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B I O E N G I N E E R I N G

Hyaluronic acid conjugates for topical  
treatment of skin cancer lesions
Vinu Krishnan1,2, Kevin Peng1,2, Apoorva Sarode1,2, Supriya Prakash1,2, Zongmin Zhao1,2,  
Sergey K. Filippov1, Kristina Todorova3, Brittney R. Sell4, Omar Lujano5, Shirin Bakre1, 
Anusha Pusuluri1,2, Douglas Vogus1,2, Kenneth Y. Tsai4, Anna Mandinova3,6,7, Samir Mitragotri1,2*

Skin cancer is one of the most common types of cancer in the United States and worldwide. Topical products are 
effective for treating cancerous skin lesions when surgery is not feasible. However, current topical products 
induce severe irritation, light-sensitivity, burning, scaling, and inflammation. Using hyaluronic acid (HA), we engi-
neered clinically translatable polymer-drug conjugates of doxorubicin and camptothecin termed, DOxorubicin 
and Camptothecin Tailored at Optimal Ratios (DOCTOR) for topical treatment of skin cancers. When compared to 
the clinical standard, Efudex, DOCTOR exhibited high cancer-cell killing specificity with superior safety to healthy 
skin cells. In vivo studies confirmed its efficacy in treating cancerous lesions without irritation or systemic absorp-
tion. When tested on patient-derived primary cells and live-skin explants, DOCTOR killed the cancer with a selec-
tivity as high as 21-fold over healthy skin tissue from the same donor. Collectively, DOCTOR provides a safe and 
potent option for treating skin cancer in the clinic.

INTRODUCTION
In the United States, more than 5.4 million people are diagnosed 
with nonmelanoma skin cancers (NMSCs) every year (1). Increasing 
trends in its incidence in North America, Europe, Australia, and the 
Asia-Pacific region indicate the growing scope of this global 
epidemic (2, 3). Basal cell carcinoma and cutaneous squamous cell 
carcinoma (cSCC) constitute 99% of all NMSCs. Precancerous skin 
lesions such as actinic keratosis (AK) also pose a major challenge, 
with 58 million people affected in the United States (4). NMSCs 
and AKs are typically removed by surgical excision, cryotherapy, 
curettage, and electrodesiccation or Mohs surgery (5, 6). While 
effective for highly localized cancers, these techniques are not 
suitable for multiple lesions or those located at anatomically sensi-
tive areas (6). Extended healing time of surgical wounds is also a 
challenge (5).

Current topical products for treating NMSCs or AKs include 
treatments such as cryotherapy and photodynamic therapy or topical 
chemotherapeutics such as 5-fluorouracil (5-FU; Efudex). Procedures 
are limited by cost, complexity, and, in case of photodynamic therapy, 
light sensitivity (7). Besides, the current topical products are effec-
tive in treating superficial skin lesions, but not the deeper regions, 
resulting in appearance of new lesions or progression to distant 
sites. Topical products such as Efudex are known to cause inflam-
mation, swelling, and scaling when applied on the skin (8–10). 
Some inflammation induced by Efudex may be helpful in generating 
an immune response (11). However, the high inflammation induced 

by Efudex is also a deterrent in its use by patients, especially when 
multiple applications are required for an effective response. At the 
current prescribed doses for Efudex, many patients opt out of 
topical treatment because of side effects, thus leading to disease 
mismanagement.

Here, we report a new topical treatment based on a drug combination—
doxorubicin (DOX) and camptothecin (CPT)—specifically designed 
to improve selectivity toward skin cancers. We sought to assess 
whether efficacy can be obtained in the absence of inflammation. 
This combination, DOxorubicin and Camptothecin Tailored at 
Optimal Ratios (DOCTOR), was delivered via topical applications 
using a hyaluronic acid (HA) conjugate. Synergistic action of DOX 
and CPT has been extensively studied in the literature (12–14). CPT and 
DOX are inhibitors of topoisomerase I (TOP I) and topoisomerase II 
(TOP II), which are critical for DNA transcription and cell replica-
tion (12). The levels of TOP I enzymes are relatively high in cancer 
tissues including SCCs compared to the adjacent healthy tissues 
(15–17). However, the clinical utility of DOX-CPT combination has 
never translated to the clinic. This is primarily due to the poor sol-
ubility of CPT, and for that reason, the free drug combination was 
not tested in this study because it is not a translationally viable form 
of formulation (18, 19). DOX and CPT have highly distinct hydro-
phobicities and solubilities, which lead to differences in skin per-
meabilities. This changes ratios of the two drugs delivered in the 
skin and, therefore, the difficulty in maintaining the pair’s synergy 
in  vivo. This makes topical synergistic ratiometric dosing of free 
drugs challenging and a direct comparison to their conjugated coun-
terparts difficult. By conjugating DOX and CPT to the HA polymer, we 
demonstrate the successful retention of this pair’s safety and synergis-
tic potency. By using the polymer conjugate, we overcome the limita-
tions faced by free drugs that hinder their translation to the clinic.

Conjugation of DOX and CPT to HA led to the formation of 
worm-like micelles (DOCTOR) that delivered both drugs deep into 
the skin. Studies performed in multiple cell lines in vitro, ultraviolet 
(UV)–induced mouse tumor models in vivo, and patient-derived 
healthy and cSCC biopsies confirm the anticancer activity and safety 
of DOCTOR in treating skin cancer.
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RESULTS
Synthesis of HA-DOX, HA-CPT, and DOCTOR
Free DOX (Table 1) and free CPT (Table 1) were covalently linked 
to HA (Table 1) to obtain single-drug conjugates (HA-DOX and 
HA-CPT; Table 1) or the dual-drug conjugates (DOCTOR; Table 1) 
incorporated with DOX:CPT at three molar ratios of R2, R5, and 
R15 (R = molar ratio). Drug incorporation on HA was confirmed 
via Fourier transform infrared (FTIR) spectroscopy and nuclear 
magnetic resonance (NMR) spectroscopy. The covalent conjugation 
of each drug to HA was confirmed via the formation of amide and 
ester bonds (Fig. 1A and fig. S2, A to D). Native HA is a linear hydro-
philic polymer, which exists in an extended confirmation in the 
solution. Conjugation of DOX and CPT imparts hydrophobicity to 
HA, thus leading to its self-assembly into micelles (Fig. 1, B and C, 
and fig. S2F). The amount of DOX and CPT incorporated in DOCTOR 
was quantified using fluorescence spectra specific to each drug molecule.

The FTIR spectra for DOCTOR show the presence of signature 
peaks “a” (─OH and ─NH groups at 3309 cm−1 from HA), “b and c” 
(asymmetric vibration of COO− at 1613 and 1400 cm−1 from HA), 
and “d” (C─O─C hemiacetalic saccharide linkages at 1030 cm−1 
from HA), indicating the intact polysaccharide structure of the HA 
backbone (Fig. 1A and fig. S2A). On conjugation of CPT with HA, 
the characteristic peaks “i” [C─C(═O)─O stretching at 1150 cm−1] 
and “j” (contribution from the four adjacent hydrogen bonds on 
hetero-aromatic nucleus at 767 cm−1) remain unaffected (Fig. 1A 
and fig. S2A). Furthermore, the formation of ester bond between HA 
and CPT is evident from the shift of the carbonyl peak at 1613 cm−1 
(b) to 1663.8  cm−1 (b′) and the disappearance of peak “e” (─OH 
groups on CPT; fig. S2A). As a control, physically mixed CPT and 
HA yielded just the signature peaks a, b, c, and d from the polymer, 
with no peaks from CPT in the FTIR spectrum of purified product 
(fig. S2B). The FTIR spectrum of HA-DOX conjugate revealed close 
to complete disappearance of the peak corresponding to primary 
amines at 1730 cm−1 (k), indicating its reaction with carboxyl groups 
of HA to form amide bonds (fig. S2A). For the control sample made 
via the physical mixing of HA and DOX, the peak “k” still existed 
for the final purified product. This is likely due to the presence of 
small amounts of residual DOX physically attached to HA (fig. S2C). 
The FTIR spectrum for DOX-HA-CPT confirmed the presence of 
signatures for bonds, namely, the amide and ester bonds formed 
following the conjugation of HA to CPT and DOX (Fig. 1A).

