 laser ablation system attached to the ICP-

MS via Teflon tubing. Tissues were ablated using the line scanning mode, whereby the laser spot 

size was either 50 µm (for lung sections) or 100 µm (for liver and kidney sections). The laser 

energy employed was 3.34 J/cm2 with 70% laser power. All tissue samples were measured for 

isotopes of 57Fe, 159Tb (proxy of PONI), 169Tm (proxy of EGFP), and 165Ho (standard for 

normalization). The instrument was operated under the following conditions: He gas flow = 0.8 

L/min; laser scan rate = 20 µm/s; laser frequency = 10 Hz, and shutter delay = 10 s. All the LA-

ICP-MS raw data was reconstructed into images, segmented, analyzed, and quantified using the 

Python script RecSegImage-LA80 which is freely available at GitHub (https://github.com/Vachet-

Lab/RecSegImage-LA). This Python script was also used to calculate the Pearson correlation 

coefficients for the biodistribution of EGFP and PONI. Signal intensities corresponding to the 

determined limit of detection from calibration curves were used as the thresholds for correlation 

coefficient calculations.   
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