1H NMR analysis of the HA conjugates indicated the presence of 
drug, although not quantifiable because of its low peak signal 
(fig. S2D). The signature peaks for HA were present in all conjugates 

when compared to the HA control (fig. S2D). The aromatic H─C 
bonds of free CPT—a, b, c, d, and e—were visible in the HA-CPT 
conjugate (fig. S2D). These peaks were slightly shifted because of 
the D2O solvent used for HA-CPT in contrast to the dimethyl sulf-
oxide (DMSO)–d6 solvent used for free CPT. These peaks, howev-
er, were not visible in the dual-drug conjugate R15 where DOX:CPT 
molar ratio is 15:1. We attribute this to the low CPT content in the 
dual conjugate with respect to HA-CPT. The aromatic peaks—f, g, 
and h—of DOX were visible as a merged peak around 7.6 parts per 
million in both HA-DOX and DOCTOR R15 (fig. S2D). The low 
signal intensity of the aromatic peaks for individual drugs can be 
attributed likely to the existence of drugs in a self-assembled form 
when incorporated on HA. This is consistent with previous reports 
of strong attenuations or complete disappearance of the drugs’ aro-
matic signals, which remains buried within the core of self-assembled 
HA conjugate aggregates (20–23). The presence of strong signals for 
HA and the low aromatic signals for the drugs during NMR analysis 
indicate the formation of HA self-assembled structures in the aque-
ous solution.

The formation of different covalent bonds for DOX and CPT is 
further supported by the differences in in vitro release rates for both 
drugs. While a slow and steady release was observed for DOX 
[10.93 ± 0.33 weight % (wt %) DOX], approximately 70.17 ± 2 wt % 
CPT was released at the end of 5 days in physiological buffer condi-
tions at 37°C (fig. S2E).

There is extensive evidence in the literature that supports validating 
the formation of amide and ester bonds in HA conjugates using 
FTIR spectroscopy (24, 25). FTIR analysis of HA describes the peak 
around 3300 cm−1 to be associated with the intra- and intermolecular 
stretching vibration of the ─OH group (24). The technique may not 
confirm the complete disappearance of ─OH peaks because only a 
fraction of ─OH groups from HA get conjugated to CPT. However, 
there is a clear and notable difference between the ─OH peak re-
gions of HA, CPT, and HA-CPT, indicating interaction between 
HA and CPT molecules via ─OH. Furthermore, there are no other 
functional groups like amine on CPT to conjugate to HA. Neither is 
there considerable physical adsorption of CPT [as evident from HA-
CPT without N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride (EDC) spectrum; fig. S2B]. Thus, ester formation seems 
to be the only obvious or possible route for the EDC reaction to 
proceed. Note also that the hydroxyl groups on DOX can lead to 
esterification. However, in the presence of EDC, amide formation 
(via strongly nucleophilic amine group) is favored more over ester 
formation (via hydroxyl group). Competitive ester formation would 
require addition of an accelerating reagent like 4-(dimethylamino)
pyridine (DMAP) (26, 27). Amide bond formation is evident from 
the complete disappearance of the peak corresponding to primary 
amines at 1730 cm−1 (k) in the HA-DOX FTIR spectrum, as well as 
the slow release of DOX from DOCTOR in in vitro release study.

Morphology and size of DOCTOR was further confirmed by 
transmission electron microscopy (TEM) (Fig. 1B), atomic force 
microscopy (AFM) (Fig. 1C), and nanoparticle tracking analysis (NTA) 
(fig. S2G). Native HA had a fibrillar morphology, whereas DOCTOR 
exhibited a particulate structure. The average mean sizes of DOCTOR 
were approximately 146, 63.5, and 72 nm for R2, R5, and R15, re-
spectively (table S2A). These numbers also matched those measured 
via NTA in phosphate-buffered saline (PBS; pH 7.4) (fig. S2G). Further-
more, small-angle x-ray scattering (SAXS) was performed to determine 
the structure of DOCTOR in deionized (DI) water and PBS. For 

Table. 1. List of relevant abbreviations.  

DOCTOR
(DOX-HA-CPT)

DOxorubicin and Camptothecin 
Tailored at Optimal Ratios

HA Hyaluronic acid

DOX Free doxorubicin

CPT Free camptothecin

HA-DOX HA-conjugated doxorubicin

HA-CPT HA-conjugated camptothecin

SCC Squamous cell carcinoma
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SAXS, DOCTOR was diluted 10 times in PBS to simulate the skin’s 
internal salinity that the conjugates would encounter following 
penetration. SAXS revealed a weak or negligible scattering for sam-
ples in water (Fig. 1D, red trace). However, the scattering intensity 
increased by two orders of magnitude in PBS, indicating a particu-
late shape for DOCTOR (Fig. 1D, blue trace). A similar trend was 
observed for the single-drug conjugates as well (fig. S2H). The zeta 
potential values changed from highly negative for blank HA to 
within the neutral range for DOCTOR in PBS (table S2C).

Efficacy of DOCTOR against cancerous keratinocytes:  
Role of synergy
DOCTOR was highly effective against the human SCC cell line 
(A431). The median inhibitory concentration (IC50) dose of DOX 
in DOCTOR “R2,” DOCTOR “R5,” and DOCTOR “R15” was ap-
proximately 140-fold, 60-fold, and 17-fold lower, respectively, than 
the IC50 dose of DOX in HA-DOX (Fig. 2A and table S3A). Similarly, 
the IC50 dose of CPT in DOCTOR R2, DOCTOR R5, and DOCTOR 
R15 was approximately sevenfold, eightfold, and sixfold lower, 

Fig. 1. Physical characterization of DOCTOR. (A) Differences in FTIR spectra of native HA and DOCTOR confirmed the covalent linkage of DOX and CPT to the HA poly-
mer backbone. (B) TEM imaging revealed the transition from fibrillar morphology for native HA to a micellar appearance for DOCTOR (scale bar, 500 nm). (C) Topographic 
AFM images, 5 m by 5 m in size (inset: 1 m by 1 m), of (top row) native HA and DOCTOR R2 and (bottom row) DOCTOR R5 and R15 revealed a fibrillar morphology for 
native HA and a particulate structure with average mean sizes of 146, 63.5, and 72 nm for R2, R5, and R15, respectively. The adjacent color scale represents the height 
(z value) for the 5 m–by–5 m frames, respectively. (D) SAXS curves for DOCTOR in DI water and PBS obtained via SAXS analysis. Weak or negligible scattering was observed 
for the conjugates in water (red trace). The scattering intensity is almost flat at the intermediate and high q values and shows a rise fitted by the model of polydisperse 
hard spheres at low values of scattering vector q < 0.05 A−1. In PBS (blue trace), the scattering intensity increased by two orders of magnitude and is fitted by worm-like 
chain or generalized Gaussian coil model described in Materials.
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respectively, than the IC50 dose of CPT in HA-CPT (table S3A). A 
synergistic interaction was confirmed for DOCTOR at all ratios 
based on combination indices (CIs) estimated from the IC50 values 
of single- and dual-drug treatments. A value of CI < 1 indicates syn-
ergism, CI = 1 suggests an additive effect, and CI > 1 suggests antagonism. 
Because the CI values for DOCTOR at all ratios were <<1, it indicated 
a highly synergistic interaction between the drug pair when incor-
porated onto HA (table S3A).

DOCTOR is well tolerated by healthy human keratinocytes
DOCTOR was less toxic to healthy human epidermal keratinocytes 
(HEKa) compared to the cancerous (A431) human keratinocytes. The 
IC50 doses of DOX in DOCTOR R2, DOCTOR R5, and DOCTOR 
R15 were approximately 3.6-fold, 3.5-fold, and 7-fold higher, respec-
tively, in HEKa compared to A431 (Fig. 2B and table S3B). Among 
the three different ratios tested, the molar ratio of DOX:CPT R15 was 
identified to be the least toxic to HEKa cells (Fig. 2B and table S3B). 
DOCTOR R15 exhibited high selectivity toward A431. At a dose of 
10 M DOX, delivered as DOCTOR R15, 76% of A431 cells were 
killed while affecting only ~17% of HEKa cells. Similar observations 
were made at other doses of DOCTOR R15 (Fig. 2C).

DOCTOR delivers DOX and CPT inside the skin
The ability of DOCTOR to deliver DOX and CPT into the skin was 
assessed ex vivo using a porcine skin model where the formulation 
was applied topically and left undisturbed for 24 hours. DOCTOR 
R15 was used for these studies at a dose of 0.5 mg/ml or 920 M 
DOX in DOCTOR. When compared with the negative HA control–
treated skin (fig. S4A, top), confocal microscopy imaging revealed 
bright fluorescent signals for DOX and CPT, suggesting that DOCTOR 
R15 can deliver the drugs within the epidermis and dermis (Fig. 3A). 
The amounts of DOX and CPT delivered into the skin were quanti-
fied using the tape-stripping method (Fig. 3B and table S4). Quanti-
fication via the tape-stripping method revealed the amounts of 
DOX and CPT delivered into the skin and the pair’s molar ratio. 
Approximately 18 ± 7.0% of the applied DOX and 8 ± 3.0% of the 
applied CPT were measured in the combined layers of the lower 

stratum corneum and the epidermis, resulting in a DOX:CPT molar 
ratio of 27 (Fig. 3B and table S4). For the dermis, approximately 
2 ± 0.7% of the applied DOX and 2 ± 0.8% of the applied CPT were 
detected, resulting in a DOX:CPT molar ratio of 15 (Fig. 3B and 
table S4). Separately, in an in vitro cell uptake study, confocal imaging 
revealed that DOCTOR enabled simultaneous internalization of DOX 
and CPT in A431 cells (fig. S4B). Intracellular colocalization of the 
drug pair was confirmed by the cyan signal (fig. S4B, white arrow). 
This indicates that DOCTOR is able to deliver both the drugs 
deep into the skin and further inside the cells to induce syner-
gistic potency.

Tolerability of DOCTOR
Using reconstructed human epidermis (EpiDerm) as a model, the 
tolerability of DOCTOR was assessed. SDS (5%) was used as a pos-
itive irritation control (28). Tolerability was assessed via release of 
inflammatory cytokines [interleukin-1 (IL-1) and tumor necro-
sis factor– (TNF-)]. All three drug ratios R2, R5, and R15 were 
tested in EpiDerm. Native HA and all DOCTOR compositions 
induced IL-1 and TNF- at levels similar to that of PBS (Fig. 3, 
C and D). Furthermore, the in vivo tolerability of DOCTOR was 
tested in immunocompetent SKH1-E hairless mice over a 2-week 
repeat dose study (five times a week for 2 weeks). DI water (pH 5.0) 
was used as a negative control, and Efudex (5% fluorouracil) was 
the positive control. R5 was not used in these studies in anticipation 
that its behavior is not distinctive from R2 or R15 and thus unlikely 
to provide benefits and insights offered by either. DOCTOR R2 and 
R15 were dissolved in DI water (pH 5.0) and applied at a dose of 
0.006 mg/ml or 11 M DOX (3 g/week) in DOCTOR. The CPT 
doses were 0.0012 mg/ml or 3.5 M CPT in DOCTOR R2 and 
0.000164 mg/ml or 0.47 M CPT in DOCTOR 15. The dose for Efudex 
(160 g/week), the clinical comparator, was determined on the basis 
of a previous study (29). Efudex induced high levels of IL-1 and 
TNF- compared to the PBS negative control, whereas DOCTOR 
R2 and DOCTOR R15 induced cytokine production comparable 
to PBS, suggesting that the DOCTOR formulations cause negligi-
ble skin inflammation compared to Efudex (Fig.  3,  E  and  F). 

Fig. 2. DOCTOR exhibits increased synergistic potency against cancerous (A431) human keratinocytes with less toxicity to the healthy cells. (A) When treated 
with A431, the IC50 dose of DOX in formulations DOCTOR R2, DOCTOR R5, and DOCTOR R15 were approximately 140-fold, 60-fold, and 17-fold lower than the IC50 dose of 
DOX in HA-DOX (table S3A). (B) Among the three different ratios tested, the molar ratio of DOX:CPT R15 was identified to be the least toxic to HEKa cells (table S3B). 
(C) When treated with DOCTOR R15, approximately 60 and 76% of A431 cells were killed while affecting only ~5 and ~17% of HEKa cells. Error bars represent means ± SEM 
(n = 3). Significantly different compared to the HEKa cells: *P < 0.05.
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Furthermore, systemic absorption of DOX and CPT after topical 
application of DOCTOR was assessed in vivo. No DOX was detected, 
and less than 1% of the applied CPT dose was detected in the plasma 
at the end of 10 topical applications over 2 weeks (fig. S5A).

In vivo efficacy
In vivo efficacy of DOCTOR was tested in a UV-induced model of 
spontaneous cSCC in immunocompetent SKH1-E mice. Mice were 
topically treated three times a week over a period of 90 days with (i) 
blank HA control (100 mg/kg) prepared in DI water (pH 5.0) or (ii) 

DOCTOR R15 at a dose of 0.003 mg/ml or 5.5 M DOX and 
0.000082 mg/ml or 0.235 M CPT in DOCTOR after dissolving in 
DI water (pH 5.0). R15 was selected for these experiments based on 
better safety profile in HEKa cells. Compared to the group treated with 
blank HA, a considerable delay in tumor progression was observed 
in mice when treated with DOCTOR R15 (Fig. 4, A and C). In addition, 
treatment with DOCTOR R15 significantly increased mean survival 
by 65% (P < 0.0001) compared to the HA control group (Fig. 4B). 
Skin biopsies from mice treated with DOCTOR were assessed to 
identify the mechanism of DOCTOR-induced cSCC cell death. A 

Fig. 3. DOCTOR delivers the drug pair inside the tissue without causing skin inflammation. (A) Confocal microscopy imaging and (B) quantification via tape strip-
ping revealed penetration across the stratum corneum and deposition of DOX (red channel) and CPT (blue channel) within the epidermis and dermis of porcine skin 
ex vivo (integration time, 1.58 s; scale bar, 100 m). Error bars represent means ± SEM (n = 3). Significantly different compared to the DOX readings in lower SC (LSC) + epi-
dermis: **P < 0.01. (C and D) DOCTOR induced negligible inflammation on human skin. Levels of (C) IL-1 and (D) TNF- were assessed on a MatTek EpiDerm human skin 
equivalent model. PBS and 5% SDS were used as negative and positive controls, respectively. Error bars represent means ± SEM (n = 3). Significantly different compared 
to the negative control: *P < 0.05, **P < 0.01, and ***P < 0.001. (E and F) DOCTOR induced negligible skin inflammation in vivo. Levels of (E) IL-1 and (F) TNF- were as-
sessed in mice during a 2-week repeat dose study with DOCTOR. Efudex was used as the clinical comparator, and PBS was used as the negative control. Error bars repre-
sent means ± SEM (n = 5). Significantly different compared to the negative control: *P < 0.05, **P < 0.01, and ***P < 0.0001.
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positive nuclear and cytoplasmic immunostaining was observed for 
cleaved caspase-3 in DOCTOR R15–treated cSCC tumor biopsies, 
indicative of apoptotic cell death (Fig. 4D). No apoptotic cell death 
signals were observed in biopsy samples from mice treated with the 
HA control (Fig. 4D).

Safety and anticancer activity in patient-derived primary 
cells and live skin explants
The potential clinical safety and anticancer activity of DOCTOR in 
treating cSCC was further tested on normal and cSCC skin tissues 
obtained from patients. The translation of ratios that worked best in 
in vitro and in vivo mouse experiments to human samples is not 
obvious, given the biological and physical differences in cells, ani-
mal tissues, and human tissues. Hence, we tested all three ratios on 
primary patient cells obtained from tumor lesions and correspond-
ing normal controls. In these studies, R2 showed the highest level of 
specificity among all ratios tested [fig. S6A (A to C)]. Hence, R2 was 
used for further testing with human cancer specimens.

While more than 80 to 90% viability was observed for DOCTOR- 
exposed primary cells isolated from the normal skin adjacent to the 
cSCC tumor lesion, DOCTOR reduced the viability of primary cSCC 
cells isolated from the lesion to as low as 30% [Fig. 5A and fig. S6A 
(A to C)]. Patient donor 3 displayed high sensitivity to the treat-
ment [fig. S6A (C and F)] at half the dose deemed highly effective 
for the other two patient samples [fig. S6A (D and E)]. These varia-
tions are critical and underscore the interindividual differences in 
response to therapy in the clinic. The variations could possibly be 
attributed to factors that are inherited or acquired. Furthermore, 
DOCTOR revealed an increasingly high potency and safety when 

compared against the single-drug conjugates [fig. S6A (D to F)]. 
This highlights the synergistic interaction between DOX and CPT, 
thereby making the case for clinical use of DOCTOR against cuta-
neous cancers. Patient-derived skin explants from normal and lesional 
skin have the ability to stay viable and preserve their metabolic and 
proliferative capacity for several days in culture. When DOCTOR 
was tested on patient-derived live tissue explants, the proliferative 
activity of normal skin to the matched cSCC tissue was approxi-
mately 3.6-fold higher for patient 4, 21-fold higher for patient 5, and 
5.4-fold higher for patient 6 over 5-FU or Efudex, the clinical com-
parator (Fig. 5, B and C, and fig. S6B). Together, these data indicate 
the therapeutic potential of DOCTOR in eliminating cSCC lesions 
without harming the healthy skin tissue.

DISCUSSION
Previously, HA conjugates have been used for the localized and sys-
temic therapies of solid tumors (22, 30). Here, we sought to develop 
a translatable formulation of CPT and DOX for the topical treat-
ment of skin cancers. The choice of this combination was motivated 
by previous reports on success of this pair for the treatment of other 
cancers (12–14). However, the efficacy and safety of this formula-
tion is strongly dependent on the molar ratio of the two drugs. This 
makes the drug pair’s formulation process challenging because a 
simple topical formulation comprising DOX and CPT is unlikely to 
maintain the desired ratios in the skin because of differences in their 
molecular properties that lead to differences in their solubility and 
skin permeation rates. We sought to address this challenge by con-
jugating DOX and CPT to HA, which fixes its ratio. However, in 

Fig. 4. In vivo efficacy. (A to C) DOCTOR prevents progression of cSCC lesions and enhanced survival by 65% (P < 0.0001) at extremely low doses (0.003 mg/ml or 0.016 mg/kg) 
of DOX in DOCTOR. Error bars represent means ± SEM (n = 9). (D) cSCC tumors showing nuclear and cytoplasmic immunostaining (golden brown) for cleaved caspase-3 
depicting apoptotic tumor cell death on treatment with DOCTOR R15 (scale bar, 50 m). Photo credit: (C) B.R.S. and K.Y.T., H. Lee Moffitt Cancer Center and Research 
Institute; V.K., Harvard University; (D) V.K., Harvard University.
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Fig. 5. Safety and anticancer activity in patient-derived primary cells and live skin explants. (A) When tested on primary cultures of patient-derived cells, DOCTOR 
induced a maximum of 70% cSCC cell death, while more than 80 to 90% of adjacent noncancerous skin cells still remained viable. (B) When tested with live cSCC skin and 
adjacent noncancerous live skin explants, DOCTOR did not affect the proliferation of normal skin cells but rather inhibited the growth of cSCC cells in contrast to treat-
ment with the clinical comparator 5-FU (Efudex) (scale bar, 100 m). The proliferation activity of cSCC and noncancerous cells was measured by Ki67 staining (red). The 
number of Ki67-positive cells in the treated explant was normalized to the number of cells in the untreated control for each patient tissue. Quantitative image analysis 
was performed using ImageJ software on three separate tissue sections per sample after “threshold”-based reduction of background noise. Positive “red” signal was 
quantified in the entire tissue section for the cSCC samples and in the epidermis only for the matched normal tissues. All samples were stained at the same time under 
the same conditions to keep the background signal (false-positive counts) similar across all samples. An increase in cSCC proliferation activity was observed for untreated 
and 5-FU–treated skin explants. (C) The proliferation of matched healthy skin tissue:cSCC skin tissues was calculated on the basis of quantified proliferation activity for 
adjacent noncancerous tissue over the matching cSCC tissue. No significant difference compared to the treatment control 5-FU, P > 0.05.
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this process, the small molecular drugs are converted into a macro-
molecule. We thus sought to assess whether this macromolecular 
drug exhibits the necessary efficacy/safety profile in vitro, in vivo, 
and in patient-derived samples.

In vitro toxicity results revealed an increased potency for DOX 
and CPT in DOCTOR compared to the single-drug conjugates 
(HA-DOX or HA-CPT) (Fig. 2A and table S3A) with CI values cal-
culated to be much less than 1. Conjugating DOX to HA increased 
its IC50 dose by 163-fold when compared to its nonconjugated 
form, the free DOX (table S3A). In case of CPT, conjugating the 
drug to HA increased its IC50 dose by fivefold when compared to 
free CPT (table S3A). We attribute this to the differences in drug 
availability due to bond hydrolysis and probable differences in its 
uptake mechanism. While free drugs permeate across the mem-
brane directly, the conjugates are likely to be internalized via endo-
cytosis. This was confirmed via confocal microscopy analysis, which 
revealed intracellular colocalization of the drug pair (fig. S4B, white 
arrow). FTIR and NMR spectroscopy analysis revealed that CPT 
was chemically conjugated to HA via an ester bond, while DOX was 
incorporated with an amide bond (Fig.  1A and fig. S2, A to D). 
Thus, the differences in drug availability are supported by the fact 
that CPT release was faster on account of ester hydrolysis from HA, 
while DOX release was slower because of amide hydrolysis from 
HA (fig. S2E). However, the differences in the release rates did not 
compromise their synergistic anticancer activity, as suggested by 
the CI values being increasingly less than 1 (table S3A).

DOCTOR exhibited minimal toxicity to the primary human epi-
dermal keratinocytes in vitro (Fig. 2C and table S3B) when com-
pared to the cancerous A431 cells. DOCTOR R15 was identified to 
be the least toxic to the HEKa cells, followed by DOCTOR R5 and 
DOCTOR R15 (Fig. 2B and table S3B). The safety of DOCTOR was 
also demonstrated with primary patient-derived normal keratino-
cytes in vitro (Fig. 5A and fig. S6A) and with patient-derived nor-
mal live skin explants ex vivo (Fig. 5, B and C). The lack of toxicity 
to healthy cells was also evident from the absence of skin inflamma-
tion when tested with three-dimensional (3D) human EpiDerm 
model ex vivo and with immunocompetent SKH1-E mice in vivo 
(Fig. 3, C to F). IL-1 is known to induce a considerable proinflamma-
tory effect in the skin. When stimulated by large amounts of TNF-, 
the keratinocytes secrete IL-1. An imbalance in the levels of IL-1 
results in an onset of skin inflammation (31, 32). Although treat-
ment with DOCTOR did stimulate the production of TNF- 
(Fig. 3F), its levels were not sufficient enough to increase the pro-
duction of IL-1, the endogenous marker for skin inflammation 
(Fig. 3E).

Thus, DOCTOR’s safety was validated across multiple systems 
including primary human epidermal keratinocytes in vitro, primary 
patient-derived normal skin cells in vitro, and immunocompetent 
SKH1-E mice in vivo and with the 3D human EpiDerm model and 
patient-derived normal skin explants ex vivo. We attribute this spe-
cific anticancer activity seen across multiple systems primarily to 
CPT, a TOP I enzyme inhibitor. As stated previously, the levels of 
TOP I enzymes are relatively high in cancer tissues including SCCs 
compared to the adjacent healthy tissue. This render “TOP I” as a 
highly specific and attractive anticancer target for its inhibitors such 
as CPT (15–17). In addition, HA is known to bind specifically to 
CD44, a cell surface receptor that has elevated expression in many 
cancers including the skin. This could possibly support a highly 
specific uptake for the conjugates (33, 34).

TEM (Fig. 1B), AFM (Fig. 1C), and NTA (fig. S2G) revealed a 
polydisperse spherical morphology for DOCTOR in PBS with a 
mean size ranging from ∼60 to 140 nm (table S2A). However, SAXS 
revealed a weak or negligible scattering from the conjugates when 
dissolved in water at 10 mg/ml (Fig. 1D, red trace). While the scat-
tering intensity is almost flat in the intermediate and at increasing q 
values, the upturn at the low q values (>0.05 Å) indicate the pres-
ence of a small fraction of aggregates in the range of 1 to 100 nm 
(table S2B). Thus, DOCTOR exists as monomers or molecularly 
dissolved short moieties that coexist with a small fraction of the 100 Å–
sized aggregates in water. To simulate the skin’s internal salinity that 
the conjugates would be exposed following penetration, the samples 
were further diluted 10 times in PBS. The scattering intensity un-
expectedly rose by two orders of magnitude (Fig. 1D and fig. S2G, 
blue trace). This implied an enhanced aggregation of the molecularly 
dissolved monomers in the presence of salt. In water, the electro-
static repulsion and the hydrophilic nature of HA enable DOCTOR 
to exist as molecularly dissolved entities. Salt mitigates these inter-
actions by shielding the charges and promotes self-assembly via the 
hydrophobic drugs covalently linked on these polymers. To assess 
the potential impact on DOCTOR’s microstructure upon dilution 
in PBS, it is best if the effect of salt and concentration is studied 
separately, that is, (i) compare the data at high concentration with 
or without PBS and (ii) compare the data at high and low concen-
tration in PBS. A detailed mapping on the effect of such conditions 
on microstructure could be performed in future studies. SAXS data 
analysis revealed the nanoparticle diameter and Kuhn length to be 
at a maximum value of 3.6 and 115 Å, respectively, for DOCTOR 
R15 (table S2B). Thus, SAXS confirms the existence of self-assembled 
HA polymeric nanoparticles supported by the interplay of three im-
portant molecular forces: electrostatic repulsion, hydrophilicity, and 
hydrophobicity (35, 36).

Results from ex vivo porcine skin permeation studies revealed 
that a total of approximately 20% of the applied dose of DOX in 
DOCTOR R15 (DOX:CPT molar ratio, 15:1) and 10% of the ap-
plied dose of CPT in DOCTOR R15 (DOX:CPT molar ratio, 15:1) 
was detected (Fig.  3B and table S4) within the tissue. The values 
represent the combination of conjugated and released drugs, there-
by contributing to the robust fluorescent signals observed via con-
focal microscopy imaging of the tissue cross section (Fig. 3A and 
fig. S4A). In vitro drug release studies indicate that the release rates 
of DOX and CPT from the conjugate under physiological condi-
tions are slow and steady. At the end of 5 days in physiological buf-
fer conditions at 37°C, approximately 10.93 ± 0.33 wt % DOX and 
70.17 ± 2 wt % CPT were released (fig. S2E). Hence, we hypothesize 
that the conjugates that permeate into the skin undergo hydrolysis 
to release drugs. This results in differences in the amounts of DOX 
and CPT detected and the pair’s molar ratios in the skin layers 
(table S4).

When tested in UVB-exposed SKH1-E hairless mice, a highly 
aggressive and immunocompetent model of cSCC, topically applied 
DOCTOR reduced tumor growth and improved survival signifi-
cantly (P < 0.0001) with no irritation or inflammation. In certain 
instances, DOCTOR eliminated full-size cSCC tumors in mice by 
inducing apoptotic tumor cell death (fig. S5B). It is quite remarkable 
that this efficacy was achieved at a low dose of DOX (0.003 mg/ml). 
By directly administering drugs to the pathological site, DOCTOR 
can avoid potential adverse effects associated with systemic toxicity. 
It also has an increased benefit-risk ratio against current clinical 
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comparator, Efudex, which reduces cSCC lesions in humans. Howev-
er, the challenge with this treatment is that it induces irritation and, 
thus, poor patient compliance. Hence, we focused comparison of 
DOCTOR to Efudex with respect to safety (Fig. 3, E and F).

Free drug combination was not tested in this study because it is 
not a translationally viable form of a formulation. Highly distinct 
hydrophobicities and solubilities of DOX and CPT lead to differ-
ences in skin permeabilities, thereby changing ratios of the two 
drugs delivered in the skin. Consequently, topical synergistic ratio-
metric dosing of free drugs is a challenge, and their comparison to 
conjugated counterparts is difficult. Instead, the focus was on com-
paring DOCTOR to single-drug conjugates and to 5-FU, the current 
clinical standard for treating AKs and cSCCs. Thus, conjugating a 
potent drug pair such as DOX and CPT to the HA backbone at pre-
cise molar ratios ensures topical delivery and accumulation of both 
the drugs at the target for enhanced therapeutic efficacy and improved 
prognosis in localized and metastatic skin cancer. It eliminates painful 
surgery, nonspecific systemic injections, and highly invasive treat-
ment methods for prevention and treatment of skin cancers. This 
improves patient compliance. Upon further research on efficacy and 
safety, these polymer drug conjugates may open new opportunities 
for treating skin neoplasms and precancerous lesions.

MATERIALS
CPT and DMAP were purchased from Sigma-Aldrich (St. Louis, MO, 
USA). EDC was purchased from Life Technologies, USA. DOX-HCl 
was obtained from LC Laboratories (Woburn, MA, USA). HA of 
50-kDa molecular weight (MW) was purchased from Creative 
PEGWorks (Winston Salem, NC, USA). CellTiter-Blue and Hoechst 
were purchased from Life Technologies, USA. Human SCCs (A431) 
and primary adult epidermal keratinocytes (HEKa) were purchased 
from the American Type Culture Collection (ATCC; Manassas, VA, 
USA). A431 cells were maintained in Dulbecco’s modified Eagle’s 
medium (DMEM; Life Technologies) supplemented with 10% fetal 
bovine serum (FBS). HEKa cells were maintained in dermal cell 
basal medium and components of the keratinocyte growth kits pur-
chased from ATCC. The cells were cultured according to instruc-
tions provided by ATCC. The T cell lymphoma cell line HUT78: 
CTCL was gifted by D. Weinstock (Department of Medical Oncol-
ogy, Dana-Farber Cancer Institute and Harvard Medical School). 
The normal B lymphoblast cell line HCC2218 BL was purchased 
from ATCC (Manassas, VA, USA). Both cell lines were cultured in 
RPMI 1640 medium (Life Technologies) supplemented with 20% 
FBS and were maintained at 37°C under a humidified atmosphere 
of 95% air and 5% CO2. All cells were maintained at 37°C under a 
humidified atmosphere of 95% air and 5% CO2. Sephadex G-25 PD-
10 columns were obtained from GE Healthcare Life Sciences (Piscataway, 
NJ, USA), and dialysis cassettes with 3500 MW cutoff (MWCO) 
were obtained from Life Technologies, USA. All other chemicals 
used for this study were obtained from Fisher Scientific and were 
the highest possible grade commercially available.

METHODS
Synthesis of DOCTOR
DOX and CPT were conjugated to HA polymer via nucleophilic 
acyl substitution reactions. Briefly, 100 mg of 50-kDa-MW HA was 
dissolved in a 2-ml mixture of 1:1 DI water/DMSO at 40°C. To this 

mixture, DMAP and EDC were added at a molar ratio of 1:1 relative 
to the HA monomers. The activation was allowed to continue for 
30 min under stirring. For the synthesis of DOX-HA or CPT-HA, 
the drugs were added dropwise into the reaction mixture at molar 
ratios of 0.4:1 and 0.2:1, respectively. For the dual-drug conjugates, 
DOX was initially added to the polymer at varying amounts and 
durations depending on the ratio synthesized, followed by reacting 
CPT in a similar manner. All conditions have been summarized in 
table S1. Subsequently, the drug-incorporated particles were puri-
fied by size exclusion chromatography via Sephadex G-25 PD-10 
desalting columns (5000-MW exclusion limit) followed by overnight 
dialysis (3500 MWCO) against DI water. The samples were then 
lyophilized, stored at 4°C, and reconstituted in PBS before use. 
Concentrations of DOX and CPT were measured using their dis-
tinct fluorescence spectra at excitation (Ex)/emission (Em) 470/590 
and 370/448 nm, respectively.

Physical characterization
FTIR characterization
To establish the covalent conjugation of DOX and CPT with HA, 
infrared spectra of DOCTOR were collected using a Nicolet iS10 FTIR 
spectrometer (Thermo Fisher Scientific, Waltham, MA) in the range 
of 400 to 4000 cm−1 with a spectral resolution of 4 cm−1. The lyo-
philized samples were placed on the crystal surface of a single reflection 
diamond attenuated total reflection (ATR) device, and a 32-scan 
interferogram was recorded for each of them. The absorbance spectra 
were processed for baseline, atmospheric, and ATR correction using 
Thermo Scientific OMNIC Specta software, before analyzing the peaks.
NMR characterization
NMR samples were prepared by dissolving the HA conjugates at a 
concentration of 10 mg/ml in D2O. HA (50 kDa) and EDC-modified 
HA (50 kDa) were included as controls. The free DOX control was 
prepared in D2O and free CPT control in DMSO-d6.
In vitro release studies
To study the release rate of DOX and CPT from single- or dual-drug 
conjugates in physiological buffer conditions, lyophilized DOCTOR 
was resuspended in PBS (pH 7.4) at a dose of 1 mg/ml DOX in 
DOCTOR R15 and incubated in Slide-A-Lyzer MINI dialysis devic-
es (10,000 MWCO). The Slide-A-Lyzer MINI dialysis devices were 
then inserted into microcentrifuge tubes with 1 ml of PBS for up to 
3 days. At the indicated time points, release medium in the micro-
centrifuge tubes was collected and analyzed by reading the drugs’ 
concentration via fluorescence using a Tecan plate reader. The cu-
mulative release was calculated by dividing the amount of drug re-
leased each day with the total mass initially loaded. All measurements 
were carried out in triplicate, and the results were indicated as 
means ± SE.
Size and surface charge measurement
The size of HA-DOX, HA-CPT, and DOCTOR R2, R5, and R15 in 
physiological buffer conditions (PBS, pH 7.4) was measured using 
the NanoSight LM10 System (NanoSight, Amesbury, UK) supple-
mented with a fast video capture and NTA (NTA 2.3) software. The 
samples were measured at room temperature by capturing videos 
set at a recording time of 30 s, each with manual shutter and gain 
adjustments. The images were then processed using the NTA 2.3 
software, and size was recorded. Measurements were made in trip-
licates for each sample following instrument recalibration. Zeta 
potential of the particles was measured in PBS (pH 7.4) using the 
Zetasizer Nano ZS (Malvern Instruments, Westborough, MA).



Krishnan et al., Sci. Adv. 2021; 7 : eabe6627     11 June 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

10 of 13

AFM characterization
Sample preparation. HA-DOX, HA-CPT, and DOCTOR were diluted 
to a concentration of 2 g/ml using DI water. The dilute solutions 
were stirred using a tube revolver for 30 min at room temperature, 
with intermittent vortexing to ensure mixing at the molecular scale. 
Just before imaging, 4 l of the solution was dropped on a freshly 
cleaved mica surface and allowed to dry for 15 min at room tem-
perature. This procedure was used to prepare all samples.

AFM measurement. The structure of the polymer conjugates was 
studied with AFM using Cypher microscope (Asylum Research, 
Santa Barbara, CA), operated in tapping mode at ambient conditions. 
Silicon cantilevers having chromium/gold (Cr/Au) coating, with 
resonance frequencies between 44 and 95 kHz and spring constant 
in the range of 0.3 to 4.8 N/m and 9 ± 2–mm uncoated silicon tip 
(AC240TSA-R3, Asylum Research, Santa Barbara, CA), were used 
for the dry imaging in air. Depending on the frame size, the scan 
rate was set in the 0.7- to 1.0-Hz range. The images were processed 
and analyzed using Gwyddion 2.47 software (n = 5).
SAXS analysis
SAXS experiments help to shed light on the nanoparticles’ architec-
ture and dimensions. A flow-cell setup was used for SAXS measure-
ments at the LiX-16-ID beamline at the National Synchrotron Light 
Source II of the Brookhaven National Laboratory (Upton, NY). A 
series of scattering images were recorded each with a 1-s exposure 
for both polymer and buffer samples. All scattering curves were ra-
dially averaged and inspected for possible radiation damage. Final 
scattering intensity was reported after proper buffer subtraction. 
The x-ray energy was 13 keV.

Form factors used depend on the sample and solvent and are 
described below. Because of low concentration of nanoparticles in 
solution, interparticle interactions are neglected [structure factor 
S(q) = 1]. The scattered intensity curves were fitted using SASfit 
software (37).
Polydisperse hard sphere model. The spherical shell form factor has 
the following form

  P(q ) =   [     4 ─ 3     R   3 (SLD ) 3    
sinqR − qRcosqR

  ─ 
 (qR)   3 

   ]     
2

  + background  (1)

where R is the radius of sphere and SLD is the difference in scat-
tering length densities between particle and solvent.

To account for nanoparticle polydispersity, a Schulz-Zimm dis-
tribution of R with polydispersity parameter  was included in the 
following way

   SZ =    R   Z  ─ Г(Z + 1)     (     Z + 1 ─ <R>   )     
Z+1

  exp [   −   (Z + 1 ) R ─ <R>    ]     (2)

where  Z =   1 _ 
    2 

  − 1 . Because the polydispersity parameter  and radi-
us of sphere are correlated parameters, the  value was set to 0.3 for 
all fitting procedures.

Generalized Gaussian coil model. The form factor of generalized 
Gaussian coil has the following form

   P  ggc  (q ) =  I 0  c     
 U     

1 _ 2   Г (     1 _ 2  )   − Г (    1 _    )   −  U     
1 _ 2   Г (     1 _ 2 , U )   + Г (    1 _   , U )  

    ─────────────────────────  
 U    1 ⁄   

            (3)

Here,  U = (2 + 1 ) (2 + 2 )   q   2   R g  2  _ 6    and   Г (     1 _ 2  )     – Gamma function. 
The fitting parameters for this model are Rg (gyration radius) and  
(Flory exponent).

Worm-like chain model. The form factor of a worm-like chain 
with contour length L, Kuhn length A, and diameter d has been de-
scribed previously (38).

In vitro toxicity analysis
The in vitro toxicity of free drugs, HA-DOX, HA-CPT, and DOCTOR 
(R2, R5, and R15) was evaluated with the cancerous (A431) 
keratinocytes. The cells were seeded at a density of 5000 cells/100 l 
of medium in a 96-well cell culture plate and allowed to adhere for 
18 to 20 hours at 37°C in 5% CO2 atmosphere. Medium was then 
replaced with fresh medium containing the drugs. For this, lyo-
philized DOCTOR was dissolved in DI water (pH 5.0) and then 
serially diluted in cell culture medium to obtain the doses for the 
toxicity assays. The toxicity assays were carried out in the “log” 
cellular-growing phase of cells during which the cells were subjected 
to each treatment at a range of concentrations for 48 hours. Cell 
viability was measured by CellTiter-Blue Viability Assay and expressed 
as the percentage of viable cells relative to the survival of untreated 
cells (defined as the maximum cell viability). The CI was then esti-
mated from the dose-response data of single- and dual-drug conju-
gate drug treatments. A value of CI less than 1 indicates synergism, 
CI = 1 indicates additive effect, and CI > 1 indicates antagonism. 
The further a CI value is from 1, the more pronounced is the drug 
interaction, i.e., synergism or antagonism.

In a separate study, an in vitro toxicity assay was set up as de-
scribed above to evaluate the effect of DOCTOR on healthy kerati-
nocytes versus the cancerous keratinocytes. The cells were exposed 
to DOCTOR at a range of drug concentrations for 18 hours. Sub-
sequently, the treated cells were washed with fresh medium at least 
two times and left for further incubation up to 48 hours. Cell viability 
was once again measured by CellTiter-Blue viability assay and was 
expressed as the percentage of viable cells relative to the survival of 
untreated cells defined as the maximum cell viability.

Ex vivo porcine skin permeation study
Visualizing dermal delivery
The ability of DOCTOR to deliver DOX and CPT inside the skin 
was assessed via ex vivo porcine skin permeation studies using pro-
tocols reported previously (39). Briefly, full-thickness porcine skin 
samples (Lampire Biological Laboratories, Pipersville, PA) stored at 
−80°C were defrosted, and hair was trimmed before use. The pieces 
were washed with PBS (pH 7.4), and resistivity was measured to 
ensure that samples with an intact barrier were used for the study. 
The permeation rates were assessed in Franz diffusion cells (pene-
tration area, 1.77 cm2; receptor volume, 12.0 ml) as described here. 
The receptor compartment was filled with PBS (pH 7.4), and skin 
samples were mounted with the stratum corneum (SC) facing up. 
Care was taken to ensure that the donor compartment was dry and 
left open to air for 30 min. Extra caution was taken to remove air 
bubbles between the skin’s base and the receptor solution. Lyophilized 
DOCTOR was dissolved in DI water (pH 5.0) and then diluted in 
the same solvent to obtain a dose of 0.5 mg/ml or 920 M DOX in 
DOCTOR. This formulation (200 l) was applied topically on the 
skin surface inside the donor compartment and incubated for 24 hours 
at 37°C under occlusive conditions with moderate stirring (200 rpm) 
in the acceptor compartment. The controls and treatments for the 



Krishnan et al., Sci. Adv. 2021; 7 : eabe6627     11 June 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

11 of 13

study were assessed in triplicates. At 24 hours, the skin surface was 
washed at least five times with PBS (pH 7.4) to remove any excess 
drugs. The skin samples were then cryosectioned for confocal mi-
croscopy analysis or subjected to tape-stripping studies for drug 
quantification purposes.
Measuring dermal delivery
For quantifying skin permeation of the applied DOCTOR, the skin 
sections were retrieved after incubation for 24 hours and rinsed 
with PBS. Each section was then subjected to the tape-stripping 
method as described. For this, an adhesive tape (Scotch Transparent 
Tape, 3M Corporate, St. Paul, MN) was used to separate the upper 
stratum corneum from the lower stratum corneum and the epidermis. 
Ten consecutive tape strips were performed to remove the upper 
stratum corneum. The lower stratum corneum combined with the 
epidermis of each skin section was then separated from the dermis 
with a sterile surgical scalpel and placed in the same glass vial. The 
dermis obtained from each section was then cut into small pieces 
and placed in different glass vials. For drug extraction, each separated 
skin layer was incubated with 3 ml of 50% methanol/PBS mixture. 
To determine the amount of drug that passed completely through 
the length of the skin, 3 ml of the acceptor chamber solution was 
mixed with 3 ml of methanol/PBS. All vials were shaken overnight 
at room temperature. The solutions were then centrifuged to remove 
the skin remnants. The supernatants collected were used to mea-
sure the concentration of DOX and CPT using their distinct fluo-
rescence spectra at Ex/Em 470/590 and 370/448 nm, respectively.

Cell uptake study
For visualizing DOX (479Ex/590Em) and CPT (370Ex/450Em) uptake 
with its nuclear colocalization, the cells were seeded at 5000 cells/100 l 
and allowed to adhere overnight. Medium was then replaced with 
fresh medium containing a dose of 0.06 mg/ml or 110.4 M DOX in 
DOCTOR R15. The cells were incubated for 3 hours at 37°C and 5% 
CO2 atmosphere. Following incubation, the cells were washed three 
times with warm PBS and nucleus was stained with 5 M solution 
of SYTO 17 (621Ex/634Em) for 10 min at 37°C and 5% CO2. The cells 
were washed once again with warm PBS and fixed with ice-cold 
methanol for 10 min. The fixed cells were imaged immediately under 
Cell Discover, and z-stacks of 10 m were captured and averaged.

Testing for inflammation with EpiDerm human skin model
The irritation or inflammation potential of DOCTOR was assessed 
on a MatTek EpiDerm human skin model (MatTek Corporation) 
by measuring the release of inflammatory cytokines, including IL-1 
and TNF-. Briefly, EpiDerm tissue inserts were incubated over-
night in medium. The tissue inserts were then transferred into new 
six-well plates with fresh medium. PBS (100 l; negative control), 
5% SDS (positive control), blank HA, and DOCTOR (R2, R5, and 
R15 at a dose of 0.0027 mg/ml or 5 M DOX in DOCTOR) were 
dosed on top of the inserts. At predetermined time points (2, 6, and 
12 hours), 200 l of medium was collected and equivalent volume of 
medium was added. Cytokine concentrations were measured by 
enzyme-linked immunosorbent assay (ELISA) according to protocols 
provided by the manufacturer.

Evaluating tolerability and systemic absorption in vivo
Female SKH1-E hairless mice (4 to 6 weeks of age; five per group) 
obtained from Charles River Laboratories received topically PBS, 
Efudex (160 g/week; 5% fluorouracil), and DOCTOR R2 or R15 at 

a dose of 0.006 mg/ml or 11 M DOX (3 g/week) in DOCTOR after 
dissolving in DI water (pH 5.0). The CPT doses were 0.0012 mg/ml 
or 3.5 M CPT in DOCTOR R2 and 0.000164 mg/ml or 0.47 M 
CPT in DOCTOR 15. The treatments were evenly applied with a 
cotton applicator to the back skin of the mouse five times a week 
over 2 weeks and allowed to dry following each application. Any 
change in the body weight of mice in all treatment groups was 
monitored throughout the study. Animals that exhibit any signs of 
anaphylaxis or drug toxicity, including but not limited to respiratory 
distress, pale or cyanotic skin, lack of grooming, sluggishness, ruffled 
fur and hunched posture, and acute weight loss greater than 10%, 
were euthanized in accordance with Harvard University’s Institutional 
Animal Care and Use Committee (IACUC)–approved protocol. At 
the end of the study, blood was collected via cardiac puncture in 
heparin-coated collection tubes. Following centrifugation, plasma 
was obtained and drugs were extracted following a previous proce-
dure to measure drug (DOX and CPT) and cytokine concentrations 
(40). Plasma levels of DOX and CPT were measured at their respec-
tive fluorescence spectra as described earlier. Cytokine concentra-
tions in the plasma were measured using ELISA according to 
protocols provided by the manufacturer.

Evaluating cSCC therapeutic efficacy of DOCTOR in vivo
In vivo efficacy of DOCTOR was evaluated in SKH1-E hairless mice 
(12 weeks of age; nine per group) obtained from Charles River 
Laboratories. Following the protocols described previously, female 
mice were exposed to UVB (12.5 kJ/m2) weekly (total divided over 
three doses Monday, Wednesday, and Friday) for 90 days using an 
Oriel solar simulator (Newport) (41, 42). Once the mice developed 
single cSCC lesions that measured 4 mm in diameter, they were 
randomly enrolled to receive blank HA control (100 mg/kg) or 
DOCTOR R15 (100 mg/kg) at a dose of 0.003 mg/ml or 5.5 M 
DOX and 0.000082 mg/ml or 0.235 M CPT in DOCTOR.

For the treatments, lyophilized DOCTOR was dissolved in DI 
water (pH 5.0) at the required dose and 100 l of this solution was 
applied dropwise all over the dorsal side of the mouse. The drops 
were then spread evenly using a cotton applicator to the animal’s 
back skin three times a week and allowed to dry following applica-
tion. No other vehicle was used to solubilize DOCTOR. Mice were 
euthanized once the tumor reached its endpoint size (100 mm3) or 
until completion of the treatment for 3 months. All animal studies 
were conducted under the guidelines of University of South Florida 
IACUC-approved protocol (IACUC IS00002374).

Assessing safety and efficacy of DOCTOR with patient-
derived skin tissues
The safety and efficacy of DOCTOR was evaluated with samples from 
normal skin and cSCC lesional skin. Human epidermal keratino-
cytes were isolated from human skin tissue samples obtained during 
abdominoplasty procedures at Massachusetts General Hospital, 
Boston, MA with Institutional Review Board (IRB) approval for dis-
carded human tissue (MGH 2008P001742). The safety and efficacy 
of DOCTOR was further evaluated with samples from normal skin 
and cSCC lesional skin taken from patients during tumor resection 
surgery, in agreement with the guidelines of the IRB at Massachusetts 
General Hospital, Boston, MA (MGH 2018P003156). Primary cell 
cultures were isolated as described previously and used in passages 
1 to 3 for viability assessment by alamarBlue Cell Viability Reagent 
(Thermo Fisher Scientific, catalog no. DAL1025) (43). For tissue 
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explant studies, the skin samples were placed dermal side down onto 
membranes of transwell inserts (Costar) for culturing in growth 
medium DMEM containing 1% l-arginine, 10% human serum 
(Gemini Bio Products), and antibiotics/antimycotics. The lesion 
surface was kept in contact with the air and treated with 0.07 mg/ml 
or 500 M 5-FU or a dose of 0.3 mg/ml or 500 M DOX in DOCTOR 
R2 for 48 hours. To ensure topical application only on the lesion 
surface, they were sealed with semisoft agar. For quantification of 
cellular proliferation, frozen sections were mounted in OCT (optimal 
cutting temperature) embedding compound and frozen at −80°C 
and subsequently stained with anti-Ki67 antibody (anti-Ki67, Abcam, 
ab16667, 1:200). Nuclei were stained with 4′,6-diamidino-2- 
phenylindole (DAPI) (Invitrogen), and the slides were mounted in 
ProLong Gold Antifade Mount (Invitrogen). For precise counting 
of cells, ImageJ was used as described in the caption for Fig. 5C.

Statistical analysis
All experiments were carried out in triplicates, and results are indi-
cated as means ± SEM unless otherwise indicated. One-way analysis 
of variance (ANOVA) and two-way ANOVA were performed using 
GraphPad Prism nonlinear regression software (GraphPad Software 
Inc.). Results are depicted as averages ± SEM. A P value of <0.05 
was considered significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/24/eabe6627/DC1
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